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ABSTRACT

The Plasmodium falciparum merozoite surface protein-1 (MSP-1) is synthesized as a
precursor of 195kDa and undergoes proteolytic processing. Primary processing produces
several fragments held on the surface of the free merozoite as a non-covalently associated
complex. Secondary processing results in cleavage of the C-terminal fragment and

shedding of the majority of the complex into the extracellular milieu.

The MSP-1 complex was affinity purified from culture supernatants and N-terminal amino
acid sequencing identified all the MSP-1 (MAD-20 allelic form) primary processing sites.
Additionally, three novel polypeptides of 19kDa, 22kDa and 36kDa (p19, p22, and p36
respectively) were associated with the complex. p22 was localized to the merozoite
surface by immunofluorescence on unfixed merozoites; confirming its previous localization
by merozoite cell surface radioiodination. Several lines of evidence suggest that p19 is
derived from p22 by N-terminal proteolysis during or after secondary processing of MSP-
1. The p19/p22 was present in the shed complex in near equimolar amounts to the MSP-1

polypeptides suggesting these interactions are specific.

To study p22 in greater detail, considerable efforts were made to clone the relevant gene.
This was unsuccessful but led to the serendipitous cloning of a gene with 76% amino acid
sequence identity to human ADP-ribosylation factor-1; a small GTP binding protein
regulating transport of secretory cargo between the endoplasmic reticulum and Golgi
cisternae. The P. falciparum ADP-ribosylation factor gene (Pfarf1) contains four introns
and the 543bp exons encode a protein of 20kDa. Pfarf1 localizes to chromosome 10 and
the 1.8kb mRNA is developmentally regulated with peak abundance at 36 h. The
recombinant protein (PfARF1) was expressed in Escherichia coli. In vitro assays
established PfARF1 bound GTP, lacked detectable GTPase activity, and stimulated cholera
toxin ADP-ribosyltransferase activity, confirming it as a member of the arf family and
functionally distinguishing it from the structurally related ar/ (arf-like) family.
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arf ADP-ribosylation factor gene or mRNA
ARF ADP-ribosylation factor protein

ARL AREF-like protein

Ay absorbance at x nm
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g acceleration due to gravity

GAP GTPase activating protein
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CHAPTER1

INTRODUCTION

1.1 Malaria: an increasing problem

Malaria is a widespread disease posing a major public health threat to over one third of the
world's population. In 1986 the global incidence of clinical malaria was estimated at 489
million (Sturchler, 1989). There are four species of the protozoan parasite, Plasmodium,
which infect man - P. falciparum, P. vivax, P. malariae and P. ovale. Nearly 50% of the
clinical cases of malaria can be attributed to P. falciparum and it has been estimated that at
least 1% of clinical attacks result in death (Snow et al., 1989). Widespread resistance of the
malaria parasite to chemotherapeutic agents such as chloroquine and quinine (Phillips ez al.,
1984; Brinkmann and Brinkmann, 1991, Wernsodorfer, 1991; Lege-Ogantoye et al., 1991)
and the mosquito vector to insecticides such as DDT continue to contribute to an ever
increasing number of cases, affecting an even greater proportion of the world population.
While artemisinin and its derivatives continue to be developed, mefloquine and halofantrine
provide the main alternatives to chloroquine for the treatment of multi-drug-resistant P.
Jalciparum infections. However, mefloquine-resistance has been reported in West Africa,
(Brasseur et al., 1990; Ringwauld ef al,, 1990), and in Thailand (Boudreau ef al., 1982).
The biochemical basis for the action of many chemotherapeutic agents is poorly understood
and this lack of knowledge has led to an empirical approach in the design of new drugs. It
may be difficult to develop effective anti-malarial therapeutic and prophylactic reagents
without a detailed understanding of biochemical processes involved during the complex life-

cycle of Plasmodium (Figure 1.1)
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A plethora of malarial proteins present at different stages of the parasite’s life cycle have
been studied for feasibility as vaccine candidates, but with a general limited success
(reviewed by Holder, 1993). The repeated cycles of paroxysmal fever observed in patients
infected with Plasmodium occurs at intervals of ~48 hours and is associated with the
roughly synchronous lysis of erythrocytic schizonts and the release of merozoites into the
bloodstream. For this reason, much work has concentrated on the study of this erythrocytic
cycle and the merozoite surface protein-1 (MSP-1) (see below, 1.4.1) has held great
promise as a vaccine candidate (reviewed by Holder 1995). However, despite protection
attained in animal models, the inability to obtain protection in Aotus species raises doubts to
the suitability of an MSP-1 vaccine (Ling ef al., 1994; Kumar et al., 1995, and Burghaus et
al., manuscript in preparation). Similarly, the vaccine Spf66, consisting of peptides from a
number of P. falciparum proteins, held great promise and led to large scale trials in humans
(Pattaroyo et al.,, 1988; Romero, 1992; Amador et al, 1992; Valero et al, 1993 and
Alonso et al., 1994). Initial studies were encouraging:- a protective efficacy against clinical
attack of ~30 % for first or only P. falciparum episodes and 50 % for second episodes with
protection being higher for children aged 1- 4 years (77%) and adults over 45 years (67%).
However, recent studies failed to elicit significant protection; raising doubt as to the
suitability of an SPf66 vaccine (reviewed by Riley, 1995). This reiterates the need for a
thorough understanding of the biochemistry and cell biology of P. falciparum which may, in
turn, yield insights into the fundamental differences between this protozoan and higher

eukaryotes and enable the development of novel chemotherapeautic agents and/or vaccines.
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Figure 1.1 The Plasmodium life cycle.

The Plasmodium parasite is transmitted by various species of Anopheline mosquitoes.
Sporozoites are injected into the bloodstream of man from the salivary glands of a female
mosquito during a blood meal. These sporozoites invade liver parenchymal cells and
develop into multinucleate schizonts through a process of multiple nuclear division and
differentiation. This exoerythrocytic cycle ends when the schizont undergoes lysis, releasing
thousands of merozoite progeny into the bloodstream. These merozoites invade
erythrocytes and develop into ring forms. Within the erythrocyte, the parasite is protected
from the host’s immune response and develops through the trophozoite stage into
multinucleate schizonts bearing 8-32 merozoites per infected erythrocyte. Schizont rupture
releases these merozoites into the bloodstream, a proportion of which successfully invade
new erythrocytes, thus perpetuating this asexual erythrocytic cycle. A small population of
the invaded merozoites differentiate into gametocytes. These gametocytes are taken up by
the mosquito during a blood meal and zygote formation takes place in the mosquito gut; the
subsequent ookinetes invade the gut wall to form oocysts and the newly developing
sporozoites migrate to the salivary glands.

Diagram copyright Wellcome trust.
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CHAPTER 1

1.2 Membrane traffic: The eukaryotic secretory pathway

Intracellular membrane bound organelles allow the cell to compartmentalize specialized
tasks and greatly increases the membrane surface area to volume ratio. The existence
of such organelles raises the question as to how proteins characteristic of each
compartment are targeted to their correct destination and how each compartment is
able to maintain its identity. The secretory pathway is fundamental to membrane
trafficking and underlies the maintenance and biogenesis of plasma membranes,
lysosomes and endosomes, the secretion of proteins (exocytosis) and the receptor

mediated uptake of external molecules (endocytosis).

1.2.1 Qutline of the classical secretory pathway

Proteins destined for the secretory pathway begin their transit by being sythesized on
ribosomes and vectorially discharged into the endoplasmic reticulum (ER) lumen. The
nascent polypeptide chain emerging from the ribosome contains a signal sequence’
which is recognized by the ER membrane translocation machinery and by signal
peptidases (Landry and Gierasch, 1991). In the ER lumen proteins undergo
modification:- folding and assembly into oligomers mediated by chaperones and protein
disulphide isomerase, and core glycosylation (Pelham, 1989; Freedman et al., 1994;
and Wynn ef al., 1994). As originally proposed by Palade (1975), secretory cargo is
vectorially transported from the ER to the Golgi apparatus where sequential specific
modifications (mainly further glycosylations) occur in the cis, medial, and trans Golgi.

At the trans Golgi network (TGN), cargo with different destinations (plasma

! Generally 15-30 amino acids long with a central core of at least 8 uncharged amino acids and with
an overall hydrophobic nature



INTRODUCTION

membrane/secretion, endosomes, lysosomes, and secretory vesicles) is sorted (Darnell
et al., 1990). Transport of cargo between these membrane bound compartments is
mediated by small (diameter of 60-70 nm) short-lived vesicles that bud from one
compartment and are targeted to another compartment with which they rapidly fuse
(Pfeffer and Rothman, 1987). Once within the secretory pathway, cargo proteins do
not have to cross a membrane to reach their final destination. An outline of the

secretory pathway is shown in Figure 1.2

1.2.2 COPs: Vesicular traffic control

Like receptor mediated endocytosis, the specific targeting of secretory cargo from the
trans Golgi network (TGN) to their final destinations is mediated by clathrin coated
vesicles (Pearse and Robinson, 1990). Their major coat proteins consist of clathrin
heavy chain (180 kDa) and clathrin light chain (20-28 kDa) which are linked to the
TGN or plasma membrane through adaptor complexes, HA-1/AP1 or HA-2/AP2
respectively (Keen, 1990). The biochemical reconstitution of vesicular transport in
vitro and genetic analysis of S. cerevisiae secretion defective (Sec) mutants has greatly
increased our understanding of the machinery and mechanism of ER-to-Golgi and
intra-Golgi vesicular transport. Transport between Golgi cisternae can be reconstituted
in vitro by incubating isolated Golgi membranes with cytosol and ATP (Fries and
Rothman 1980; and Balch ef al, 1984). This causes a population of non-clathrin
coated vesicles and buds to form de novo from previously flattened, uncoated cisternae
(Balch ef al.,, 1984; and Orci ef al., 1993a). The non-hydrolyzable GTP analogue,
GTPyS, causes these coated vesicles to accumulate; this enabled vesicle purification
and identification of the components of the coat (Malhotra ef al., 1989 and Serafini et

al,, 1991).



Figure 1.2 Outline of the eukaryotic secretory pathway.

Proteins of the secretory pathway begin their transit by being sythesized on ribosomes of the ER and translocated into the ER lumen where they
are folded and modified by core glycosylation. Anterograde transport from the ER to the cis Golgi and between successive Golgi (cis to trans
direction) is mediated by COPI coated vesicles, whose coat assembly and disassembly is controlled by the ARF1 molecular switch. An
additional class of vesicles (COPII, not shown) mediates ER-to-Golgi transport with coat assembly and disassembly controlled by the Sarlp
molecular switch. Proteins transversing the Golgi are sequentially modified by glycosylation and are transported to the cell surface. Diversion
of proteins from this anterograde bulk flow pathway is mediated by various retention, retrieval and targeting mechanisms. See text for further
details.

Reproduced from: Hurtley, S.M. (1993). Hot line to the secretory pathway: Meeting report. Trends Biochem Sci. 18, 3-6.



(?+<AA+(A

O A0 Z[
MZ Q

o 5./ s (U zaH F 0 N
4b &) )
Yc (za
# *=
@74 7
?2> & Y _
+ ? H
C- A+ _
c?@_
U U UF
- ( ) ==  Ae-$
+ - $ # .
"5
8 [
- @ Q?C
B -
% & 50 c
["QY
C
+
&_
>
) —
[ f =
$ < &
) ! 0
(?2+ HA

A ) A0 [Pbbn

K[gdh (B (z& U
D EFC D TN 1.
G 1 ’ ((+1s )< ?i

NE * :7;8< ) ‘

[c&



CHAPTER 1

The coat proteins or COPs (hereafter named COPI since the discovery of another
vesicular coat, COPII, involved in ER-to-Golgi transport, see below) consists of seven
distinct proteins termed coatomer (coat protomer): a-COPI (160 kDa), B-COPI (110
kDa), B'-COPI (35 kDa), y-COPI (98 kDa), 8-COPI (61 kDa), e-COPI (36 kDa), C-
COPI (20 kDa) and the small GTP binding protein, ADP ribosylation factor, (ARF1,
21 kDa) (Waters et al., 1991 and 1992; Stenbeck et al., 1993). Coatomer and ARF1
exist separately in the cytosol but coassemble to form coats (Serafini ef al., 1991; and
Waters et al., 1991). Assembly is initiated when N-myristoylated ARFeGTP binds to a
membrane ‘receptor’ following a Brefeldin A- (BFA) sensitive nucleotide exchange
step (Tanigawa et al.,, 1993; Donaldson et al,, 1992a; Helms and Rothman; 1992;
Helms et al., 1993, and Tsai et al., 1994). This membrane bound form of ARF allows
the binding of coatomer (Donaldson ef al, 1992b; and Palmer ef al, 1993) and
budding occurs as coatomers bind (Orci e al, 1993a and 1993b). The coat
disassembles when ARF hydrolyzes bound GTP, probably by interaction with an ARF
GTPase activating protein (GAP) at the target membrane (Tanigawa et al., 1993 and
Makler et al., 1995). The coating of these vesicles with COPI proteins ensures that the
budding of vesicle is coupled to fusion to the target membrane (Elazar et al,. 1994).
Genetic studies in yeast have confirmed the in vitro requirement for COPI proteins in
vesicular transport. The yeast y-COPI (Sec21), B'-COPI (Sec27) and B-COPI (Sec26)
conditional mutants are impaired in ER-to-Golgi transport (Duden et al, 1994).
Furthermore, microinjection of anti~B-COPI antibodies blocks transport from the ER
to Golgi in vivo (Balch et al., 1992; Peter et al., 1993; and Peppercock et al., 1993).
The COPI vesicles therefore probably mediate both ER-to-Golgi and intra-Golgi

anterograde transport, but may also function in retrograde transport (see 1.2.3).



INTRODUCTION

Through genetic and biochemical means, another vesicle associated coat mediating ER-
to-cis Golgi transport has been identified. In S. cerevisiae, a number of genes whose
products are defective in ER-to-Golgi transport have been identified by temperature
sensitive mutations and suppressor analysis (Kaiser and Schekman, 1990). A set of
proteins (Sarlp, Sec23p complex and Sec13p complex), in the presence of GTP and
ATP, satisfies the requirement for cytosol in the in vitro production of budded vesicles
from yeast ER. These vesicles are competent for fusion with Golgi (Salama e? al.,
1993). The Sarlp, Sec23p complex and Secl3p complex form a ~10nm coat on the
60-65nm transport vesicles which is distinct from the COPI coat involved in intra-
Golgi transport. This protein coat has therefore been named COPII (Barlowe e al.,
1994). Sec23p complex (400 kDa) contains two polypeptides: Sec24p (105 kDa) and
Sec23p (85 kDa). Similarly, Sec13p complex consists of Sec13p (34 kDa) and p150
(150 kDa) (Pryer, et al., 1993). Sarlp is a 21 kDa GTP binding protein that is most
closely related (35% amino acid identity) to ARF among the family of small GTP
binding proteins (Oka ef al, 1991). The family of Sarl genes now includes
homologues from higher eukaryotes (d’Enfert ef al., 1992; Shen et al., 1993; Kuge et
al., 1994; and Davies, 1995). Like S. cerevisiae Sarlp, the mammalian homologue is
also required for vesicular transport from the ER and has been immunolocalized to the
ER (Nishikawa ef al., 1991, and Kuge et al., 1994). This suggests a universal function
of Sarlp in the COPII-mediated vesicular transport from the ER to the Golgi
apparatus. Sarl was originally discovered as a multicopy suppressor of a temperature
sensitive Sec12 mutant (Oka ef al.,, 1991). Secl2p, a type II integral ER membrane
glycoprotein, stimulates GDP dissociation from Sarlp with less effect on the GTP
dissociation rate (d’Enfert er al, 1991, and Barlowe and Schekman 1993) and

therefore functions as a Sarlp GDS (GDP dissociation stimulator). Unlike Sec12p,
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Sec23p is a component of the COPII coat (Barlowe ef al, 1994) which has been
shown to be a Sarlp GAP (GTPase activating protein), increasing the intrinsic GTPase
activity of Sarlp (Yoshihisa e al.,, 1993). These two regulatory proteins function to
control the Sarlp molecular switch to regulate directionality of transport from the ER
to Golgi apparatus. Sarlp bound to a non-hydrolyzable GTP analogue (GTPyS or
GMP-PNP) is capable of promoting vesicle formation from the ER, but these vesicles
fail to fuse to the target Golgi membrane (Oka et al., 1994) . The hydrolysis of GTP
bound to Sarlp, stimulated by the Sec23p GAP, leads to loss of Sarlp from vesicles
and causes the coat to become unstable (Barlowe et al, 1994). This suggests that
GTP binding to Sarlp is required for COPII assembly during budding and GTP
hydrolysis for disassembly during vesicle docking/fusion. Fundamental to this model is
the recycling of Sarlp GDP from the Golgi membrane back to the ER after a round of
vesicular budding and fusion and, by analogy with Rab, is probably mediated by a

Sarlp GDI (GDP dissociation inhibitor; see below, 1.3.1).

1.2.3 Retention, retrieval and targeting

Cargo is carried along the secretory pathway to the cell surface by a default, non-
selective bulk flow process unless it contains specific retention, retrieval or targeting
signals (Pfeffer and Rothman, 1987, Pelham, 1989, but see Griffiths ef al, 1995;
Singer, 1995; and Balch and Farquhar, 1995 for a spirited discussion). Retrograde
transport within the secretory pathway is a necessity in order to maintain lipid
composition of these membrane-bound organelles and to retrieve escaped resident
proteins. ER lumen resident proteins have a C-terminal KDEL (HDEL in yeast)
sequence that binds to a cis Golgi recycling receptor, ERD2 (ER retention defective)

(Pelham, 1990). Other transmembrane ER resident proteins contain a cytoplasmic
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KKXX or KXKXX motif that mediates ER retention by recycling. The KKXX motif
has been shown to bind to several COPI proteins in vitro and in vivo, suggesting a role
for COPI vesicles in retrograde transport (Letourneur, ef al, 1994, Townsley and
Pelham, 1994; and Harter ef al., 1995). For transmembrane Golgi resident proteins,
oligomer formation mediated by the membrane spanning regions is important for

retention in the Golgi (Nilsson ef al., 1991; and Munro, 1991 and 1995).

The sorting and targeting mechanisms that occur at the TGN for proteins destined for
secretory vesicles (for regulated secretion), endosomes and lysosomes have been
elucidated for at least some cargo molecules. Soluble lysosomal enzymes contain the
mannose-6-phosphate marker that directs them to late endosomes en route to
lysosomes by means of a mannose-6-phosphate receptor (Damell ef al., 1990).
Similaly, the targeting of integral membrane endosomal proteins is mediated by
YXXZ/NXXY and LZ motifs (X = any amino acid, Z=L, I, V, M, C, or A) (Sandoval

and Bakke, 1994).

1.2.4 Vesicular docking and fusion

The mammalian intra-Golgi in vitro transport assay is blocked by mild treatment with
N-ethylmaleimide, causing vesicles to accumulate. These vesicles have lost their COPI
coat, suggesting that a NEM-sensitive protein is required for fusion of COPI vesicles
to the target membrane (Malhotra ef al., 1988). This NEM-sensitive fusion protein
(NSF) is a homotetramer with intrinsic ATPase activity and requires a soluble NSF
attachment protein (SNAP) to bind to Golgi membranes (Block ef al.,, 1988 and Clary
et al., 1990). Three isoforms of SNAP have been identified: a—, B— and y— SNAP.

The SNAPs bind to integral membrane proteins, SNAP receptors or SNAREs,
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allowing NSF to bind and create a 20 S ‘fusion particle’ (Wilson ef al, 1992; and
Whiteheart ef al,, 1992). The hydrolysis of ATP by NSF rearranges the SNARE
proteins, releases NSF, and allows membrane fusion (Wilson et al., 1992 and Sollner et
al., 1992). The role for NSF and SNAPs in vivo has been established by the yeast
secretion defective mutants of NSF (Sec18) and SNAP (Sec17) which accumulate
transport vesicles at the restrictive temperature (Kaiser and Schekman, 1990). The
NSF-SNAP system forms part of the general fusion machinery of the secretory
pathway (Rothman and Orci, 1992) and specificity of vesicle targeting is thought to be
mediated by cognate SNAREs. The SNARE hypothesis predicts that all eukaryotic
cells should have families of vesicular (v) and target membrane (1) SNAREs, whose
members should form cognate pairs on the basis of binding specificity and should be
essential for vesicle docking in vivo. Evidence is accumulating that this is indeed the
case (reviewed by Rothman, 1994a and 1994b). Speculative extensions of the SNARE
hypothesis can also explain many cellular processes including stacking of the Golgi,
retrograde transport, homotypic fusion and the dynamics of intracellular membranes

during mitosis (Rothman and Warren, 1994).

1.3 Small GTP binding proteins in the secretory pathway

1.3.1 Introduction

The GTPase Superfamily consists of several members that function in diverse cellular
processes such as sorting and amplification of transmembrane signals, directing the
synthesis and translocation of proteins, control of proliferation and differentiation and
regulation of vesicular traffic through the cytoplasm. Many GTPases are targets of

mutation and modification by bacterial toxins and therefore have pivotal roles in the
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pathogenesis of cancer and infectious diseases (Bourne ef al., 1991). They contain a
common structural design and behave as molecular switches, turned ‘on’ by binding
GTP and ‘off’ by hydrolysis of GTP to GDP (Marsh and Goode, 1993). The Ras
Superfamily of small (20-30 kDa) GTP binding proteins consists of Ras, Rho, Rab, Arf
and Sarl families (Takai ef al., 1994). Their molecular switch mechanism is assisted by
two classes of regulatory proteins - GTPase activating proteins (GAPs) and guanine
nucleotide exchange proteins (GEPs). Two types of GEP? exist: a GDP dissociation
stimulator (GDS), and a GDP dissociation inhibitor (GDI) (Takai ef al, 1994). In
addition to regulating the activity of their substrate small GTP binding proteins, GAPs
and GEPs provide another function. They regulate the translocation of their substrate
small GTP binding proteins between the membrane and cytosol. The pleckstrin
homology (PH) and Src homology (SH) domains of Ras GAP and GEP are proposed
to be involved in the recruitment of Ras to the membrane (Inglese et al, 1995).
Similarly, the Rab GDI exists in the cytosol complexed with RabeGDP and is capable
of dissociating RabeGDP from membranes (Regazzi et al., 1992; and Marsh and
Goode, 1993), suggesting it is important for recycling of the Rab pool between

membrane-bound and cytosolic states.

Multiple GTP binding proteins have been proposed to regulate vesicular traffic
between compartments of the secretory pathway: members of the Rab/Ypt1/Sec4, Arf,
Sar1 and G, gene families (reviewed by Novick and Brennwald, 1993; Takizawa and
Malhotra, 1993; and Bomsel and Mostov, 1992). These proteins are thought to serve

as molecular switches to monitor and co-ordinate sequential interactions between the

2 The term GEP is synonymous with GEF (guanine nucleotide exchange factor) and when loosely used
refers to GDS activity.
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components of the transport machinery required for budding, targeting and fusion of
transport vesicles. As discussed above, both ARF1 and Sarlp act as molecular
switches to regulate the assembly of COPI and COPII vesicle coats by essentially

similar mechanisms. The ARF family is discussed in further detail below (1.3.2).

The Rab/Yptl/Sec4 family of GTP binding proteins was thought to provide the
specificity of docking of transport vesicles since different Rabs have been localized to
different compartments in the secretory pathway (reviewed by Balch, 1990; and
Novick and Brennwald, 1993). Recent evidence has cast doubt on this hypothesis
(Dascher et al., 1991; and Dunn et al.,, 1993) and it appears that Rabs facilitate the
assembly of SNARES, yet they are not a component of the ‘20 S fusion particle’ which
consists only of NSFeATPyS-SNAPs-vSNAREs-tSNAREs (Segaard ef al., 1994). It
seems likely that Rabs catalyze vSNARE and T1SNARE interaction either by promoting
‘the formation of competent vSNARE-TSNARE interactions or to remove mispaired
SNARE: in a proofreading process; although they may also provide an added layer of

specificity to the docking/fusion of transport vesicles.

The role played by heterotrimeric GTP binding proteins in vesicular traffic is less clear.
The finding that AlF, inhibited various steps of the secretory pathway suggests a role
for heterotrimeric GTP binding proteins in secretion (Melangon et al., 1987). AlFy
binds to the GDP bound form of the heterotrimeric GTP binding proteins to mimic the
y-phosphate of GTP, but has no effect on the small GTP binding protein families

(Kahn, 1991a). Both G, , and G,,_, have been localized to the Golgi apparatus (Stow

et al., 1991; and Montmayeur and Borelli, 1994). G,

0,5 Overexpression leads to
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inhibition in secretion; this effect can be overcome by treatment with pertussis toxin

which inhibits GTP hydrolysis of G, ,«GTP (Stow ef al, 1991). Furthermore, the

binding of B-COP to Golgi membranes is promoted by GTPyS and AlF, and the
binding of ARF1 and B-COP to Golgi membranes was inhibited by addition of Gg,

(Donaldson et al., 1991). AlF, appears to inhibit the ARF1¢GTP hydrolysis catalyzed
by the Golgi membrane ARF GAP and therefore, like GTPyS, leads to persistent
activation of ARF (Finazzi et al., 1994). The fact that BI and BII protein kinase C
isoforms also regulate the GTP-dependent binding of ARF1 and B-COP to Golgi
membranes (De Matteis ef al., 1993), further supports a role for heterotrimeric GTP
binding proteins as ARF1 effectors in the regulation of COPI coatomer assembly,
although this effect may be indirect (see below, 1.3.2). Similarly, the binding of y-
adaptin to clathrin coated vesicles is promoted by GTPyS and AlF, (Robinson and
Kreis, 1992), suggesting that clathrin coat assembly might also be regulated by
heterotrimeric GTP binding proteins. ARF1 is required for the recruitment of the
adaptor particle (AP-1) to clathrin coated vesicles derived from the trans Golgi
network (Stamnes and Rothman, 1993; and Traub et al., 1993). This suggests that the
binding of vesicle coat proteins to both COP and clathrin vesicles are mechanistically
similar and may be regulated by both small GTP binding proteins and heterotrimeric

GTP binding proteins.

1.3.2 ADP- ribosylation factors
The Arf famil
The Arf multigene family consists of both arf and ar! (arf-like) members.

The Arf family members share >25% amino acid sequence identity with one another
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and within the arf and ar/ subfamilies there is >60 % amino acid sequence identity
(Clark et al., 1993; and Boman and Kahn, 1995). There are at least 6 mammalian arfs,
but there is evidence that the Azf family in humans consists of at least 15 members
(Clark et al., 1993). In S. cerevisiae there are 2 arfs with 96 % sequence identity. The
deletion of S. cerevisiae arfl results in slow growth and a secretion defect while
deletion of arfl and arf2 is lethal (Stearns ef al., 1990). In the primitive eukaryote,
Giardia, there is probably only one arf (Murtagh et al., 1992). Human arfs 1, 4, 5 and
6, and Giardia arf can rescue the S. cerevisiae double arf1” arf2" deletion, suggesting
an evolutionary conservation of function (Kahn ef al, 1991; and Lee et al., 1992).
This feature distinguishes the arfs from the structurally related arls which are unable
rescue the S. cerevisiae double arf1” arf2” deletion (Kahn ef al., 1991; and Tamkun et
al., 1991). The reason for the redundancy of arf genes is unclear and a cellular role for
arls has not been described, although the Drosophila arll gene is essential (Tamkun e#
al., 1991). The arfs can be divided into three classes based upon deduced amino acid
sequence size and similarity, phylogenic analysis and gene structure (Lee ef al., 1992;
Moss and Vaughan, 1993; Serventi et al., 1993; and Boman and Kahn, 1995). Class I
(arfs 1, 2 and 3) have 181 amino acids, Class II (arfs 4 and 5) have 180 amino acids
and Class III (arf 6) has 181 amino acids. Each of these classes show greater sequence
similarities to one another with the difference both within and between the classes
being concentrated in the N- and C- termini. The similarity in intron-exon gene
structure within these classes suggests that arf genes have arisen through gene
duplication events. The arfs are ubiquitous; they are expressed in every eukaryotic cell
or tissue examined including those from man, cow, mouse, turkey, fruit fly, slime
mould, yeast, and the plant, Arabidopsis but are not present in the prokaryote, E. coli

(Kahn et al., 1988, Stearns et al., 1990; and Regad ef al., 1993). There appears to be

17



INTRODUCTION

tissue specific expression of arfs. Human ARF immunoreactivity was found to be
highest in brain where ARF represents 0.3-1 % of the total protein (Kahn e? al., 1988).
In Drosophila the arfl mRNA was slightly more prevalent in legs, the arfll mRNA was
fairly uniformly distributed, and the arfIIl mRNA was more abundant in heads (Lee e?
al.,, 1994). There is also evidence that mammalian arfs are developmentally regulated.
In rat brain, from the second to the twenty-seventh postnatal day, mRNAs for arfs 1, 5,
and 6 were apparently unchanged whereas those for arfs 2 and 4 decreased and that for
arf 3 increased (Moss and Vaughan, 1993). The 5’-UTRs of the arf 2 and arf 3 genes
lack TATA and CAAT boxes, indicative of a low level of transcription and
characteristic of housekeeping genes. These 5’-UTRs do, however, contain several
GC boxes, suggesting they may mediate transcription by binding the frans acting
factor, SP1 (Serventi ef al., 1993). In the case of arf 2, however, transcriptional
developmental regulation has been ascribed to a unique 10 bp palindromic cis acting
sequence that binds a frans acting factor termed TLTF (TATA-less transcription

factor) (Haun et al., 1993b).

ARF function

The diarrhoea pathology associated with a Vibrio cholerae intestinal colonization
occurs in response to the bacteria’s toxin. Cholera toxin is an 87 kDa protein with an
ABs subunit composition. Upon binding of the B subunit to GM,; ganglioside
receptors, the A subunit is taken into intestinal epithelial cells by receptor mediated
endocytosis. The A subunit is proteolytically cleaved to A; (22 kDa) and A; (5 kDa)
fragments which are subsequently released into the cytosol. The A; subunit ADP-

ribosylates an arginine side chain of G, (a subunit of the stimulatory heterotrimeric G-

protein); preventing it from hydrolyzing bound GTP. The consequent constitutive
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activation of adenylate cyclase leads to ~100 fold increase in cCAMP levels. This, in
turn, results in the epithelial cells secreting abnormally large amounts of HCOj;™ rich
digestive fluid (Voet and Voet, 1990). In cell homogenates where the binding step can
be bypassed, the A; subunit alone can activate adenylate cyclase in an NAD-dependent
manner (Moss et al., 1976). ARFs were identified as a factor required to stimulate the

cholera toxin catalyzed ADP-ribosylation of G in such an in vitro system (Kahn and
Gilman, 1986). In addition to G,, ARFs also stimulate the cholera-toxin catalyzed

ADP-ribosylation of simple guanidino compounds such as arginine and agmatine (Tsai
et al.,, 1988). AREF acts as an allosteric activator and its activity is dependent on the
binding of GTP or a GTP analogue (Kahn and Gilman, 1986; and Noda et al., 1990).
It is not known if ARFs act as cofactors for endogenous ADP-ribosyltransferase(s); but
this possibility is consistent with a growing family of endogenous mono- and poly-

ADP-ribosyltransferases found in animal cells (De Murcia et al., 1994).

ARFs, unlike other small GTP binding proteins, have no detectable intrinsic GTPase
activity and have a near absolute requirement for phospholipid, detergent, and
nanomolar concentrations of free Mg** for GDP-GTP exchange in vitro (Weiss et al.,
1989; and Kahn and Gilman, 1986). In contrast to ARFs, the structurally related ARL
proteins are unable to stimulate the cholera-toxin catalyzed ADP-ribosylation G, or
agmatine and contain a detectable intrinsic steady state GTPase activity (Kahn and
Gilman, 1986; Weiss et al., 1989; Bobak et al., 1990; Kahn ef al,, 1991, Tamkun et
al., 1991; and Clark et al., 1993). The ARFs have an established physiological role in
the assembly and disassembly of COPI coated vesicles which mediate ER-to-Golgi and

intra-Golgi transport (already discussed, 1.2.2). The regulators of ARF GDP-GTP
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exchange and ARF intrisic GTPase activity are becoming clear. The binding of ARF1
to phospholipid vesicles or Golgi membranes is dependent on it being both N-
myristoylated and in the GTP bound form; N-myristoylated ARF1eGDP bound to
phospholipid vesicles but much weaker than N-myristoylated ARF1¢GTP and only N-
myristoylated ARF1eGTP has been shown to bind to Golgi membranes (Helms e? al.,
1993; Haun et al., 1993a; and Franco ef al, 1993). Two Golgi membrane-bound
ARF1 pools exist, a non-saturable pool which can be extracted with liposomes and a
saturable pool, resistant to liposome extraction. This suggests that Golgi membranes
contain an ARF1 ‘receptor’ which specifically recruits ARF1 to the appropriate target
membrane (Helms ef al., 1993). The binding of ARF1 to membranes thus requires
interaction with a putative ARF1 ‘receptor’ and exchange of GDP for GTP. The
GDP-GTP exchange is mediated by a membrane bound GEP which is sensitive to the
macrocyclic lactone, Brefeldin A (BFA) (Helms and Rothman, 1992; and Donaldson et
al,, 1992b). Treatment of cells with BFA inhibits ARF binding, prevents coatomer
assembly and results in the uncoupling of vesicle budding to fusion so that, in the intra-
Golgi in vitro assay, donor andacceptor compartments fuse directly (Elazar et al,
1994). This explains the well documented effects of BFA on the inhibition of
secretion, disassembly of the Golgi and its mixing with the ER, and the formation of
tubule extensions (reviewed by Klausner ef al.,, 1992). Once the COPI vesicles reach
their target membrane the vesicle must be uncoated to allow fusion (Tanigawa et al.,
1993; and Osterman ef al,, 1993). The hydrolysis of vesicle bound ARF1eGTP is
stimulated by a GAP, which allows vesicle uncoating and fusion. Both the ARF1 GEP
and GAP have recently been partially purified (Tsai ef al., 1994; and Makler e? al.,
1995). Interestingly, the ARF1 GEP had a crude size of 700 kDa on gel filtration

columns and was sensitive to BFA but further purification to give a 60 kDa protein
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resulted in a loss of sensitivity to BFA. This suggests that a protein associated with the

GEP may confer BFA sensitivity (Tsai ef al.,, 1994).

The activity of Phospholipase D* (PLD), a membrane- bound protein, is stimulated in
vitro by cytosol in a GTPyS dependent fashion. The limiting cytosolic factor was
purified and unequivocally identified as ARF (Brown ef al,, 1993). These studies have
been extended to show that exogenous ARFs can reconstitute the GTPyS-stimulated
activation of PLD in cell free assays and permeabilized cells (Strutchfield et al., 1993;
and Cockroft ef al, 1994). ARFs from all three classes (ARFs 1, 5 and 6) could
activate PLD; with the N-myristoylated ARFs being more effective than non-N-
myristoylated ARFs (Massenburg ef al.,, 1994). The three identified activities of ARF-
cofactor for cholera toxin ADP ribosyltransferase, regulator of COPI coat assembly

and activator of Phospholipase D are summarized in Figure 1.3.

The discovery that ARF activates PLD necessitated a new way of viewing the cellular
function of ARFs. The possibility that ARF stimulation of PLD and regulation of
vesicle coat assembly-disassembly are related has come from several recent findings.
Two isoforms of PLD have been purified: one dependent on oleate and not activated
by ARF and another dependent upon phosphatidylinositol-4,5-bisphosphate (PIP,),
GTPyS and ARF (Massenburg ef al., 1994 and Liscovitch et al.,, 1994). The partially
purified ARF GAP activity was stimulated ~30 fold by PIP,, ~5 fold by phosphatidic
acid (PA) and inhibited slightly by phosphatidylcholine (PC) (Randazzo and Kahn,
1994; and Makler et al, 1995). Futhermore, PIP, increased the rate of GDP

dissociation from ARF1 >100 fold and stablized the ARF apoprotein in vitro (Terui et

3 PLD catalyzes the hydrolysis of phosphatidylcholine to phosphatidic acid and choline.
21



INTRODUCTION

al., 1994). This effect is analogous to that of the GEP, Cdc25, on Ras (Haney and
Broach, 1994). A role for phosphatidylinositol in secretion is also suggested by the
yeast secretion defective mutant, Secl4. The Secl4 gene product, Secldp, is a
phophatidylinositol/phosphatidylcholine transfer protein believed to @ntain high
Golgi membrane phophatidylinositol/phosphatidylcholine levels (McGee et al., 1994).
A unified model can be proposed to incorporate this dual nature of ARF activity
(Figure 1.4). The role played by heterotrimeric GTP binding proteins in this system is
uncertain and may be indirect. For example, the activator of heterotrimeric GTP
binding proteins, AlF4, has been shown to act on enzymes involve in phosphoinositol
metabolism (Bomsel and Mostov, 1992). However, the recent finding that Gpy may be
an ARF ‘receptor’ may provide the link between the heterotrimeric GTP binding
proteins and ARF in vesicular traffic (Colombo ef al., 1994). In summary, the duality
of ARF function may reflect the fact that ARF shares limited homology with both Ras
and G, (Price et al., 1988 and see below). ARF may be acting in a ‘heterotrimeric

GTP binding protein manner’ as an activator of PLD (analogous to GOlq which activates

Phospholipase C to hydrolyze PIP; to diacylglycerol and inositol (1,4,5) trisphosphate
(Sternweis and Smrcka, 1993)) and in a ‘Ras like manner’ to regulate vesicle coat

assembly.
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Figure 1.3 The activities of ARFs
ARFs have been shown to have three activities: Cofactors for the ADP-ribosylation of G, regulators of COPI vesicle assembly-disassembly and
activators of Phospholipase D. These reaction schemes are represented diagramatically with each reaction scheme shown in a different colour. See
text for details.
Abbreviations are:

Phosphatidylcholine: R; and R; are long (C;6 - C2) hydrocarbon chains of fatty acids.

Guanidino group: X = H and R = —(CH;);CH(COO")(NH;") for arginine or

X =H and R = -(CH>);CHj; for agmatine (4-guanidinobutrane)
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Figure 1.4 Model of ARF activity in vesicular transport

This hypothetical model shows the inter-relationship between the two activities of
ARFs; (activation of Phospholipase D and regulation of the COPI coat assembly-
disassembly) and their coordination in the vesicular transport of cargo between
compartments of the secretory pathway. Transport vesicles, coated with COPI and
ARF1eGTP, contain phosphatidylinositol-4-phosphate (PIP) since they have
phosphatidylinositol-4-phosphate kinase activity associated with them (Liscovitch e?
al., 1994). Upon docking with their target membrane, vesicle-bound ARF1eGTP
stimulates the PLD activity associated with the target membrane, causing hydrolysis of
phosphatidylcholine to phosphatidic acid and choline. = Phosphatidylinositol-5-
phosphate kinase, (hypothesized to be located at the target membrane), phosphorylates
phosphatidylinositol-4-phosphate (PIP) to form phosphatidylinositol-4,5-bisphosphate
(PIP,) in a reaction that is stimulated by the product of PLD, phosphatidic acid. The
phosphatidylinositol-4,5-bisphosphate (PIP,) stimulates PLD activity in a positive
feedback loop. Furthermore, both the phosphatidylinositol-4,5-bisphosphate and
phosphatidic acid stimulate ARF1 GAP activity leading to hydrolysis of GTP bound to
ARF1 and the disassembly of the vesicle coat; forming a negative feedback loop for
this system. This negative feedback is probably required to prevent accumulation of
phosphatidic acid which has been shown to be fusogenic (Eastman et al.,, 1992). The
direct role played by PIP, on ARFI1 is less clear since although PIP, increases the
ARF1 GDP dissociation rate with little effect on the GTP dissociation rate, the effects
on GTP binding were paradoxically biphasic with an initial (<5 min) increase of GTP

binding, followed by a loss of binding (>5 min) (Terui et al., 1994).
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ARF Structure-function

The motifs proposed to be involved in GTP binding and hydrolysis are absolutely
conserved between all ARFs identified to date: 2*GLDXAGKT®, “DVGG”,
1NKQD'?, 8 CAT'®!(numbering as in human ARF1) (Moss and Vaughan, 1993).
The ARLs show divergence in two of these sequence motifs: DVGG is D(V,L)GG and
CAT is SA(T,V) (Clark et al., 1993). These motifs have the general consensus
GXiX2X3X4GKS/T, DX X,G, NKX;D for all GTP binding proteins. Small GTP
binding proteins have the additional SA(K,L) motif whereas heterotrimeric GTP
binding proteins contain the CAT motif at an analogous position (Marsh and Goode,
1993). The ARF family of small GTP binding proteins therefore show a greater
similarity to the heterotrimeric GTP binding proteins in two of these motifs: DVGG
(unlike Ras which has the DTAG motif) and CAT (Price ef al., 1988; and Moss and
Vaughan, 1993). By mutagenesis and X-ray crystallographic studies of Ras, these
motifs have been shown to play an important function in GTP binding and hydrolysis
(reviewed by Bourne et al., 1991). The GX;X,X3X.GKT/S coordinates Mg?* and
forms bonds with the a— and B— phosphates of GDP or GTP. Ras mutated at position
X (G12, Ras numbering) shows a decreased GTPase activity; the presence of a D at
this position in all ARFs might explain the apparent lack of intrinsic GTPase activity of
ARFs (Weiss ef al., 1989). For the DX;X,G motif, D binds to Mg* through an
intervening water molecule while G forms a hydrogen bond with the y-phosphate of
GTP and Mg®. The NKX,D motif forms hydrogen bonds with the guanine ring and
stabilizes the guanine nucleotide binding site through hydrogen bonds with amino acids
of the GXX,X3X4sGKT/S motif. The SA(K, L) / CAT motifs participate in binding the
guanine ring, mainly indirectly through side chains of amino acids in the NKX;D motif.

The N-terminal consensus for myristoylation at G2: MGYX;Xy(S,A,T) (where Y= N,
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Q, S, V, A, or L, and neutral residues are preferred at X, ) is also highly conserved
(Moss and Vaughan, 1993; and Towler et al., 1987). Mutagenesis, deletion and
chimera studies on human ARF1 have confirmed the role played by these motifs and
yielded insights into ARF effector regions. Mutations within these motifs were
predicted, by analogy to Ras, to have various consequences for guanosine nucleotide
binding and hydrolysis; this was born out in the experimental data (Dascher and Balch,
1994; and Zhang ef al., 1994). The T31N mutant (analogous to Ras S17N) had a
preferential affinity for GDP. In a transient HeLa transfection system, it inhibited
export from the ER probably by sequestering the ARF GEP. In the same system, the
Q71L mutant (analogous to Q61L in Ras) had a decreased GTPase activity and
inhibited ER-to-Golgi and intra-Golgi transport, probably by preventing GTP
hydrolysis and the recycling of ARF and coatomer, and therefore mimics GTPyS
treatment. For both these mutants, myristoylation was required for their effect:
transient expression of the double mutants G2A/Q71L and G2A/T31N were without
effect. Similarly, the N16I and D129N mutants (analogous to Ras N116I and D119I
respectively) had an increased rate of the guanosine nucleotide exchange and their
transient expression also inhibited ER-to-Golgi transport, possibly by either
sequestering the ARF GEP or creating a futile cycle due to rapid guanosine nucleotide

exchange.

The deletion of the N-terminal 13 or 17 amino acids (ARF1A13 and ARF1A17
respectively) resulted in recombinant proteins which failed to stimulate the cholera

toxin mediated ADP-ribosylation of G,,_ or rescue the arf1"-arf2" double mutant (Kahn

et al., 1992; and Randazzo et al., 1994). These deletion mutants were purified with

near stoichiometric amounts of GTP bound and were shown to have an increased rate
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of GDP dissociation, a lower affinity for GDP and a higher affinity for GTP (Randazzo
et al., 1994 and 1995). This suggests that the N-terminus stabilizes the GDP bound
form and undergoes a conformational change when GDP is exchanged for GTP. The
ARF1A13 retained a small ability to hydrolyze bound GTP by partially purified ARF
GAP, whereas the ARF1A17 was unaffected, suggesting that the N-terminus interacts
with ARF GAP (and residues 13-17 may be particularly important) (Randazzo et al.,
1994). The construction of protein chimeras with the N-terminal 73 amino acids of
ARF1 and ARL1 exchanged showed that the N-terminal 73 amino acids are important
in the activation of Phospholipase D (PLD) but are not important for the stimulation of
the cholera toxin mediated ADP-ribosylation of agmatine (Zhang et al., 1995). This
latter observation is supported by the fact that the ARF1A13 is capable of stimulating
the cholera toxin mediated ADP-ribosylation of agmatine (Hong ef al., 1994). Taken
together, these data suggests that the N-terminus is an ARF effector (or switch)
“domain. The N-terminus interacts with three effectors: PLD, ARF GAP and G,,,. The
fact that the N-terminus is important for stimulating the cholera toxin mediated ADP-
ribosylation of G, but not agmatine suggests that these assays are fundamentally
different. Furthermore, although the N-terminus is important for interaction with G,
another effector region outside the N-terminus is important for the interaction with
cholera toxin (Randazzo et al, 1994). From the crystal structure of human ARF1
(Amor et al., 1994) a likely second effector domain is B-sheet 2 and loop 4 which lie
between the *GLDXAGKT® and “DVGG™ motifs. This is the same region as the
Ras switch 2 effector domain (Bourne ef al, 1991) but in the human ARF1 crystal
structure this hydrophobic putative second effector domain forms the interface of the

dimer (Amor et al, 1994).
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The ARF1 N-terminus is myristoylated in vivo (Weiss et al., 1989 and Price et al.,
1988). Myristoylated ARF1 bound GTP with slower kinetics than non-myristoylated
ARF1 in the absence of phospholipids, but in the presence of phospholipids
myristoylated ARF1 bound GTP faster and with higher stoichiometry than non-
myristoylated ARF1. Furthermore, in the absence of phospholipids N-myristoylated
ARF1 had a lower affinity for GTP than GDP but in the presence of phospholipids N-
myristoylated ARF1 had a higher affinity for GTP than GDP. Therefore, the
myristoylated N-terminus behaves as a phospholipid-sensitive switch to help drive ARF
into the active conformer (Randazzo et al., 1995). The proposal that the myristoylated

ARF1 N-terminus coordinates both phospholipid and GTP binding is consistent with
the X-ray crystal structure of ARFeGDP (Amor ef al., 1994). The structure shares
many features common to all GTP binding protein (Bourne et al., 1991) consisting of a
mixed [B-sheet core surrounded by a-helices. However, a unique feature is the
presence of an N-terminal amphipathic a-helix (a-helix A, residues 3-9), followed by a
connecting loop of disordered structure (loop 1, residues 10-16). This led the authors
to propose that, upon GTP binding, loop 1 forms a continuation of a- helix A enabling
the N-myristoyl moiety to insert into the bilayer (Amor ef al., 1994). Since the N-
myristoyl group is thought to provide insufficient hydrophobic energy for insertion into
a phospholipid bilayer (Pietzch and McLaughlin, 1993) the energy for insertion may be
derived from a positively charged patch on the surface of ARF1 (formed by a number
of residues on loop 1, and residues on loop 5 and a- helix F) interacting with
negatively charged phospholipids in the membrane. Similar electrostatic switch
mechanisms have been proposed for a number of myristoylated proteins to enable the

modulation of reversible protein-membrane interactions (Sigal ef al, 1994; and
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McLaughlin and Aderem, 1995).

1.4 The secretory pathway in Plasmodium.

1.4.1 A Plasmodium classical secretory pathway.

Introduction

In contrast to the extensively studied secretory pathway in mammalian and yeast cells,
little is known about the Plasmodium secretory pathway. A unique feature of the
Plasmodium secretory pathway is that proteins are secreted beyond the plasma
membrane (reviewed by Lingelbalch, 1993; and Haldar and Holder, 1993). The
parasite, within the erythrocyte, is surrounded by three membranes: the plasma
membrane, the parasitophorous vacuolar membrane (derived at least partly from the
erythrocyte membrane during invasion) and the erythrocyte membrane (Langreth,
1978; and Ward et al., 1993). With the well documented effects of Brefeldin A (BFA)
on the secretory pathway in mammalian cells (see above), studies in Plasmodium have
used BFA to monitor the secretion of several proteins both to and beyond the parasite
plasma membrane. Both saponin lysis and controlled mechanical homogenization have
been used to release parasites from the P. falciparum infected erythrocyte (early ring
and late ring/early trophozoite stages, respectively) to study the export of newly
synthesized proteins (Crary and Haldar, 1992; and Elmendorf et al, 1992). These
released parasites were shown to be metabolically intact and the export of the majority
of secreted proteins was blocked by BFA. Interestingly, the export of a subset of
proteins was unaffected by BFA treatment, suggesting the existence of an non-classical
secretory pathway. Similar non-classical protein secretory pathways have been

described for a number of proteins in both yeast and mammalian cells. These
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polypeptides do not contain cleavable hydrophobic signal sequences and are released
from cells without transversing the classical secretory pathway (reviewed by Kuchler,
1993). A well studied example is the yeast a-factor; believed to be targeted to the
plasma membrane by a C-terminal farnesylation and translocated across the plasma
membrane in an ATP-dependent manner by the Ste6 ABC-like translocon® (Kucl;gr
and Thorner, 1992). Similarly, in animal cells interleukin 1 appears to be imported
into the endosomes shortly after its synthesis and an ABC-like translocon has been

postulated (Rubartelli e al., 1993).

Ultrastructural analysis has revealed the presence of an ER within the intraerythrocytic
parasite, although morphologically distinct Golgi structures were not definable.
Vesicle-like structures loosely associated with the ER have, however, been described
as the parasite Golgi (Langreth, 1978). Also apparent is the presence of cisternae
(clefts), and loops representing a complex network of tubovesicular membranes (TVM)
which extend into the erythrocyte cytoplasm; most prominent in the late ring and
trophozoite stages (Aikawa, 1988; Atkinson and Aikawa, 1990, and Haldar, 1992).
These criteria, as well as other apparently unique features to Plasmodium (see below),
have often lead to the proposal that a classical secretory pathway does not exist (see
Lingelbach, 1993; and Banting et al., 1995 for recent reviews). However, several lines
of evidence suggest that proteins directed to the parasite plasma membrane (and
perhaps beyond) follow a pathway from the ER, transversing the Golgi, and are
constitutively secreted. Several proteins contain typical secretory signal sequences,

including merozoite surface protein-1 (MSP-1), merozoite surface protein-2 (MSP-2),

* ABC translocons are bacterial ATP-dependent transporters which mediate the transport of a variety
of molecules including polypeptides
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S-antigens, histidine rich proteins I and II (HRPI and HRPII), glycophorin binding
protein (GBP), Exported protein-1(Exp-1), serine rich repeat protein (SERP), and
Rhoptry associated protein-1 (RAP-1), (Lingelbach, 1993 and Haldar and Holder,
1993) In the case of SERP and Exp-1, in vitro translation in the presence of
microsomes has shown that they are translocated into the microsomal lumen and their
signal sequences are cleaved (Gunther et al., 1991; and Ragge et al, 1990). The
merozoite  surface  proteins, MSP-1, MSP-2 and MSP-4 contain
glycosylphosphatidylinositol (GPI) anchors, a post-translational modification which
occurs in the ER with possible further modifications occurring in the Golgi (Gerold et
al., 1995; Coppel et al., 1995; Smythe et al., 1988; and Caras, 1991). The molecular
chaperone, BiP, is an ER resident protein with a C-terminal KDEL retention signal
(Pelham, 1990 and see above 1.2.3); a P. falciparum homologue with a C-terminal
SDEL retention signal has been cloned (Kumar and Zheng, 1992). Proteins such as the
19 kDa fragment of MSP-1 are disulphide bonded (Holder, 1988) suggesting the
existence of an ER resident protein disulphide isomerase (PDI) to aid in correct
disulphide bond formation (Freedman et al., 1994). Surprisingly, there is evidence that
N-linked glycosylation of proteins does not occur in Plasmodium (Dieckmann-
Schupert et al., 1992). This has hindered studies on the Plasmodium secretory
pathway, since the stepwise addition of N-linked glycans can not be used as a marker
to follow the sequential steps of transport through the secretory pathway. However,
the Golgi has been functionally defined. The ERD2 recycling receptor for soluble ER
resident proteins is localized to mammalian cis Golgi (Pelham, 1989 and 1990) and a P.
Jalciparum homologue has been found, P/EDR2 (Elmendorf and Haldar, 1993).
Localization of P/EDR2 by immunofluorescence microscopy revealed a punctuate

perinuclear distribution, similar to that observed in mammalian cells (Lewis and
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Pelham, 1992). Furthermore, treatment with BFA lead to the redistribution of
PfEDR2, resulting in a diffuse immunofluorescence staining similar to that of the
parasite BiP. These observations are consistent with the effects of BFA on mammalian
cells (Klausner et al., 1992). These studies have been extended to show that proteins
with different final destination are effected by BFA treatment. The maturation of a P.
Jalciparum 45 kDa protein, which is secreted to the membrane clefts, is inhibited by
BFA treatment and incubation at 15°C or 20°C’ (Das et al., 1994). The export of the
P. falciparum glycophorin binding protein, a soluble protein found in the host cell
cytoplasm, is prevented by BFA treatment or incubation at 15°C (Benting et al., 1994).
Similarly, maturation of the P. falciparum rhoptry associated protein (RAP-1) and the
rodent parasite, P. yoelii, rhoptry protein is prevented by BFA treatment and
incubation at 15°C (Howard et al., 1995; and Ogun and Holder, 1994). These results
suggest a conserved, classical secretory pathway in Plasmodium and since BFA
treatment in eukaryotic cells inhibits ER-to-Golgi transport and intra-Golgi transport,
Plasmodium probably contains vesicular transport processes mechanistically similar to
that of mammalian cells. Sphingomyelin synthase is a cis and frans Golgi marker in
mammalian cells (Futerman ef al., 1990). A parasite sphingomyelin synthase activity,
as determined by the enzymatic conversion of fluorescent ceramide, was localized by
fluorescent microscopy to a perinuclear region within the parasite but also to the TVM
and parasitophorous vacuolar membrane. Interestingly, the perinuclear distribution
was unaffected by BFA, indicating that the dynamics of this compartment in the
Plasmodium Golgi is distinct from that of mammalian cells (Elmendorf and Haldar,

1994). Extracellular merozoites retain sphingomyelin synthase within the parasite but

5 In mammalian cells, the 15°C and 20°C temperature blocks have been ascribed to the intermediate
compartment/cis Golgi network and frans Golgi/trans Golgi network, respectively (Hurtley, 1993).
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the intracellular ring and trophozoite stages export ~25 % of their sphingomyelin
synthase beyond the plasma membrane to the TVM and to a lesser degree, the
parasitophorous vacuolar membrane (Elmendorf and Haldar, 1994). This unique
localization of sphingomyelin synthase to the TVM may be responsible for the
tubovesicular nature of this structure since the asymmetric localization sphingomyelin
and phosphatidylcholine in the Golgi apparatus (inner and outer leaflet, respectively) is
thought to force the Golgi into flattened cisternae (Pagano, 1988). Alternatively, this
lipid composition may be responsible for the sorting of proteins and lipids by providing
membrane microdomains for protein-protein and lipid-lipid interactions (Machamer,
1991). The function of the TVM is not known but it has been implicated in the uptake
of essential extracellular lipids (Grellier ef al,, 1991). Interestingly, the secretion of
proteins by ring stage parasites does not correspond with ring surface growth,
suggesting that the subsequent formation of the TVM may be a manifestation of this

process (Crary and Haldar, 1992).

The organelles of the merozoite apical complex (rhoptries, micronemes and dense
granules) resemble regulated secretory organelles in mammalian cells. The contents of
the rhoptries, dense granules and micronemes are released during or soon after invasion
of the erythrocyte (Gratzer and Dluzewski, 1993). Proteins destined for these
secretory organelles would, by analogy with mammalian cells, be sorted in the TGN
and targeted to these organelles (see 1.2.3). In support for this idea, proteins of the
rhoptries (RAP-1, RAP-2, and RhopH3), the dense granules (RESA) and micronemes
(EBA-175) contain N-terminal signal sequences indicating that they are part of the

secretory pathway (Lingelbach, 1993; and Haldar and Holder, 1993)
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The parasite plasma membrane: The end of a classical secretory pathway

By analogy with mammalian cells, proteins targeted to the plasma membrane and
secreted directly into the parasitophorous vacuolar space are at the end of the secretory
pathway. Probably the most extensively studied P. falciparum cell surface protein is
MSP-1 (reviewed by Holder et al., 1992 and Cooper, 1993). The msp-1 gene from a
number of P. falciparum lines and isolates has been sequenced. It is a single copy gene
and codes for a signal sequence (residues 1-19) followed by a short repetitive sequence
and the rest of the sequence is largely unique (Tanabe ef al.,, 1987; and Holder et al.,
1985). At the C-terminus is a hydrophobic tail sequence preceded by a cysteine rich
domain containing Epidermal Growth Factor (EGF)- like motifs (Engel 1989).
Comparison of the deduced primary structure of MSP-1 from different P. falciparum
lines and isolates have identified regions of sequence conservation (Tanabe ef al., 1987,
and Miller ef al.,, 1993). The MSP-1 deduced primary amino acid sequence can be
divided into 17 blocks consisting of sequence that is highly conserved, partially
conserved or highly diverse. Except for a polymorphic region (block 2) all sequences
fall into one of two dimorphic forms. These dimorphic alleles can be broadly grouped
into MAD-20 and Wellcome types and the sequence diversity is suggestive of limited
intragenic recombination (Tanabe ef al., 1987). The MSP-1 protein is synthesized as a
precursor of 195 kDa at the onset of schizogony and synthesis continues until the end
of intraerythrocytic development (Holder and Freeman, 1982). It is localized to the
surface of the intracellular parasite and the surface of the merozoite by means of a C-
terminal glycosylphosphatidylinositol anchor (Gerold ef al,, 1995). Several groups
have reported that the MSP-1 precursor undergoes proteolytic processing which

occurs in two stages (reviewed by Holder, 1988). Primary processing occurs at the
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end of schizogony just prior to release of merozoites to yield four fragments of 83, 28-
30, 38 and 42 kDa (referred to as MSP-1g;, MSP-13, MSP-133 and MSP-1,,
respectively) which are held on the merozoite surface as a non-covalently associated
complex (McBride and Heidrich, 1987). A secondary processing event occurs at or
just prior to invasion and results in the cleavage of MSP-14; to yield fragments of 33
and 19 kDa (MSP-1;; and MSP-1, respectively). The entire MSP-1 complex (MSP-
133, MSP-1g43, MSP-13,, and MSP-133) is shed, except for the C-terminal MSP-1,o
fragment which remains anchored to the merozoite surface and is carried into the
invaded erythrocyte (Blackman er al, 1990, 1991a and 1991b). This secondary
processing is mediated by an unidentified Ca*-dependent serine protease that cleaves at
Leuieso - Asnyes; (Blackman et al,, 1992 and 1993). These studies have led to the proposal
that secondary processing is a pre-requisite for invasion which is supported by the
observation that MSP-1 specific monoclonal antibodies that inhibit P. falciparum invasion
in vitro also prevent secondary processing (Blackman et al., 1994). The conservation of
the secondary processing cleavage site between different Plasmodium strains and
species (Holder et al., 1992) has provided a rationale for the design of peptide-
chloromethylketone inhibitors to identify the protease and explore as possible
chemotherapeautic agents. The function of MSP-1 is unknown (reviewed by Holder and
Blackman, 1994). There is evidence to suggest that the intact, non-proteolytically
processed molecule binds to a erythrocyte receptor in a sialic acid dependent manner
(Perkins and Rocco, 1988). However, the apparent prerequisite of secondary
processing for successful invasion suggests that the EGF-like motifs of MSP-1,, may

function as a ligand for a putative erythrocyte receptor
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Another protein of 43-56 kDa on the surface of the merozoite is MSP-2 (Clark ef al., 1988,
and Miettinen-Bauman ef al, 1988). Like MSP-1, this protein is anchored to the
erythrocyte receptor by means of a glycosylphosphatidylinositol anchor and is the
target of invasion inhibiting antibodies (Gerold ez al., 1995; and Clark et al,, 1988). In
contrast to MSP-1 it does not appear to undergo post-translational processing events
(Epping et al., 1988; and Ramasamy, 1987). The msp-2 gene has been sequenced from
a number of parasite clones and isolates. There are short conserved regions at the N-
and C- termini and a central variable region containing both repeat and non-repeat
sequences. The gene has been divided into two families on the basis similarities of the

central variable region (Smythe ez al., 1991). The function of MSP-2 is unknown.

Interestingly, lactoperoxidase mediated cell surface radioiodination suggests that there are
relatively few proteins on the surface of the merozoite (McBride and Heidrich, 1987,
Miettinen-Baumann ef al.,, 1988; Heidrich et al, 1983 and 1989; and Clark et al,
1988). All the major radioiodinated polypeptides on the surface of merozoites, except
for a 22 kDa polypeptide, have been shown to be derived from MSP-1 or MSP-2 : 80
kDa (MSP-133), 46 kDa (MSP-2), 40 kDa (MSP-1,;) 36 kDa (MSP-133), 31 and 28
kDa (MSP-13,) (McBride and Heidrich, 1987, and Miettinen-Baumann ef al., 1988).
Although clearly not accessible to cell surface radioiodination, two other merozoite
surface proteins were recently identified. MSP-3 was identified by purified human
antibody effective in an antibody-dependent cellular inhibition assay (ADCI) which
measures the co-operation between cytophilic antibodies and monocytes in mediating
parasite killing (Oeuvray ef al.,, 1994). The partial amino acid sequence of the protein
recognized by this purified human antibody was the same as a previously characterized

protein, SPAM (secreted polymorphic antigen associated with merozoites) (McColl, et
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al., 1994). The spam gene predicts a hydrophilic protein of 43 kDa containing heptad
repeats, Ala-X-X-Ala-X-X-X (where X= any amino acid), with the potential to form
an amphipathic helix. This protein is only loosely associated with the merozoite
surface and its function is unknown. Another merozoite surface protein, MSP-4, was
pursued as a 40 kDa protein labelled with [*’H]- glucosamine. The gene predicts a
protein of 272 amino acids containing hydrophobic N- and C- termini and one EGF-
like motif at the C-terminus. It contains the sequence for GPI modification and has
been localized to the merozoite surface (Coppel et al., 1995). Several other secreted
proteins are thought to be transiently located on the merozoite surface or to be
peripherally associated with the merozoite surface either during invasion or during the
agglutination of free merozoites by antibody. These include SERA (Delplace et al.,
1985), GLURP (Borre et al., 1991), ABRA (Weber et al, 1988), the S-antigens
(Perkinsand Rocco, 1990) and several proteins contained within the apical organelles
such as AMA-1 (Narum and Thomas, 1994), EBA-175 (Orlandi ef al.,, 1990), and the

rhoptry proteins (Roger ef al.,1988; Epping e? al., 1988; and Cooper et al., 1988).

1.4.2 Alternative Plasmodium secretory pathways?

The export of parasite proteins beyond the parasitophorous vacuolar space poses some
interesting questions relating to the secretory pathway in P. falciparum. Certain
parasite proteins are known to be exported to the parasitophorous vacuolar membrane,
the erythrocyte cytosol, the erythrocyte membrane and even beyond the erythrocyte
membrane. Are these transport processes mediated by transport vesicles or do they
involve integral membrane translocons? Perhaps the most attractive model is that
originally proposed by Haldar and colleagues (reviewed by Haldar and Holder, 1993).

The parasitophorous vacuolar membrane (PVM) is proposed to be fused to the parasite
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plasma membrane (PM) at distinct domains, while in other regions the PM and PVM
are distinct and the PVM extends outwards into the erythrocyte cytosol forming
tubovesicular membranes (TVM). Proteins with destinations beyond the
parasitophorous vacuolar membrane are sorted (presumably at the parasite frans Golgi
network, see 1.2.3) into vesicles which are distinct from those vesicles mediating bulk
flow transport of proteins to the plasma membrane and the parasitophorous vacuolar
space. These vesicles are targeted to and fuse with the PM/PVM joint domain,
allowing soluble protein cargo to be released into the erythrocyte cytosol while integral
membrane cargo moves laterally into the PVM but is excluded from the PM. The
exclusion of integral membrane cargo from the PM may be mediated by the
sphingolipid-rich nature of the PVM/TVM (see above). The existence of two
secretory vesicle populations carrying specific cargo to two domains of the plasma
membrane has been established in polarized epithelial cells (Bartles and Hubbard, 1988;
and Powell et al., 1991). One prediction of this model is that if the PVM is contiguous
with the TVM then they should share proteins. The protein Exp -1 has this attribute;
being found on the TVM and to a lesser degree on the PVM (Li ef al., 1991). Also
consistent with this model is that several proteins exported beyond the PVM, such as
HRPI, HRPII and EMP-2 (erythrocyte membrane protein-2), are found as lipid free
aggregates in the erythrocyte cytosol (Gormley et al., 1992). This suggests that the
subsequent transport of proteins to the erythrocyte membrane is mediated by non-
vesicular means. Both HRPI and EMP-2 associate with the internal surface of the
erythrocyte membrane by interaction with spectrin/actin and Band 4.1, respectively
(Chishti et al., 1992; and Lustigman ef al., 1990), consistent with non-vesicle transport
through the erythrocyte cytosol. Only two proteins are known to be exported beyond

the inner leaflet of the erythrocyte membrane; EMP-1 (a cytoadherence antigen
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detected on the surface of the erythrocyte, Leech et al., 1984) and HRPII (secreted
across the erythrocyte membrane, Howard et al., 1986). Unique mechanisms must
exist for the transport of these proteins and transport mediated by an integral

membrane translocon remains a possibility.

Extensions of this model propose that there is life-cycle stage specificity of the
targeting of these two types of secretory vesicle in the parasite. In schizonts (30-48
h®), the majority of vesicles are those delivering their cargo to the plasma membrane
and parasitophorous space, while in rings and trophozoites (0-30 h) the majority of
vesicles are those delivering their cargo to the PM/PVM joint domains. This proposal
is supported by the fact that that there is a good correlation between the time of protein
biosynthesis and the pathway which certain proteins follow. For example, proteins
such as Exp-1, HRPI, HRPII, EMP-1 and GBP which are all secreted beyond the
parasitophorous vacuolar space have all been shown to be synthesized in ring and
trophozoite stages. Similarly, proteins such as MSP-1, GLURP, and S-antigens which
are secreted to the plaéma membrane or parasitophorous vacuolar space have been
shown to be synthesized maximally during schizogony (Haldar and Holder, 1993).
Experimental determination of the time of synthesis of other proteins is awaited with

interest to see if they fit this model.

1.5 Aims of this project
A 22 kDa polypeptide was previously shown to be accessible to merozoite cell surface
radioiodination and form a complex with MSP-1 polypeptides on the surface of merozoites

(McBride and Heidrich, 1987). The initial aim of this project was to fully characterize this

® t= 0 is defined as newly invaded erythrocytes and experimentally usually represents rings 0-3 h old.
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novel merozoite surface protein and clone the relevant gene. In order to verify the location
of this protein, inirect immunofluorescence with an anti-22 kDa serum will be carried out on
unfixed merozoites. The MSP-1 complex will be purified and the N-terminal amino acid
sequence of all the major polypeptides obtained. The purification of the 22 kDa
polypeptide will be used to obtain N-terminal amino acid sequence to design
oligonucleotides so that the relevant gene can be cloned using PCR or library screening.
Alternatively, cloning of the gene for the 22 kDa polypeptide may be acomplished by

screening a cDNA expression library with the anti-22 kDa serum.

In the course of attempting to clone gene for the 22 kDa polypeptide (p22), the gene for a
P. falciparum ADP ribosylation factor was identified (Pfarf1). With a developing interest
in our laboratory in the membrane trafficking pathways in Plasmodium, the initial aims of
the project were extended to characterize the Pfarf1 at the molecular and biochemical level.
This included exploring the possible developmental regulation of Pfarf1, the expression of
the recombinant PfARF1 protein and testing it in in vitro biochemical assays to verify its

designation as member of the Arf family.
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CHAPTER 2

MATERIALS AND METHODS

2.1 General buffers and media

LB’

NZY*

PBS

SM

SOC

SSC

STE

TBS

2xYT

10.00 g Bacto-tryptone, 5.00 g Bacto-yeast extract, 10.00 gNaClin1L,
pH7.0

10.00 g NZ amine (casein hydrosylate), 5.00 g Bacto-yeast extract 5.00 g
NaCl, 1.84 g MgCLH0in1L

Phosphate buffered saline (140 mM NaCl, 3mM KCl, 3mM KH,PO,, 140
mM Na,HPO,, pH 7.4)

Sodium magnesium buffer (100 mM NaCl, 10 mM MgSO,, 50 mM tris-
HCI1 pH 7.5, 0.01% w/v gelatin)

20.00 g Bacto-tryptone, 5.00 g Bacto-yeast extract, 0.50 g NaCl, 0.25 mM
KCl, 10 mM MgCl,, 20 mM glucose, pH 7.0

Sodium chloride-sodium citrate buffer (1 x SSC is 0.15 M NaCl, 0.015 M
tri-sodium citrate)

Sodium tris EDTA buffer (10 mM tris-HCI pH 7.5, 1 mM EDTA, 150 mM
NaCl)

Tris borate EDTA (1 x TBE is 900 mM tris-borate, 2 mM EDTA pH 8.0)
Tris buffered saline (20 mM tris-HCI pH 7.5, 150 mM NaCl)

16.00 g Bacto-tryptone, 10.00g yeast extract, 5.00 g NaClin 1L, pH 7.0

* For LB or NZYagar add 15.00 g of Difco agar per liter. For NZY top agarose add 7.00 g of agarose per

liter.
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2.2 Culture of parasites and immortalized cell lines

2.2.1 Culture of P. falciparum

P. falciparum was maintained in continuous culture according to the method of Trager
and Jensen (1976). Clone T9/96 (maintained by D. Walliker, Institute of Animal Genetics,
University of Edinburgh, Edinburgh, UK.) and the FCB-1 isolate (maintained by H.
Heidrich, Max Planck Institut fiir Biochemie, Martinsreid bei Miinchen, Germany) were
maintained in O erythrocytes at 1% haematocrit in RPMI medium (RPMI 1640
supplemented with 25 mM HEPES, 24 mM NaHCOs, 0.2% w/v glucose, 25 mg ml”
gentamicin, 20 pg mi” hypoxanthine) containing 0.5% w/v AIbuMAX™ (Gibco BRL).
Cultures were gassed with 7% CO,, 5% O, 88% N, incubated at 37°C and the medium
was replaced daily. Parasites were synchronized by a combination of 5% sorbitol
treatment (Lambros and Vanderberg, 1979), which leaves only rings intact and
centrifugation over 78% Percoll (Holder and Freeman, 1982), to purify schizonts.
Parasitaemias were monitored by taking thin smears of the cultures each day. These were
air dried, fixed in 100% methanol for 1 min and stained for 10 min with 10% v/v Giemsa,

(Gurr), in 10 mM Na,HPO,,/KH,PO,, pH 7.2.

2.2.2 Culture of immortalized cell lines

The immortalized cell line, X509, was grown in RPMI 1640 (CELLect®, ICN), 10% v/v
Foetal Calf Serum (Sera-Lab) at 37°C in a humidified 5% CO, incubato;'. The medium
was replaced when necessary and when cells had outgrown the media (the media having a

pH<6.8 as determined by the indicator, phenol red, changing from red to yellow), the
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exhausted culture supernatant was harvested by centrifugation at 700g, for 10 min.

2.3 Polyclonal and monoclonal antibodies

Mab X509, is a human monoclonal antibody which recognizes an epitope on MSP-1,,
between Tyr, 4, and Ile,s;, (Blackman ez al, 1991a). Mab X509 was affinity purified
from exhausted culture supernatant on a Protein-G column (Pharmacia), according to the
manufacturer's instructions. Purified X509 antibody (>90% pure as assessed by SDS-
PAGE) was coupled to CNBr-activated Sepharose® CL-4B (Pharmacia), according to the
manufacturer's recommendations, using 2 mg of purified antibody per ml of swollen gel
and 3 h coupling time at room temperature.

Mab 89.1: an anti MSP-1g; monoclonal antibody (Holder and Freeman 1982).

PM122 and PM122-01 are anti-MSP-1 polyclonal sera raised to affinity purified MSP-1
(M. Blackman, unpublished).

117.4, 113.1, (R. Freeman, unpublished) 4F3 C2 (B.Clough, PhD thesis, NIM.R.), and
13.4-2-1 (Mietennen-Bauman et al., 1988) are mabs reactive against MSP-2.

Rba22: an anti-22 kDa rabbit polyclonal serum, raised against SDS-PAGE isolated 22
kDa protein (p22) from the FCB-1 strain, and was a kind gift of H. Heidrich, Max Planck
Institut fiir Biochemie, Martinsreid bei Miinchen, Germany. Rba22pal and Rba22pa2
are Rba22 serum which have been further purified by pre-absorbtion against cytokeratins
(see section 2.5.5).

MuaGST: an anti-glutathione-S-transferase (GST) mouse polyclonal serum, raised
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against recombinant Schistosoma japonicum GST, was a kind gift from Irene Ling and
Sola Ogun, Division of Parasitology, N.ILM.R., Mill Hill, London, UK.
MuaPfARF1: an anti-PfARF1 mouse polyclonal antibody raised against the pure PfARF1

recombinant protein.

2.4 Purification of schizonts and naturally released merozoites.

Schizonts were enriched from synchronous cultures by centrifugation over 78% isotonic
Percoll by the method of Holder and Freeman, (1982). Schizonts were washed four times
by centrifugation at 500g for 5 min and resuspension in RPMI medium (without
AlbuMAX™) and then frozen at -70°C. Merozoites were prepared, following enrichment
of schizonts, by sequentially passing the culture supernatant (collected every 3 h by
centrifugation at 500g for 5 min) through 3 pm and 1.2 um filters, as described
(Blackman, 1994). Merozoites were pelleted by centrifugation at 3 500g, 4°C for 5 min
and washed three times in ice cold PBS (140 mM NaCl, 3mM KCl, 3mM KH,PO,, 140
mM Na,HPO,, pH 7.4) containing 1 mM PMSF (made up in 100% ethanol) and frozen at
-70°C for analysis by Western blotting. Aliquots of frozen merozoites or schizonts were
extracted on ice in five pellet volumes of 50 mM tris-HCI pH 8.2, 1 mM EDTA, 1 mM
EGTA, 0.5% w/v NP-40 plus protease inhibitors (74 ug ml” TLCK, 1 mM PMSF and 10
ug ml' each of leupeptin, antipain and aprotinin; all reagents from Sigma) and then
clarified by centrifugation at 12 000g for 5 min at 4°C, prior to solubilization in SDS
sample cocktail (1 x sample cocktail is 60 mM tris-HCI pH 6.8, 10% v/v glycerol, 2.0%

w/v SDS, 0.005% w/v bromophenol blue, 0.1 M DTT).
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2.5 Protein Purification, Separation and Characterization

2.5.1 Purification of the MSP-1 complex by mab X509 Affinity chromatography

A culture containing synchronized T9/96 schizonts (30-40% parasitaemia) was allowed to
undergo schizont lysis and erythrocyte reinvasion for ~6 h. The supernatant (~500 ml)
was harvested by centrifugation at 700g for 10 min and then clarified by centrifugation at
15 000g for 30 min at 4°C. The supernatant was then made to 50 mM tris-HCI pHS.2, 1
mM EDTA, and passed over 10 ml of the X509-Sepharose affinity column at a flow rate
of 5 ml h'. The column was washed with 10 column volumes of 50 mM tris-HCI, 500
mM NaCl pH 8.2 followed by 5 column volumes of 50 mM tris-HC] pH 8.2 and eluted
with 0.2 M glycine-HCI, pH 2.5. Other elution procedures used were 1% w/v sodium
deoxycholate, 50 mM tris-HCI pH 8.2. and 50 mM octyl B-glucopyranoside (Sigma) or 10
mM Zwittergent 3-12 (Calbiochem) in 50 mM tris-HCI pH 7.6. Eluted proteins were

fractionated by SDS-PAGE on 15% homogeneous gels and treated as described below.

2.5.2 Metabolic radiolabelling of parasites

Metabolic radiolabelling of P. falciparum was carried out by a method similar to that
described by Blackman et al. (1991a). Briefly, purified mid-late stage schizonts were
washed twice in cysteine and methionine free RPMI medium, containing 0.5% w/v
AlbuMAX™ (Gibco BRL) and then incubated for 2 h at 10% haematocrit in cysteine and
methionine free RPMI medium, containing 0.5% w/v AlbuMAX™ (Gibco BRL) and 2
MBq ml' TRAN3SSLABEL (70% [3S] L-methionine, 15% [3’S] L-cysteine, ICN).

Schizonts were washed twice in RPMI medium and resuspended at 2% haematocrit in
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RPMI medium containing 0.5% w/v AIbuMAX™ (Gibco BRL) and allowed to undergo
schizont lysis and reinvasion for 6 h The MSP-1 complex was purified fom the

supernatant as described above.

2.5.3 SDS-PAGE and Western blotting

Samples solubilized in SDS sample cocktail were heated at 100°C for 5 min and analyzed
by SDS-PAGE on homogenous 12.5% or 15% gels according to the method of Laemmli
(1970). Electrophoresis was carried out at 20 mA for ~1 h using a Mighty Small II
vertical slab gel unit (Hoefer Scientific Instruments). Molecular mass markers used were
either low molecular mass markers, 14 400-94 000 (Pharmacia) or prestained high
molecular mass markers, 14 400-200 000 (Gibco BRL). Following electrophoresis, SDS-
PAGE gels were either:

(i) Stained with 0.1% w/v  Coomassie Brilliant blue R-250 (Sigma) in
methanol:water:ethanoic acid (5:5:1) and destained with methanol:water:ethanoic acid
(1:17:2) or silver stained by the nonammonical method of Morrisey et al. (1991).

(ii) Western blotted (Hoefer TE Series Transphor apparatus) at 75V, for 4 h at 6°C. For
immunodetection, transfer to nitrocellulose (Schleicher and Schuell 0.45 pum pore size)
was carried out in 25 mM tris, 150 mM glycine, 20% v/v methanol, by the method of
Towbin et al. (1979). For N-terminal amino acid sequencing, transfer to polyvinylidene
difluoride (Immobilon-P, Millipore) was carried out in 10 mM CAPS (3-
[cyclohexylamino]-1-propanesulphonic acid)-NaOH, 10%v/v methanol, pH 11.0 by the
method of Matsudaira (1987).

For [33S]- labelled protein, SDS-PAGE gels were either:
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(i) Fixed in 7% v/v ethanoic acid for 20 min, incubated for 30 min in Amplify (Amersham)
and then vacuum dried at 70°C and exposed to XOMAT-AR film (Kodak) at -70°C for
visualization of [**S]-radiolabelled proteins by fluorography or

(ii) Vacuum dried at 70°C and the protein bands excised, solubilized in 80% v/v Protosol
(DuPont) for 3 h at 50°C and radioactivity determined by liquid scintillation counting using

Ready Safe™ scintillant (Beckman) and an LS6000 IC scintillation counter (Beckman).

Western blots to be probed with antibody were blocked with 5% w/v non-fat milk powder
(Marvel) in PBS for 1 h at room temperature, washed in PBS, 0.05% v/v Tween-20
(Sigma) for 2 min and incubated with primary antibody diluted 1/100 in PBS, 0.05% v/v
Tween-20 for 2 h at 37°C. Blots were then washed for 5 min with PBS, 0.05% v/v
Tween-20 three times and incubated with Horseradish peroxidase-conjugated anti-rabbit
IgG (Bio-rad) or Horseradish peroxidase-conjugated anti-human IgG (Dako) diluted
1/1000 in PBS, 0.05% v/v Tween-20 for 1 h at 37°C. Blots were then washed for 5 min in
PBS, 0.05% v/v Tween-20 three times and once for 10 min in 20 mM tris-HCI pH 7.5 and
then developed in 10 ml (3 mg mI™") 4-chloro-1-napthol (Sigma) in methanol: 50 ml of 50
mM tris-HCI pH 7.5: 30 pl of 30% H,0,. The reaction was stopped by washing three

times in dH,O and once in PBS, 0.05% v/v Tween-20, 0.02% w/v sodium azide.

2.5.4 DEAE ion exchange chromatography and FPLC (Mono Q) separation of p19
and p22 from the complex
Attempts to obtain internal amino acid sequence of p19 and p22 proteins by cyanogen

bromide cleavage either in gel slices (Zingde ef al., 1986) or immobilized on PVDF
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membrane (Scott et al., 1988) proved unsuccessful. Experiments were therefore carried
out to obtain purified p19 and p22 proteins by anion exchange chromatography. Peak
fractions from X509 affinity chromatography of the shed complex were dialysed twice for
a total of 48 h against 5000 ml of 10 mM tris-HCl pH 8.2, at 4°C to remove deoxycholate.
Preliminary experiments were carried out at 50 mM tris-HCI pH 9.0, 8.0, 7.0, to assess the
pH to which p19 and p22 bound to DEAE Sepharose. DEAE Sepharose (Pharmacia) was
equilibrated according to the manufacturer's instructions and pre-equilibrated at the
appropriate pH by washing four times with 10 column volumes. A proportion (~10 ug) of
the complex was diluted tenfold in the appropriate buffer and applied to the column,
allowing binding to occur for 1 h. The unbound fraction was removed, the column washed
with 10 column volumes with 50 mM tris-HCl at the appropriate pHand 1 M, 2 M or 3 M
sodium chloride (in the buffer at the appropriate pH) was used to elute bound protein.
Fractions were dialysed against 20 mM tris-HCI pH 8.0 at 4°C for 12 h, lyophilized and
analysed by SDS-PAGE and Western blotting. Having established that p19 and p22 bind
at pH >7 and are eluted in <3 M NaCl, a preparative separation was carried out using the
same procedure at pH 7.6 using ~100 pg of the X509 complex, diluted in SO mM tris-HCIl
pH 7.6 to 10 ml, bound at 5 ml h™ and eluted in a 0-2 M NaCl gradient.

Since results suggested that, at pH 7.6, the entire complex is eluted together, two
alternative procedures were carried out:

@) FPLC using the weaker anion exchanger, Mono Q, (Pharmacia) at pH 7.3,

according to procedures recommended by the manufacturer.
(ii)  The inclusion of 50 mM octyl B-glucopyranoside (Sigma) in all the buffers using

DEAE Sepharose. MSP-1 complex was eluted from the X509 affinity column with 0.2 M
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glycine-HCI, pH 2.5 and dialysed extensively against 50 mM tris-HCI pH 7.6. Octyl B-
glucopyranoside (Sigma) was added to 50 mM final concentration and the complex used in

the same manner as described above.

2.5.5 Contaminating reactivity of Rba22 antibody with human cytokeratins.
Western blotting frequently showed bands of 55-70 kDa, in addition to reactivity with p19
and p22 when probed with Rba22 antibody. These bands were hypothesized to be
reactivity with cytokeratins. To‘ test this, human skin epithelium or bovine serum albumin
(BSA, Sigma) were added to 1 x SDS sample cocktail and heated at 100°C for 5 min, then
left for 30 min at 50°C with occasional vortexing to solubilize the proteins. The proteins
were resolved by 15% homogenous SDS-PAGE, Western blotted and probed with Rba22,
as described in section 2.4.3

To remove the unwanted reactivity with cytokeratins, Rba22 serum was pre-absorbed on
~1 mg cytokeratins (derived from human skin epithelium) immobilzed on nitrocellulose,
for 3 h at 37°C. This pre-absorbed serum, Rba:22pal, was used in all subsequent Western
blotting experiments. Serum to be used for screening the AZAP cDNA expression library
was pre-absorbed against both E. coli proteins and cytokeratins by affinity
chromatography. The serum was sequentially passed down a E. coli SURE™ lysate-
Sepharose® CL4-B column (prepared exactly as described in Sambrook et al, 1989)
followed by a cytokeratin-Sepharose® CL4-B column column (prepared exactly as

described by Girault ez al., 1989). This serum was named Rba22pa2.
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2.5.6 Antibody AfTinity Select

To demonstrate antigenic cross-reactivity between different proteins, a modification of the
affinity select method was used (Hall ez al.,, 1984; and Lyon et al., 1986). A preparative
15% homogenous SDS-PAGE of affinity-purified MSP-1 complex was Western blotted
onto nitrocellulose (2.5.3) and, following staining with 0.5% w/v Ponceau S in 1% v/v
ethanoic acid, the p19 and p22 bands were excised, cut into 1 mm 2 pieces and blocked in
5% w/v non-fat milk powder (Marvel) in PBS for 1 h. This and all subsequent
incubations and washes were carried out with vigorous agitation using a microfuge mixer
(Eppendorf mixer 5432). Nitrocellulose pieces were then transferred to 2 ml microfuge
tubes, washed twice in PBS over a period of 5 min and incubated with 500 pl of
Rba22pal antibody diluted 1/50 in PBS, 0.05% v/v Tween-20 for 2 h at room
temperature with constant agitation. Nitrocellulose pieces were then washed 5 times for 5
min and then 5 times for 10 min with 1.5 ml PBS, 0.05% v/v Tween-20. A final wash for
10 min with 1.5 ml of PBS was carried out prior to elution with 500 ul 0.2 M glycine-HCI,
100 mM NaCl pH 2.5. Eluted antibody was neutralized with 40 pl 2 M tris base, BSA
added to 2% w/v and sodium azide added to 0.02% w/v, final concentrations. The
nitrocellulose pieces were neutralised by washing 3 times for 10 min in PBS and the
antibody binding and elution cycle repeated four more times. Pooled eluted antibody was
then used to probe affinity purified MSP-1 complex by the standard Western blotting
procedure (section 2.5.3), using Rba22pal affinity selected on MSP-1 polypeptides and
nitrocellulose as negative controls, and non affinity selected Rba22pal as a positive

control.
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2.5.7 Immunofluorescence

(a) Immunofluorescence on fixed parasites

Indirect immunofluorescence of propanone fixed thin blood smears was carried out exactly
as described by McBride et al. (1982). A 1/100 dilution of Rba22pal serum and a 1/1000
dilution of fluorescein conjugated goat anti-rabbit IgG (Sigma) was used.

(b) Immunofluorescence on unfixed parasites

Indirect immunofluorescence was also carried out on unfixed freshly purified merozoites.
Freshly purified merozoites (section 2.4) were pelleted at 12 000g for 1 min at 4°C and
washed twice in ice cold RPMI, 0.5% w/v AlbuMAX™ (Gibco BRL), 10 mM EDTA.
Merozoites were resuspended in Rba22pal diluted 1/300 in RPMI, 0.5% w/v AlbuMAX
™ (Gibco BRL), 10 mM EDTA, for 30 min on ice. Merozoites were then pelleted,
washed twice as before, smeared and then fixed with propanone. Addition of secondary
antibody (1/1000 dilution of fluorescein conjugated goat anti-rabbit IgG (Sigma)) and

subsequent procedures were carried out as described by McBride ef al. (1982).

2.5.8 Peptide Mapping

[**S]-methionine/cysteine-labelled polypeptides of the affinity-purified MSP-1 complex
were separated by SDS-PAGE. Following Coomassie staining and destaining, the gel was
washed for 15 min in dH,0. The protein bands were excised and transferred to 1.5 ml
microfuge tubes. The gel slices were pre-incubated in 1 ml 25 mM ammonium bicarbonate
pH 8.5 for 30 min and then incubated in 1 ml of 50 pg mi™ trypsin (Sigma) in 25 mM
ammonium bicarbonate, pH 8.5 at 37°C for 24 h. The supernatant was removed and the

process repeated for a further 12 h. The digestion supernatants were pooled, lyophilized,
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dissolved in 20 ul dH,O and then clarified by centrifugation at 12 000g for 10 min.
Samples were applied in 1 pl multiple applications on a cellulose thin layer plate (Type-100
cellulose on polyester, Sigma). Electrophoresis was carried out in horizontal format (LKB
2117 Multiphor apparatus) at SO0V for 1 h in pyridine:ethanoic acid:propanone:water
(20:40:150:90), pH 4.4. After electophoresis the plate was air dried and subjected to
ascending chromatography at right angles to the direction of electrophoresis in butan-1-
ol:ethanoic acid:water:pyridine (150:30:120:100). After drying the plate was sprayed with

EN’HANCE (DuPont) and exposed to XOMAT-AR film (Kodak) at -70°C.

2.6 N-terminal amino acid sequence analysis and design of Oligonucleotides for

Southern Hybridization and polymerase chain reaction (PCR).

2.6.1 N-terminal amino acid sequence analysis and design of Oligonucleotides
N-terminal amino acid sequence analysis of SDS-PAGE purified proteins was kindly
performed on Applied Biosystems 470A gas-phase and 477A pulsed liquid Phase
sequencers with Applied Biosystems 120A on-line phenylthiohydantoin analysers (Aitken
et al., 1989). Data collection and analysis were performed with an Applied Biosystems
900A module calibrated with 25 pmol of phenylthiohydantoin standards. The Swiss and
Leeds databases (using BLASTP 1.2.5. programme, Altschul ef al, 1990) and WHO
Malarial databases (maintained by R. Coppel, Monash University, Melbourne, Australia)
were used to identify similarities to the obtained N-terminal sequences.

The design of the oligonucleotides p22G-17mer, p22D-17mer, p22G-18mer, p22G-33mer,

and p22G-35mer from the p22 N-terminal amino acid sequence shown, Figure 2.1.
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Initially p22G-17mer, and p22D-17mer were synthesized, the former is a guessmer based
on codon usage in P. falciparum (Hyde et al., 1989) while the latter is 32-fold degenerate.
As more p22 N- terminal amino acid sequence was obtained and results from Southern
Blots with p22G-17mer, p22D-17mer showed multiple bands, the longer guessmers
(p22G-33mer, and p22G-35mer) were synthesized. Although more risky guesses are
made in these oligonucleotides there is evidence that the chance of spurious hybridization
of a guessmer probe is far less when guessmers >30 bases are used (optimal range 35-41
bases, with an average Match Index (MlIav) >2.56, see Hyde ef al.,1989 and Figure 2.1).
The short p22G-18mer was also synthesized in order to cover all likely possibilities from
the available protein sequence. Note that p22G-18mer, p22G-33mer, and p22G-35mer are

the reverse complement so that they could be used for PCR.

2.6.2 Synthesis of Oligonucleotides

Oligonucleotides were synthesized using ABI 380B DNA synthesizer and supplied
deprotected, at 0.1 uM in 35% ammonia. They were precipitated by addition 1/10th
volume of sodium ethanaote (pH not adjusted) followed by 2.5 volumes 100% ethanol and
centrifugation at 12 000g for 20 min. Pellets were washed twice in 80% ethanol, air dried
and resuspended in 50-100 pl HOspw. Following the determination of their concentration
by UV spectrophotometry (1.0 at Assonm = 33 pg ml™") they were made to 100 pmol Mg
Oligonucleotides to be end labelled with [y->>P] dATP were applied to a Sephadex G-25
column (NAP-5, Pharmacia), eluted in 10 mM tris-HCl, 1 mM EDTA pH 8.0 and made to
10 pmol pI?. This buffer exchange removes NH," which is a potent inhibitor of

Bacteriophage T4 polynucleotide kinase (Sambrook et al., 1989)
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Figure 2.1 p22 oligonucleotides used for PCR and library screening.

The N-terminal amino acid for the p22 polypeptide is shown (see Chapter 3) together with the possible codons for each amino acid. The designed
oligonucleotides are shown. The p22G-33mer, p22G-35mer, p22G-18mer, p22G-17mer, are all guessmers based on the codon usage in P.
Jalciparum and the p22D-17mer is degenerate. Guessmer oligonucleotides were designed as described (Hyde ez al., 1989) and a value for the
average match index (M.I.,) is shown. The M.I. is a measure of the probable detrimental effect of choosing a wrong codon from amongst that

group which encodes a particular amino acid. The M.1 , is the average M.I values per amino acid residue.
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AGT GAA ACA GAT ACA CAA AGT AAA AAT G
AAC

EQEPSTOQGGETETINTPOQFP
AA CAA GAA AA GAA ATT AAT CCA CAA CCA
T

CAA GAA CCA AGT ACA CAA GGA GGA GAA GAA A
TCA GAG ACT GAC ACT CAG TCA AAG GAG CAG GAG CCT TCA ACT CAG GGT GGT GAGGAG ATA AAC CCT CAG CCT
TCT ACC ACC TCT CCC TCT ACC GGC GGT ATC CccC CCC
TCC ACG ACG TCC CCG TCC ACG GGG GGG CCG CCG
AGC AGC AGC
TGC TCG TCG

5’GAA ACA GAT ACA CAA AGT AAA AAT GAA CAA GAA CC-3 3’TGT GTIT CCT CCT CTT CTT TAA TTA GGT GTIT GGTS5’

p22G-3Smer MlL,,=2.68 p22G-33mer M.I.,v=2.69
5’AAA AAT GAA CAA GAA CC-¥ 3°CTT CTT TAA TTA GGT GITS’
p22G-17mer M.IL,..=2.88 p22G-18mer M.L.. =2.76

5’AAA AAT GAA CAA GAA CC-¥
G C G G G

p22D-17mer (32-fold degenerate)
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2.7 Preparation of parasite DNA and plasmids

2.7.1 Purification of parasite genomic DNA and plasmids
Parasite genomic DNA (clone T9/96) was prepared from asynchronous cultures whose
erythrocytes had been depleted of leucocytes by centifugation over 70% isotonic Percoll as
described by Dluzewski ef al. (1984). Parasitized erythrocytes were pelleted and washed
once in ice cold PBS by centrifugation at 700g for 10 min. Erythrocytes were lysed on ice
with two pellet volumes of 1% v/v ethanoic acid in PBS for 5 min and then diluted with 10
volumes of PBS. The parasites were collected by centrifugation at 2000g for 5 min at 40C
and washed five times with PBS. DNA was extracted by SDS lysis, RNase and Pronase
digestion followed by phenol extraction, exactly as described by Snounou et al. (1988).
The genomic DNA was resuspended in 10 mM tris-HCI, 10 mM EDTA pH 8.0 and stored
at a concentration of 1 ug |J.l-l at 40C. The genomic DNA was determined as being of
good quality by fulfilling the following criteria:
e Having an A260nm/280mm = 1.7
e Being >100 kbp and free of RNA as assesed by electrophoresis through a 0.4% w/v
agarose-TBE gel and

e Capable of being digested to completion by several common restriction endonucleases
To prepare plasmid DNA, single recombinant colonies were inoculated into LB containing

100 pg ml” ampicillin (Sigma) and grown for 12-16 h at 37°C. For small scale

preparations (mini-preps) 3-10 ml of culture was used, for large scale preparations (maxi-
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preps) 500 ml of culture was used. Plasmid DNA was prepared either by the CTAB
method exactly as described by Del Sal et al. (1988) or using Wizard™ minipreps or
Wizard™ maxipreps DNA purification system (Promega), according to manufacturer’s
instructions. To prepare plasmid DNA for automated sequencing, the Wizard™ miniprep
prcedure was used with the following modifications. A 10 ml overnight culture was
pelleted at 700g for 10 min and resuspended in 300 pl of Cell resuspension buffer (50 mM
tris-HC1 pH 7.5, 10 mM EDTA, 300 pg mI” RNase A) . Cells were lysed by addition of
300 pl of Cell lysis buffer (0.2 M NaOH, 1% w/v SDS), neutralized with 300 pl of
neutralization buffer (1.32 M potassium acetate) and centrifuged at 13 000g for 3 min and
the supernatant removed and subjected to another centrifugation step at 13 000g for 5
min. The supernatant was mixed with 1 ml of DNA Purification resin for 5 min, passed
through a column, and washed with 5 ml of Wizard™ Column wash solution. The resin
was dried by centrifugation at 13 000g for 1 min followed by incubation at 37°C for 3 min
and the DNA eluted in 100 ul of H,Ospw (pre heated to 60°C) by centrifugation at 13
000g for 1 min. The eluted DNA was re-applied to the same column and eluted as before.
Finally, to remove resin fines, the eluted DNA was centrifuged at 13 000g for 5 min and
supernatant removed and stored at -20°C. DNA concentrations were determined

spectrophotometrically, assuming a reading of 1.0 at Azgopm= 50 pg ml™.

2.7.2 Restriction endonuclease digests and preparation of vector DNA

Restiction endonucleases and reaction buffer used were those supplied by the manufacturer

(Boehringer Mannheim, Gibco BRL or NBL). Analytical plasmid digests (1-2 pg) were

59



CHAPTER 2

carried out in 30 pl reaction volumes for 1-2 h at 37°C’ using 10 U enzyme per pg of
DNA. Preparative plasmid digests were scaled up versions (10-20 pg) of the analytical
digests. Genomic DNA digests were carried out using 10 pg of DNA in 100 ul reaction
volumes with 50 U of restriction endonuclease enzyme for 12 h. The DNA was then
ethanol precipitated by addition of sodium ethanoate, pH 5.2, to 0.3 M (final
concentration), followed 2 volumes of 100% ethanol. After incubation at -70°C for 15
min, the DNA was pelleted by centrifugation at 12 000g for 15 min at 4°C, washed in 80%
ethanol, and the pellet air dried at room temperature for 10 min. The DNA was
resuspended in 20 pl of H,Ospw and resolved by agarose-TBE gel electrophoresis

(Sambrook et al., 1989).

2.7.3 Purification of DNA from agarose gels

Gel purification of DNA was carEed out by phenol extraction of the DNA in low melting
temperature agarose. DNA was electrophoresed using the appropriate percentage
agarose-TBE gel (Sambrook ef al., 1989). A window of gel was excised in front of the
DNA species of interest and filled with 0.9% w/v Low Melting Temperature Agarose
(NBL). The DNA was electrophoresed into the low melting temperature agarose and
excised under long wave UV (366nm, Black-Ray UVL-21, UV Products Inc.) in a
minimum volume. After the addition of an equal volume of 10 mM tris-HCl, 1 mM
EDTA, pH 7.6, the agarose slice was heated at 85°C for 10 min and then extracted once

with 10 mM tris-HCl, 1 mM EDTA, pH 7.6 equilibrated phenol, twice with

7 Unless specified otherwise by the manufacturer. e.g. Smal (25°C), Tagl (65°C) and BssHII (50°C)
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phenol:trichloromethane:3-methyl-1 butanol (50:48:2) and twice with trichloromethane:3-
methyl-1 butanol (24:1) and then concentrated by ethanol precipitation as described in

section 2.7.2.

2.7.4 Preparation of vector and insert DNA

The vector and insert DNA were digested with the appropriate restriction endonuclease
and purified from low melting temperature agarose (section 2.7.3). Phosphatase treatment
of gel purified vector, where appropriate, was ca;':ied out using Calf intestinal alkaline
phosphatase (CIP) (Promega) in CIP buffer (50 mM tris-HCI, 1 mM MgCl,, 0.1 mM
ZnCl;, 1 mM spermidine pH 9.3). To remove the phosphate from 5’ protruding termini,
the DNA was incubated for 30 min at 37°C with 0.01 U of CIP per pmole of termini. To
remove the phosphate from blunt termini, the DNA was incubated for 30 min at 37°C with
0.5 U of CIP per pmole of termini for 20 min at 37°C and after the addition of another
equal aliquot of CIP, for 45 min at 55°C. The CIP was then inactivated in the presence of
5 mM of EDTA at 75°C for 15 min and the DNA phenol extracted and ethanol

precipitated (section 2.7.2 and 2.7.3).

2.7.5 Ligations and transformations

Ligations were carried out in 10 pl reaction volumes using 100 ng of vector and 3:1, 1:1
and 1:3 molar ratios of vector:insert DNA. For ligations involving 3-' or 5'- protruding
termini incubation was at 25°C for 2-4 h with 0.5 U of Bacteriophage T4 DNA ligase
(Gibco BRL) in 1 x ligase buffer (Gibco BRL). For blunt end ligations incubation was at

15°C for 12-24 h with 1 U of BacteriophageT4 DNA ligase, in 25 mM tris-HCI pH 7.6, 5
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mM MgCl,, 0.5 mM DTT, 1 uM hexaminecobalt chloride, 1 mM ATP, 1 mM spermidine

and 25% w/v polyethylene glycol- 8000 (all reagents from Sigma).

Approximately 20-40 ng of the ligated DNA was used to transform E. coli. Competent
cells (DHSaF’, XL1-blue or E. coli SURE) were prepared by the CaCl, method, exactly
as descibed by Inoue ef al. (1990) and used for the majority of subcloning experiments.
Electrocompetent cells (£. coli SURE™ or DH5a) were prepared by inoculating 1 L of
LB with 1/100 volume of a fresh overnight culture. Cells were grown at 37°C with
vigorous shaking until the ODgooum = 0.6 and then chilled on ice for 30 min. Cells were
pelleted at 3 500g for 15 min at 4°C, and then washed sequentially, by resuspension and
centrifugation (3 500g for 15 min at 4°C), in 1 L of ice cold H,Ospw, 0.5 L of ice cold
H,Ospw and 20 ml of 10% v/v glycerol. Cells were resuspended in a final volume of 2 ml
(1-3 x 10" cells ml"), frozen in 50 pl aliquots on dry ice and stored at -70°C.
Electroporation was carried out by mixing ligated DNA with 40 pl of electrocompetent
cells thawed on ice. The DNA-electrocompetent cell mix was placed in an ice-cold
Genepulser Cuvette (0.1cm gap) and pulsed at 1.8 kV, 25 pF and 20012, using a
Genepulser electroporator (Bio-rad). SOC medium (960 pl) was added immediately after
the pulse and cells were grown at 37°C for 1 h with shaking at 225 rpm. Cells were plated
onto LB-agar containing, 100 pg mi” ampicillin, or LB-agar containing 100 pg mi?
ampicillin, 0.5 mM IPTG, 80 pg mI' XGAL (for blue-white colour selection). The

genotypes of the E. coli strains used are:
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SURE: el4-(mcrA), A(mcrCB-hsdSMR-mrr)171, supE44, thi-1, gyr96, endAl, relAl,
lac, recB, recJ, sbcC, umuC::Tn5(kan"), uvrC, [F’, proAB, lacI%, lacAm15, Tn10(tet")]
(Greener, 1990)

XL1-Blue: recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F’ proAB, lacl’,
lacAm15, Tn10(tet")] (Bullock ef al., 1987)

DHSoF'": F’/endAl, hsdR17(rx.mx.), gyrA96, relAl, thi-1, A(lacZYA-argF)U169 deo R

(¢80dlacAM15) (Woodcock et al., 1989)

2.8 DNA sequencing of double stranded plasmids

2.8.1 Manual sequencing using modified T7 DNA polymerase

Sequencing of plasmid DNA was carriedo:‘:)y the dideoxy chain termination method
(Sambrook er al,, 1989) using Sequenase Version 2.0 (USB) in accordance with the
manufacturer's protocol, except that heat denaturation was carried out (Mass and Roop,
1992). Plasmid DNA (2-3 pmol) and primer (6 pmol) was heated at 100°C, 5 min in the
prescence of 10% v/v dimethyl sulfoxide (Sigma); in a total of 8 pl, and quenched on ice
for S min. Sequenase reaction buffer (2 ul) was added and the labelling and termination
reactions carried as suggested by the manufacturer. Compressions and ‘ghost band’
artefacts were resolved either with the use of single stranded binding protein (USB,
according to the manufacturer’s instructions) or the addition of terminal

deoxynucleotidyltransferase (USB) as described by Fawcett and Barlett, (1990).

Sequencing reactions were run on 6% denaturing polyacrylamide gels (30 x 40 x 0.04 cm)
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c
in 1 x TBE buffer at 55 W using S2 sequencing gel apparatus (Gibco BRL) as desribed by
Sambrook et al. (1989). Gels were fixed for 20 min in 10% v/v ethanoic acid, 20 % v/v
methanol, dried under vacuum at 80°C (Model 1583, Bio-Rad) and exposed to BioMAX-

MR film (Kodak) at room temperature for 14-24 h.

2.8.2 Automated Sequencing using Taq polymerase

Automated sequencing of plasmid DNA was carried out using dye terminators with the
PRISM™ cycle sequencing kit (Applied Biosystems Inc.) and the 370A automated
sequencer (Applied Biosystems Inc.). Protocols were exactly as described by the
manufacturer with phenol extraction used to remove residual dye terminators. Denaturing
gels (6%) were run at 30W for 12 h. Chromatograms were viewed and data were edited

using the Seqed™ programme (Applied Biosystems Inc.)

2.9 PCR with p22 oligonucleotide primers

2.9.1 Constuction of Vectorette libraries and PCR conditions

Vectorette libraries were made according to the manufacturer's instructions (Cambridge
Research Biochemicals) using 0.1 pg of T9/96 P. falciparum genomic DNA and the
following restriction endonucleases: Alul, Rsal, Pvull, Smal, Hpal, Haelll BamHI, Bgll],
Bcll and SaulllA. Following ligation to compatible Vectorette units, libraries were
aliquoted into 10 pl and stored at -20°C. Polymerase Chain Reaction (PCR) was carried
out according to standard procedures (Innis et al., 1990) and in accordance with the

manufacturer's guidelines (Cambridge Research Biochemicals). All PCR reactions were
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carried out under sterile conditions, typically in 100 pl reaction volumes using 2.5 U Taq
polymerase (Promega) and titrating the concentration of MgCl, in 1 mM increments from
0-6 mM. A ‘hot start' was used where, after denaturation at 94°C for 2 min, the
temperature was held at 85°C and Tagq polymerase was added. The PCR cycling
programme was then executed.

The following procedures were tested with the above libraries:

The guessmer oligonucleotide (p22G-17mer) or degenerate oligonucleotide (p22D-17mer)
were used together with the Vectorette primer:

(i) A standard PCR reaction using 95°C, 1 min; 42°C, 1 min; 72°C, 2.5 min (cycle for 30
times) and 72°C, 10 min final extension.

(ii) Touchdown PCR (Don et al., 1991) using the same conditions as in (i) but annealing at
55°C for 2 cycles and then decreasing the annealing temperature by 1°C per cycle until
42°C where twenty cycles were carried out.

(iii) Two-stage PCR. Using 50 pl reaction volumes PCR was carried out for 20 cycles
using only p22D-17mer or p22G-17mer (no Vectorette primer) and 95°C, 1 min; 42°C 1
min; 72°C, 2.5 min. A proportion (1-10 pl) of this reaction was used as the template in the
second stage of the PCR, using 100 pl reaction volumes and touchdown PCR conditions
as described in (ii).

(iv) Addition of 1 pl of Polymerase enhancer (Stratagene, according to recommendations
from the manufacturer) to each reaction and using the standard PCR conditions as

described in (i).
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2.9.2 PCR from gDNA with p19 and p22 oligonucleotides

Degenerate primers for p19 and p22 were designed based on the available amino acid
sequence. The downstream, p22 primer, p22DSDEG:

:5-CTC GAG GAC GTC GAA TTC GA(A/G) ACN GA(T/C) ACN CAA/G)
(A/T)YG/C)N AA(A/G)-3’. Tu=41°C (72°C)

The upstream, reverse complement p19 primer, p19US(rc)DEG:

5’-ATC GAT GGA TCC GAA TTC NGG (T/C)TG NGG (A/G)TT (A/T/G)AT
(T/C)TC (T/C)TC-3’ Tn=46"C (72°C)

Sequences in bold are 5’-leaders containing restriction endonuclease sites while those in
normal script are the codons based on the N-terminal amino acid sequence of the p19 and
p22 polypeptides. Nucleotides in parenthesis indicate degeneracy at that position and N =
G, T, C, or A. Predicted values for melting temperature, T,, are with (parenthesis) and
without (no parenthesis) the 5’-leader sequence. Polymerase Chain Reaction (PCR) was
carried out according to standard procedures (Innis ez al, 1990) with 40 ng of P.
Jalciparum (clone T9/96) gDNA and the following PCR cycling conditions: A hot start (as
described above) then: 95°C, 1 min; 40°C, 1 min and 72°C, 1 min for 3 cycles followed by

.95°C, 1 min; 55°C, 1 min and 72°C, 1 min for 27 cycles.

2.9.3 Cloning of Vectorette PCR products

PCR products were purified from low melting temperature agarose (section 2.7.3) and
ligated to pGEM-T vector using 1:1, 1:3 and 1:9 molar ratios of vector:insert, according
to recommendations from the manufacturer (TA Cloning kit, Invitrogen). Ligated DNA

was used to transform competent DHS5a cells and recombinants selected by blue-white
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colour selection (section 2.7.5). Plasmid DNA was cut with Sacl and Sacll restriction
endonucleases to excise the insert, separated by electrophoresis on a 1% w/v agarose-TBE

gel, Southern blotted and probed with [*?P]- labelled p22G-17mer as described below.

2.10 Southern Blots

2.10.1 Southern transfer

Southern blotting was carried out by a modification of the method of Southern (1975).
After migration of the DNA by agarose gel electrophoresis, the DNA was acid nicked
(where appropriate), denatured and neutralized as follows:

0.2 M HCl, 20 min with two changes of buffer

Rinsed three times in dH,O

0.5 M NaOH, 1.5 M NaCl, 45 min with three changes of buffer

Rinsed twice in dH,O

1.0 M tris-HCI, 1.5 M NaCl pH 8.0, 30 min with two changes of buffer

Each step was carried out by submerging the gel in 10 volumes of buffer with gentle
agitation on a rotary shaker. The acid nicking was omitted when DNA fragments to be
transferred were < 15 kbp.

Capillary transfer to Hybond N*(Amersham) in 20 x SSC was carried out as described in
Sambrook et al. (1989) using a 500g mass and Quickdraw (Sigma) for 4-12 h. Following
transfer, the blot was washed in 10 x SSC for 5 min, placed on 3MM Chr paper
(Whatman) to air dry for 10 min and the DNA UV cross-linked for 45 s (autocrosslink,

UV Stratalinker, Stratagene). The blot was stored between Saranwrap (Dow) at 4°C until
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used for hybridization.

2.10.2 Labelling of probes and Hybridization

Oligonucleotide probes were labelled using Bacteriophage T4 polynucleotide kinase
(Boehringer Mannheim) and [y-*2P] ATP (370 MBq ml”, >185 TBq mmol™”, Amersham)
such that approximately 50% of the oligonucleotide is end labelled (Sambrook et al.,
1989). Unincorporated label was removed over a Sephadex G-25 column (NAP-5™
column, Pharmacia), according to the manufacturer's instructions. Double stranded probes
were labelled with [a—>>P] dATP ( 220TBq mmol”, Amersham) using random hexamers
(Prime-It™ II Random Primer Labelling kit, Stratagene) either in solution or in low
melting temperature agarose (Gibco BRL) and unincorporated label removed using
Sephadex G-50 column (Nick™ column, Pharmacia), according to the manufacturers'
instructions.

Southern blots were pre-hybridized for 1-2 h and hybridized for 2 h using Quickhyb™
rapid hybridization solution (Stratagene) or for 12 h using 6 x SSC, 5 x Denhart's solution
(1 x Denhart's is 0.02% w/v Ficoll, 0.02% w/v BSA fraction V, 0.02% w/v
polyvinylpyrrolidone), 0.5% w/v SDS. Hybridization was carried out by denaturing
sonicated Salmon Sperm DNA (Stratagene) at 100°C for 5 min and adding it to the
hybridization solution to give 100 pg ml” final concentration. For double-stranded probes,
the salmon sperm DNA was denatured together with the probe and placed on ice for 5 min
prior to addition to the hybridization solution. Labelled oligonucleotides were added to
give 0.5-1.0 pmol ml”, and labelled doubled stranded probe to give 1-3 ng ml”, using at

least 1 x 10% cpm ml™ hybridization solution and the probe’s specific activity >1 x 10%cpm
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ug' . Hybridization was carried out in a rotatory oven (Hybaid) using 0.05 ml of

hybridization solution per cm? of the blot.

2.10.3 Hybridization temperature and washing conditions
Hybridization with oligonucleotide probes was carried out at approximately 10°C below
the predicted melting temperature (T,,), calculated using the following equations:
For oligonucleotides: < 18 bp:
Tm = 2[A+T] + 4[G+C]
Where A+T is the number of adenine and thymine and G+C is the number of guanine and
cytosine (Sambrook et al., 1989).
For guessmer oligonucleotides >18 bp:
Tm = 81.5-16.6 (logio [Na+]) +0.41 (%G+C) - (600/N)
Where N is the length of the oligonucleotide and %G+C the percentage of guanine and

cytosine; (Sambrook ef al., 1989), and subtracting 1°C for each % possible mismatch.

Oligonucleotide T, predicted, T, used, Highest stringency

T (C) T ('C)
p22D 17mer 44 34 0.2 x SSC,0.1% w/v SDS
P22G 17mer 44 34 0.3 x SC,0.1% w/v SDS
p22G 18mer 46 36 0.4 x SSC,0.1% w/v SDS
p22G 33mer 84 50 0.4 x SSC,0.1% w/v SDS
p22G 35mer 82 50 0.6 x SSC,0.1% w/v SDS
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Sequential washes with decreasing amounts of SSC were carried out at T,, and the most
stringent wash determined empirically. Each washing step was carried out for 15 min with
two changes of buffer in a rotating incubator. The blot was placed between Saran wrap
(Dow) and exposed to XOMAT-AR (Kodak) film at -70° C with intensifying screens
(Dupont) for 40-50 h.
n

Additionally tetramethylammonium chloride (TMA) was used in the washes an attempt to
decrease the number of bands observed when using the degenerate probe (p22D-17mer) as
described by Wood et al. (1985). For p22D-17mer the highet stringency wash with 3.0 M

tetrmethylammonium chloride (TMA) was 54°C.

For double stranded probes hybridization and washing was carried out at 65°C. Blots
were washed at either high stringency (0.1 x SSC, 0.1% w/v SDS) or low stringency (0.4
x SSC, 0.1% w/v SDS), unless specified otherwise. All washes were carried out in a

shaking incubator (New Brunswick Scientific, model G24).

2.11 Construction and screening of a sub-genomic DNA library

2.11.1 Construction of a sub-genomic DNA library

The region(s) of restriction endonuclease digested genomic DNA hybridizing to an
oligonuceotide probe were used to construct a sub-genomic library (Sambrook et al,
1989). Several re;(iction endonuclease digests were tried and Southern blots probed with

different oligonucleotides. The ~4.0 kbp region of an EcoRI digest hybridized to both the
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p22G-33mer and p22G-35 mer oligonucleotide probes and was used as a basis to
construct a sub-genomic DNA library. A preparative EcoRI digest of the DNA was
carried out using 50 pg of genomic DNA. The DNA was separated on a 0.9% w/v
agarose-TBE gel at 1V cm’ and the ~4.0 kbp region which hybridized to the
oligonuceotide probes was fractionated by excising 0.1-0.2cm gel slices. DNA was
purified from gel slices by electrophoresing the DNA into low melting temperature agarose
(NBL) followed by phenol extraction (see section 2.7.3). Half the recovered DNA was
used for a Southern blot to identify the fraction hybridizing to the oligonucleotide probe.
The positive fraction was ligated to EcoRI digested, CIP-treated pBluescript® II (SK")
vector (Stratagene, see Appendix B). Electrocompetent E. coli SURE™ cells were
transformed with the ligated DNA (section 2.7.5) and the percentage of recombinants
determined by plating 100 pl of the recovered bacteria (1 ml) on a 82mm diameter LB-
agar plate containing 100 ug ml! ampicillin, 0.5 mM IPTG, 80 pg mI' XGAL. The
transformation was repeated and ~50 000 transformants were plated out on 22 x 22cm
Biodyne A membrane (Pall, 0.2 um pore size) placed on a 22 x 22 cm LB-agar, 100 ug

ml"' ampicillin plate and the bacteria allowed to grow to 0.5mm in diameter (~10 h).

2.11.2 Screening the sub-genomic DNA library

Bacterial lifts were taken in duplicate onto Hybond N* (Amersham), allowing the bacteria
on the master plate to recover by incubation for 1 hour at 37°C between consequetive lifts
and allowing the bacteria to grow on the replica filters for 4-6 h. Bacteria on the filters
were lysed and the DNA denatured, neutralized and fixed to the membrane by the

following method:
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The filter was sequentially placed, colonies uppermost, onto 3 sheets of 3MM Chr paper
(Whatman) saturated with the following solutions:

10% w/v SDS pH 7.5 for 4 min

0.5 M NaOH, 1.5 M NaCl for 6 min

0.5 M tris-HCI, 1.5 M NaCl pH 7.5 for 5 min This step was repeated once

2 x SSC for 5 min

Excess liquid was removed from the filters between consecutive transfers by placing on
dry 3MM Chr paper (Whatman) for 1 min between each step.

The filters were allowed to air dry for 10 min and the DNA immobilized onto the
membrane by UV cross linking for 45s (autocrosslink using Stratalinker, Stratagene).
Filters were floated on 5 x SSC, 0.5% w/v SDS, 1 mM EDTA and incubated at the Tm‘
with gentle agitation for 45 min, to aid the removal of bacterial debris. Prehybridization,
hybridization and washing was carried out as described for Southern blots.

Secondary screening was carried out on double positive signals. Between 2 and 6 colonies
corresponding to the positive signal were picked and placed in 1.5 ml of L-broth, 100 pg
ml™ ampicillin and vortexed three times over a period of 10 min to resuspend the bacteria.
A titre was carried out by diluting this 1/1000 in L-broth, 100 pg mI" ampicillin and
plating 1 pl, 5 ul and 10 pl on 82mm diameter LB-agar, 100 pg ml” ampicillin plates.
Secondary screening of plates containing 200-500 colonies was carried out in the same
way as for the primary screening. Single colonies were picked and grown in L-broth, 100
ug mi™ ampicillin at 37°C for 16 h and plasmid DNA isolated by the CTAB method (Del

Sal et al., 1988).
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2.11.3 Analysis of positive clones and subcloning
Miniprep DNA was digested with EcoRI or Pvull restriction endonuclease, run on a 1%
wi/v agarose-TBE gel, Southern blotted and probed with p22G-33mer and p22G-35 mer

(as described in section 2.10).

Subclones which contained the region recognized by the p22G-33mer and p22G-35 mer
probes were constructed. Plasmid DNA was digested with a series of restriction
endonucleases, Southern blotted and probed with p22G-33mer and p22G-35mer. Small
fragments hybridizing to the oligonucleotide probes were purified from low melting

temperature and subcloned. Blunt ended DNA fragments were ligated to Smal digested,

CIP-treated pBluescript® II (SK°) vector (Stratagene) (sections 2.7.2, 2.7.3, 2.7.4 and
2.7.5). A subclone was also constructed by digestion with Nsil and PsfI restriction
endonucleases and religation of the gel purified 4.8 kbp fragment using 10, 50 and 100 ng
ml" of DNA and 0.5 U T4 DNA ligase (Gibco BRL) for 3 h at 25°C. This yielded a
subclone with a 1.8 kbp insert. All subclones were tested for hybridization to p22G-33mer

and p22G-3Smer probes on Southern blots.

2.12 Construction of a A-Phage cDNA Expression library

2.12.1 Purification of RNA

O" erythrocytes were depleted of leucocytes by two steps of centifugation over Percoll as

described by Dluzewski et al. (1984) and used to culture an asynchronous culture of P.
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Jalciparum (clone T9/96), as described in section 2.2.1. Total RNA was prepared from ~1
x 10° parasites by a method adapted from Chomczynski and Sacchi (1987). The parasite
pellet was lysed into ice-cold 0.5% v/v ethanoic acid and washed with PBS by repeated
centrifugation at 15 000g at 4°C until a clear supernatant was obtained and then frozen at -
70°C. The pellet was resuspended in 5 ml of Denaturing solution (4 M guanidinium
isothiocyanate, 25 mM sodium citrate, 0.5% w/v N-laurylsarcosine, 0.1 M 2-
mercaptoethanol) per ml of parasite pellet. Sequentially, 0.1 ml sodium ethanoate pH 4.0,
1 ml water saturated phenol, 0.2 m! trichloromethane:3-methyl-1-butanol (49:1) was
added per ml of Denaturing solution used, with mixing by inversion after each addition.
The suspension was cooled on ice for 15 min and centrifuged at 10 000g for 20 min at
4°C. The aqueous phase was transferred to a clean Corex™ tube, mixed with an equal
volume of propan-2-ol, placed at -20°C for 1 h and the RNA precipitated by centrifugation
at 10 000g for 20 min. The pellet was dissolved in 500 pl of Denaturing solution,
transferred to a microfuge tube, mixed with an equal volume of propan-2-ol, placed at -
20°C for 1 h and the RNA precipitated by centrifugation at 12 000g for 15 min at 4°C.
The RNA pellet was washed with 80% ethanol, air dried and dissolved in 500 pl of
dH;Ospw.perc. Finally the RNA was re-precipitated by addition of sodium acetate to 0.3
M final concentration and 2.2 volumes of ethanol, placed at -20°C for 1 h, centrifuged at
12 000g for 20 min at 4°C, washed twice with 80% ethanol, air dried and then dissolved in
500 wl of dH,Ospw.oerc. The RNA was assesed as being of good quality by fulfilling the
following criteria:

o Having an Azeonm/A280mm 21.6

o The size distribution of RNAs being 0.2 kb to >10 kb, as determined by electrophoresis
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through a 1% w/v agarose-formaldehyde gel (Sambrook ef al., 1989) and

e The ability of the RNA to synthesize polypeptides >100 kDa by in vitro translation.

2.12.2 Isolation of Poly (A)+ RNA, and in vitro translation

Poly(A)+ RNA was isolated from total RNA using oligo-(dT)2.1s-cellulose column
chromatography, using two cycles of binding and elution, according to the manufactuer’s
instructions (Pharmacia). Approximately 6 pg of poly(A)+ or poly(A)- RNA was
translated in vitro using Wheat germ extract (Promega), and L-[**S]-methionine (>37 TBq
mmol”, 555 MBq ml”’, Amersham) in accordance with the manufacturer’s guidelines.
Radiolabelled polypeptide products were resolved on linear 15% SDS-PAGE gels, vacuum

dried at 70°C and exposed to XOMAT AR film (Kodak) at -70°C.

2.12.3 cDNA synthesis and ligation to A-ZAP

Two ug of poly(A)+ RNA was reverse trans;:ribed into cDNA using 0.5 ug of a random
unidirectional X#ol linker primer (Stratagene) according to the method of Gubler and
Hoffmann (1982). The first and second strand synthesis was monitored by incorporation
of [a—**P] dCTP (220 TBq mmol”, Amersham) and subsequent agarose -formaldehyde
electrophoresis followed by autoradiography (Sambrook ez al., 1989). The cDNA was
purified using spun column chromatography (Sephacryl® S-300, Pharmacia), according to
the manufacturer’s instructions, ligated to EcoRI/Nofl cohesive end adaptors (Pharmacia),
and treated with T4 polynucleotide kinase, according to standard methods (Sambrook ef
al., 1989). Following phenol extraction and ethanol precipitation (2.7.2), the cDNA was

resuspended in 100 pl of dH,Ospw, digested with 100 U of Xhol (Boehringer Mannheim)
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at 37°C for 2 h and purified using Sepharose® CL-4B spun column chromatography
(SizeSep 400™, Pharmacia), according to the manufacturer’s instructions. The cDNA
was ligated into EcoRI-Xhol digested A-ZAP® II vector (Stratagene) (section 2.7.5). The
ligated DNA was packaged (Gigapack® II Gold, Stratagene) and E. coli SURE™ host
cells (Stratagene) infected with the packaged phage, according to recommendations from
the manufacturer. The titre of the library, percentage of recombinants and average insert
size (from analysis of in vivo excised pBluescript® phagemids from 20 randomly picked

phage) was determined by standard protocols (Ausubel et al., 1995).

2.12.4 Screening the A-Phage cDNA Expression library

Approximately 50 000 recombinants were plated out on 22cm x 22cm plates (Gibco BRL)
(450 000 recombinants total) and incubated at 42°C for 3.5 h. Plates were overlaid with
reinforced nitrocellulose (Schleicher and Schuell, 0.2 um pore size) impregnated with 10
mM IPTG and incubated at 37°C for 8 h. Filters were screened with Rba22pa2 serum at
approximately 1/300 dilution in PBS, 0.05% v/v Tween-20; and detection w;as carried out
using anti-rabbit IgG alkaline phosphatase conjugate (Sigma) at 1/1000 dilution in PBS,
0.05% v/v Tween-20 with BCIP/NBT (Sigma) substrate, according to standard protocols
(Harlow and Lane, 1988). This identified 38 possible positive signals which were
subjected to secondary screening; five different plaques corresponding to the positive
signal were spotted with sterile toothpicks five times in ordered arrays onto E. coli
SURE™ cells on a 22cm x 22cm plate and re-screened as described above. This identified
23 secondary positives which were isolated by tertiary screening as pure phage and

maintained at 4°C in SM buffer. The pBluescript® phagemids were rescued in vivo by co-
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infection with ExAssist™ helper phage (Stratagene), according to the instructions of the
manufacturer. Miniprep DNA was prepared from the phagemids (section 2.7) and the
insert sizes determined by digestion with EcoR1 and Xhol restriction endonucleases and

electrophoresis on a 1% w/v agarose-TBE gel.

2,12.5 Analysis of positive clones by Dot-blot

The isolated clones were partially characterized by dot blot analysis. Plasmid DNA was
diluted in 2.0 M NaOH to give a final concentration of 10 ng pl”, heated at 100°C for 5
min, placed on ice for 3 min and 1 pl spotted onto Hybond N+ membrane (Amersham).
Following UV crosslinking for 45 s (autocrosslink, Stratalinker, Stratagene), the
membrane was neutralized by submerging in 10 x SSC for 5 min. Dot blots were pre-
hybridized and hybridized (section 2.10) at 65°C . Probes were the insert of each clone,
excised with EcoRI and Xhol restriction endonucleases and radiolabelled in low melting
temperature agarose with [0->*P] JATP (220TBq mmol”, Amersham) using random
hexamers (Prime-It™ II Random Primer Labelling kit, Stratagene), according to the
manufacturer’s instructions. Blots were washed at 65°C with 6 x SSC, 0.1% w/v SDS for
1 h followed by 0.2 x SSC, 0.1% w/v SDS or 0.1 x SSC, 0.1% w/v SDS for 1 h and

exposed to Biomax-MR film (Kodak) at -70°C for 12 h.

2.13 Cloning of the PFARF1 cDNA and Expression

2.13.1 Synthesis of a ARF specific probe, arf386.

An 86 bp probe consisting of the 3' exon of the identified P/ARF1 genomic clone was
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synthesized by PCR using the primers:

Arf-F1 (1011-1023 of the genomic clone)-

5’-GG TTT ATT CAA TCC ACC TGT GCC-3’

Arf-R1(1073-1096 of the genomic clone)-

5 TTT GGC ATT ATT TAA GTG TGT GGT-3’.

PCR was carried out in 100 pl reaction volumes containing 50 mM tris-HCI pH 8.3, 50
mM KCl, 0.01% w/v gelatin, 1.5 mM MgCl,, 100 uM of dNTPs (dTTP, dCTP, dATP and
dGTP, Pharmacia), S00 ng of each primer, 0.1 ng PfARF1 genomic clone (I#2 clone, see
Chapter 5) and 1.25 U Taq Polymerase (Promega). PCR cycling conditions were: 94°C,
1 min; 50°C, 1 min; and 72°C 1 min for 30 cycles. To avoid vector contamination of the
probe, 0.2 ul of the first PCR reaction was used as a template for a second PCR reaction
using identical conditions. The 86 bp PCR probe (arf86) was resolved on a 4% w/v
Metaphor-Agarose gel (FMC) and subsequently purified from low melting temperature

agarose (2.7.3).

2.13.2 Northern Blots

RNA was resolved using 1% w/v agarose-formaldehyde gels electrophoresed in 3-(N-
morpholino)-propanesulphonic acid (MOPS)/formaldehyde buffer (Ausubel ef al., 1995)
and transferred to Hybond-N (Amersham) by capillary transfer in 10 x SSC with no pre-
treatment of the gel (Sambrook et al.,, 1989). Transferred RNA was immobilized by UV
crosslinking for 45 s (autocrosslink using Stratalinker, Stratagene) and either stained with
Methylene Blue (membrane placed in 5% v/v ethanoic acid for 5 min, followed by 0.04%

Methylene blue in 0.5 M sodium ethanoate pH 5.2 for 5 min) or probed with [**P]-
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radiolabelled arf86 probe (2.10). Northern blots were pre-hybridized at 65°C for 1 h and
hybridized at 65°C for 12 hin 6 x SSC, 5 x Denhart's solution (1 x Denhart's is 0.02% w/v
Ficoll, 0.02% w/v BSA fraction V, 0.02% w/v polyvinylpyrrolidone), 0.5% w/v SDS
containing 2 ng probe ml™, and ~2 x 10° cpm ml™ with the probe’s specific activity >2 x
10® cpm pg™. Blots were washed for 1h at 65°C in 6 x SSC, 0.2% w/v SDS with two
changes of buffer and at 65°C for 1.5 h in 0.1 x SSC, 0.2% w/v SDS and exposed to

XOMAT-AR film (Kodak) for 15h at -70°C with intensifying screens (DuPont).

2.13.3 mRNA time course: Northern slot blot analysis

P. falciparum clone T9/96 was cultured as described previously (2.12.1). Schizonts were
enriched from the culture by centrifugation over 78% isotonic Percoll by the method of
Holder and Freeman, (1982). Purified late schizonts were allowed to lyze and re-invade
fresh erythrocytes for 2 h. Remaining schizonts were removed by sorbitol treatment
(Lambros and Vanderberg, 1979) followed by two separation steps over 70% isotonic
Percoll (Holder and Freeman, 1982). This produced a synchronous population of rings 0-
2 h old. Parasites were divided into 75cm’ culture flasks (Gibco BRL) with 12ml of
RPMI-AIbuMAX™ at 2% haematocrit and 4-5% parasitaemia. The time of the first
harvest immediately after synchronization was designated t =0 h and at t = 0, 6, 12, 18,
24, 30, 36, 42, 45, and 48 h the parasites were harvested by centrifugation at 700g for 5
min and washed once with PBS (140 mM NaCl, 3 mM KCl, 3 mM KH,PO,, 140 mM,
Na,HPO,, pH 7.4). Poly (A)+ RNA was isolated directly from the parasites using oligo
dTs linked to polystyrene latex (Oligotex™, Qiagen), according to the manufacturer’s

instructions. = The mRNA was quantitated spectrophotometrically at 260 nm in
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quadruplicate. Isolated mRNA was digested with 10 U of RNase-free DNase (Boehringer
Mannheim) in 20 mM tris-HCl, pH 8.4, 50 mM KCIl, 2 mM MgCl; for 15 min at room
temperature and then EDTA added to 2 mM. Slot blotting of 400 ng of mRNA onto
Hybond N (Amersham) was carried as described by Sambrook et al. (1989) using a
Scotlab slot blotting apparatus. The blot was probed with ar/86 and washed at high
stringency (2.13.2). The blot was stripped by washing twice at 95°C in 0.05 x SSC,
0.5%w/v SDS for 30 min and re-probed sequentially with a merozoite surface protein-1
(MSP-1) probe (kindly provided by Irene Ling, Division of Parasitology, N1M.R.) and a
cell cycle division control 2 kinase-enlongation factor Tu (cdc2-EfTu) probe (kindly
provided by Don Williamson, Division of Parasitology, N.I.LM.R.). Blots were exposed to
XOMAT-ARS pre-flashed film (Kodak) at -70°C with intensifying screens (DuPont).
Scanning densitometry of autoradiographs were performed using a laser scanning

densitometer (Chromoscan-3, Joyce Loebl).

2.13.4 Southern blots.

Southern transfer of restriction endonuclease digested T9/96 genomic DNA and
hybridization with [*>P]-radiolabelled arf86 probe was carried out as described in section
2.10. Blots were washed at 65°C with 6 x SSC, 0.1% w/v SDS for 1 h followed by 0.1 x
SSC, 0.1% w/v SDS (high stringency) or 0.4 x SSC,0.1% w/v SDS (low stringency) for 1

h and exposed to XOMAT-AR film (Kodak) at-70°C with intensifying screens (DuPont).

2.13.5 Pulsed Field Gradient Gel Electrophoresis (PFGE)

Resolution of Plasmodium falciparum chromosomes by PFGE was carried out exactly as
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described by the method of Hinterberg and Scherf (1994). The blot was hybridized to

[*?P]-radiolabelled ar/86 probe and washed under high stringency as described (2.13.4).

2.13.6 Screening of the A-ZAP c¢DNA library

The cDNA library (2.12) was screenedv with the arf86 probe. Approximately 600 000
independent recombinants (150 000 recombinants on four 22cm x 22cm plates (Gibco
BRL)), were screened with [*’P]-radiolabelled arf86 probe according to standard
protocols (Sambrook ef al., 1989). The hybridization and washing conditions (high
stringency) were as described in section 2.13.4 . Plaques were picked and purified by
secondary and tertiary screening and the pBluescript® phagemids excised in vivo (2.12.4)

for restriction analysis and DNA sequencing as described (2.8).

2.13.7 Reverse Transcriptase PCR (RT-PCR)

RT-PCR to obtain the PfARF cDNA was carried out using total or Poly (A)+ RNA
(prepared as described 2.12). First strand synthesis was carried out by denaturing 0.5 g
oligo (dT)2.1s primer (Pharmacia) with 200 ng of poly(A)+ RNA, 4 ug of total RNA or 50
ng of control RNA (891 bp Chloramphenicol acetyltransferase-derived, kindly provided by
Sally Dunwoodie, Division of Developmental Biology, N.IM.R.) at 70°C for 10 min and
then quenching on ice for 3 min. Reverse transcription was carried out a in 20 pl reaction
volume containing 20 mM tris-HCI pH 8.4, 50 mM KCl, 2.5 mM MgCl,, 10 mM DTT,
500 puM each of dCTP, dATP, dGTP, dTTP (Pharmacia), and 200 U of Superscript II™
RNase H™ Reverse transcriptase (Gibco BRL) at 42°C for 1 h. Reactions were heated at

70°C for 15 min, quenched on ice and then incubated at 37°C for 20 min with 2 U of E.
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coli RNase H (Gibco BRL). Gene specific amplification of the P/ARF1 cDNA was
carried out using 2 pl of the first strand synthesis reaction as a template in 20 mM tris-HCI
pH 8.4, 50 mM KCl, 1.5 mM MgCl,, 200 uM each of dCTP, dATP, dGTP, dTTP
(Pharmacia), 500 ng of each primer (ARF-N and ARF-C(r.c.)), and 2 U Z7aq polymerase
(Amplitaq™, Perkin Elmer Cetus Instruments); in a 100 pl reaction volume. The PfARF1
genomic clone (1#2) or T9/96 genomic DNA (0.1 ng and 50 ng respectively) were used as
positive controls for this gene specific amplification step. The gene specific primers were:
Primer at the N-terminus, ARF-N.
5’-GAG CTC GGG ATC CAG ATG GGA TTA TAT GTA AGT AGG TTA-3’

Tw= 46°C (69°C).
Primer at the C-terminus, ARF-C(r.c.).

Tw=54°C (68°C).
The coding sequence is represented in bold while the regular script represents the linker
regions containing restriction sites so that the PCR product could be cloned and expressed
in frame into the expression vector, pGEX-3X (Phamacia). The start codon is single
underlined and the stop codon dotted underlined. Note that the primer ARF-C(r.c.) is the
reverse complement. Values for T, are with (no parenthesis) and without (parenthesis) the
5’ leader sequence. The PCR conditions were: 94°C, 2 min and addition of Tag
polymerase while at 85°C (‘hot start’) and then cycle: 94°C, 1.5 min; 50°C, 1 min; and

72°C, 1 min for 30 cycles.
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2.13.8 Cloning and expression of RT-PCR product (Pfarfl cDNA) in pGEX

The primers were designed at the 3'- and 5'- regions of the PfARF1 gene and contained
restriction sites so that the PCR products could be cloned in frame into the expression
vector pGEX-3X (Appendix B). The RT-PCR product (2.13.7) was purified using
Wizard™ PCR Purification system (Promega), according to the manufacturer's instructions
and then digested with EcoRI and BamHI restriction endonucleases (2.7.2). Digested
PCR product was purified from low melting temperature agarose (2.7.3), ligated to
EcoRIV/BamHI cut pGEX-3X and transformed into electrocompetent DHSa E. coli cells
(2.7.4 and 2.7.5). Recombinants were screeened by expression. Individual colonies were
grown overnight at 37°C in LB containing 100 pg ml™" ampicillin , diluted 1/50 in LB
containing 100 pug mI™ ampicillin, grown at 37°C for 1 h and then induced by adding IPTG
to 0.1 mM and grown for a further 2 h. Approximately 1.5 ml! of the bacterial suspension
was centrifuged at 12 000g for 3 min and the pellet resuspended in 1 x SDS sample
cocktail (section 2.4). Bacteria were lysed by sonication for 1 min in a sonicating water
bath and then subjected to two freeze-thaw cycles. Proteins were resolved by SDS-
PAGE, Western blotted, and probed with MuaGST serum diluted 1/50 in PBS, 0.05% v/v
Tween-20 (2.5.3). Insert size and DNA sequence of the clones expressing the ~43 kDa
fusion protein were determined by restriction digest of plasmid DNA and DNA sequencing

(section 2.7.2 and 2.8).

2.13.9 Purification of PfARF1 fusion protein
The fusion protein was found to be insoluble when standard conditions were employed

(solublization in 1% v/v Triton-X100, according to recommendations from the
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manufacturer, Pharmacia). Therefore, two alternative procedures were used.

(a). Solubilization with Sarkosyl and the subsequent formation of mixed micelles by
adddition of Triton-X100 prior to binding to Glutathione-agarose (Sigma). The procedure
was optimized exactly as described by Frangioni and Neel, (1993); using varying amounts
of Sarkosyl (0.25-2.0% wi/v) and Triton-X100 (1.0-5.0% v/v). Large scale purification
was carried out with 500 ml of culture, starting from a 10 ml overnight inoculum and
allowing the culture to grow at 37°C until the Agoomn = 0.8 and then inducing with 0.1 mM
IPTG for 4 h at 37°C. Fusion protein was purified exactly as described (Frangioni and
Neel, 1993); using 1.5% w/v Sarkosyl for solubilization followed by the addition of 4%
v/v Triton-X100. Fusion protein bound to Glutathione-agarose (Sigma) was either
cleaved in situ using Factor Xa (Boehringer Mannheim) according to recommendations
from the manufacturer, (Pharmacia) or eluted in 2 x SDS-PAGE sample (section 2.4).
PfARF1 purified in this way was only used for the subsequent GTP blotting experiments.
(b). Induction at 26°C. Bacteria were grown at 37°C as described above until ODgoopn =
0.5 and then transferred to a shaking incubator at 26°C and grown until ODgonm = 0.8 (~1
h). Induction with 0.1 mM IPTG was carried out for 12 h. Fusion protein purification
was carried out essentially as described by the manufacturer (Pharmacia) but with some
minor modifications. Pelleted bacteria from a 500 ml culture were resuspended in 50 ml of
TBS (20 mM tris-HCI pH 7.5, 150 mM NaCl), 1 mM DTT, 1 mM MgCl, containing 200
pg ml™! lysozyme (Sigma) and incubated on ice for 20 min. Triton X-100 was added to a
final 1% v/v. After vortexing for 30 s, the cells were sonicated on ice (four 15 s pulses, #5
output, 50% duty cycle, Sonic VC600, Sonics and Materials Inc.), and the lysate clarified

by centrifugation at 10 000g for 15 min at 4°C followed by 100 000g for 30 min at 4°C.
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Fusion protein was purified on 2.5 ml of pre-swollen Glutathione-agarose (Sigma) by
batch method for 1 h at 4°C and washed six times with 10 bed volumes of TBS, 1 mM
DTT, 1 mM MgCl, and twice with TBS, 1 mM DTT, 1 mM MgCl,; 1.0 mM CaCl, by
repeated centrifugation and resuspension at 500g for 3 min. PfARF1 was cleaved from
GST in situ using 100 pg of Factor Xa (Boehringer Mannheim) for 12 h at 4°C. The main
contaminants of PfARF1; fusion protein which had leached from the Glutathione-agarose
matrix and Factor Xa, were removed by incubation with 0.25 ml of Glutathione-agarose
and 0.5 ml of p-aminobenzamidine-Agarose (Sigma) for 30 min at 4°C. The solution was
filtered through a 0.2 pm filter (Acrodisc low protein binding, Gelman Sciences) and then
dialyzed (Spectra/Por® membrane, MWCO: 2 000, Spectrum Medical Industries Inc.)
extensively against TBS, 1 mM DTT, 1 mM MgCl,, at 4°C. Concentration of the cleaved
fusion protein, PfARF1, was carried out by ultrafiltration using Centricon-3 concentrators

according to the manufacturer’s guidelines (Amicon).

2.14 In vitro biochemical assays on PFARF1

2.14.1 GTP Blotting

GTP blotting was carried out as described by Serafini ef al. (1991). Proteins were
resolved by SDS-PAGE and Western blotted onto nitrocellulose (2.5.3). The membrane
was blocked in PBS, 1% w/v gelatin (EIA grade, Bio-Rad), 0.1 % w/v Tween-20, for 1 h
at room temperature and then incubated in 20 mM tris-HCI pH 8.0, 10 mM MgCl,, 2 mM
DTT, 0.1% w/v Triton-X100, 0.1 % w/v gelatin and 75 kBq mlI" of [a-*P] GTP (370

MBq ml”, 110 TBq mmol”, Amersham) at 37°C for 1 h. Blots were washed three times
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for 10 min in the same buffer (without [a->*P] GTP), air dried and exposed to XOMAT

AR-5 film (Kodak) with intensifying screens at -70°C.

2.14.2 Guanine Nucleotide binding assay

The nucleotide binding assay was carried out by the rapid filtration technique (Kahn and
Gilman, 1986). Reactions were carried out at 30°C in triplicate in 50 pl reaction volumes
containing 20 mM HEPES pH 8.0, 1 mM DTT, 0.1 uM PfARF1, 1uM [a-**P] GTP (6000
cpm pmol™) and various conditions containing combinations of 1% w/v sodium cholate, 3
mM L-a dimyristoylphosphatidylcholine, 100 mM or 800 mM NaCl, 200 mM (NH,),SO,,
0, 1 or 40 mM EDTA, and 0, 0.5, 2, 5, or 6 mM MgCl,. After time, t (t = 90 min or
various time intervals for experiments where a time course was taken) the reaction was
diluted into 2ml of ice-cold stop buffer (25 mM tris-HCI pH 8.0, 1 mM DTT, 100 mM
NaCl, 5 mM MgCl,), followed by rapid filtration on 25 mm nitrocellulose filters (0.45 pm
pore size, Millipore). Filters were washed three times with 5 ml of ice-cold stop buffer,
dried under a heat lamp, and counted in 5 ml of scintillation fluid (0.5% w/v 2-[4-tert-
butylphenyl]-5-[4-biphenylyl]-1,3,4-oxadiazole in toluene) using a LS6000 IC scintillation
counter (Beckman). Background binding was determined from identical reactions without
added protein. Internal standards were 5 pl of the reaction mix (without added protein)

spotted directly onto the nitrocellulose.

2.14.3 Quantitative HPLC to measure bound guanosine nucleotide.
The type and amount of guanine nucleotide bound to the recombinant PfARF1, was

determined by anion exchange HPLC. The recombinant PARF1 was passed down a PD-
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10 column (Sephadex® G-25, Pharmacia) and eluted with TBS, 1 mM DTT, 1 mM MgCl,
to ensure that there was no free guanosine nucleotide present. HPLC was carried out
using a Partisil SAX-10 column (Whatman), a Rheodyne injection system, a Waters 600E
System controller, and a Waters 486 Tunable absorbance detector (Millipore).
Absorbance was monitored at 252 nm. Chromatograms were analyzed and peaks
integrated using Baseline™ 8-10 software (Waters). PfARF1 (0.306 nmol) was denatured
by addition of half a volume of 10 % perchloric acid and after thorough mixing for 3 min,
the pH adjusted to 4.0 by addition of half the original volume of 4 M sodium ethanoate.
After centrifugation at 12 000g for 2 min the sample was injected into the SAX-10 column
(4.6 mm x 250 mm) and run at 2 ml min” under isocratic conditions; 0.45 M (NH,),HPO,,
pH 4.0. To determine retention times, GTP and GDP were run under identical conditions.
In order to quantitate the amount of guanosine nucleotide present in the sample, 0.1, 0.3,

0.5, 0.7, and 1.0 nmol of GDP standards were run under the same conditions.

2.14.4 Steady state GTPase assay.

The GTPase assay to measure the intrinsic steady state GTPase activity of PfARF1 was
carried out as described (Kahn and Gilman, 1986) except that the incubation was carried
out in 20 mM HEPES, pH 8.0, 1 mM EDTA, 2 mM MgCl;, 1 mM DTT, 100 mM NaCl, 3
mM L-a dimyristoylphosphatidylcholine, 0.1% sodium cholate, 0.1 pM of PfARF1 or
RhoA protein, and 1 yM GTP (containing [y—>*P] GTP at ~5 000 cpm pmol™ ). The
reactions were carried out in triplicate and included a control without added protein to

monitor the spontaneous hydrolysis of GTP during the time course of the experiment.
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2.14.5 ADP-ribosyltransferase assay

The effects of PfARF1 on the cholera-toxin catalyzed ADP-ribosylation of the synthetic
substrate agmatine was examined. Assays were carried out as described by Price et al.
(1992) in 300 pl reaction volumes containing;: 50 mM KH,PO/K,HPO, pH 7.5, S mM
MgCl;, 20 mM DTT, 0.1 mM GTP, 30 pg Ovalbumin (all reagents from Sigma), 10 mM
agmatine (4-guanidinobutrane sulphate, ICN), 0.1 mM [adenine-'*C] NAD (8.95 Gbq
mmol”, Amersham), 45 pmol PfARF1 or RhoA (purified recombinant RhoA was a kind
gift from Steve Ludbrook, Division of Physical Biochemistry, NIM.R., U.K.) and various
detergent conditions- 0.003% w/v SDS, 0.2% w/v sodium cholate (3a, 7a, 12a,-
Trihydroxy-5B-cholan-24-oic) acid, 3 mM L-a dimyristoylphosphatidylcholine, or 0.2%
w/v sodium cholate/3 mM L-a dimyristoylphosphatidylcholine; all reagents from Sigma.
Duplicate reactions were initiated with 1 pg of Cholera toxin A subunit (Sigma)
(reconstituted to 1 pg ml" in 75 mM glycine pH 8.0, 30 mM DTT and activated by
incubating at 32°C for 20 min prior to use). Reactions used to determine background were
identical conditions without added cholera toxin. After 60 min at 32°C, 100 pl was
applied to 0.4 x 4.0 cm AG1-X2 anion exchange resin (200-400 mesh, Bio-Rad) columns
and washed five times with 1 ml of dH,0. The eluate was added to scintillation fluid
(Ready Safe, Beckman) and the dpm determined by counting for 10 min (LS6000 IC,

Beckman); with background subtraction.
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CHAPTER 3

ANALYSIS OF THE MSP-1 COMPLEX OF P. FALCIPARUM 20

TYPE)

3.1 Introduction

MSP-1 is proteolytically processed in a post-translational manner during merozoite
maturation. In P. falciparum MSP-1 has been shown to be synthesized as a 195 kDa
protein from the onset of schizogony and undergo primary proteolytic processing to yield
polypeptides of 83, 42, 38 and 30 kDa, termed MSP-1g, MSP-143, MSP-135, MSP-13
respectively (Holder and Freeman, 1982; Holder ef al., 1983, 1985, and 1987; and Lyon et
al., 1986). These MSP-1 polypeptides are present as a non-covalently associated complex
on the surface of merozoites. The complex contains MSP-1g;, MSP-13, MSP-133, and
MSP-1,, (Holder et al., 1987, Lyon et al., 1986, McBride and Heidrich, 1987).
Subsequent studies have shown that MSP-14,; is further processed by a secondary
proteolytic processing event to yield MSP-133 and MSP-1,g, the latter corresponding to the
C-terminus of MSP-1 (Blackman ef al., 1991a). The MSP-133, together with MSP-15,
MSP-1g,, and MSP-133 are shed, while MSP-1yo remains anchored to the merozoite surface
by means of a glycosylphosphatidylinositol anchor and is carried into the invaded
erythrocyte (Blackman et al, 1990 and 1991b; Blackman and Holder 1992). Vectorial
radioiodination has been used to identify proteins on the surface of the merozoites
(Clark et al., 1988, Heidrich ef al., 1983 and 1989; Miettinen-Bauman e# al., 1988; and
McBride and Heidrich, 1987). Radioiodination of FCB-1 merozoites and separation of

the solubilized merozoite samples by SDS-PAGE gives a reproducible banding pattern:
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80, 46, 40, 36 and 22 kDa (heavily labelled); 16 and ~67 kDa (medium labelled); 31
and 28 kDa (weakly labelled). Immunoprecipitation using a panel of anti-MSP-1
antibodies subsequently established the identityfmost of these species to be derived
from MSP-1 or MSP-2 : 80 kDa (MSP-1g3) , 46 kDa (MSP-2), 40 kDa (MSP-14,), 36
kDa (MSP-133), 31 and 28 kDa (MSP-13,). The 16 kDa band is MSP-1,9, representing
basal levels of secondary processing in the merozoite samples and the band at 67 kDa
is probably albumin. The identity of the 22 kDa band was not determined but
immunoprecipitation revealed that the 22, 80, 40, 36, 31, and 28 kDa bands form a
non-covalently associated complex on the surface of merozoites (McBride and

Heidrich, 1987).

In order to analyze components of the MSP-1 complex, and in particular, to identify the 22
kDa band observed by merozoite cell surface radioiodination, the mab X509 was used as an
affinity matrix to purify components of the MSP-1 complex from culture supernatants of P.
Jalciparum clone T9/96 (MAD-20 type). Since the primary proteolytic processing
cleavage sites have only been determined for MSP-1g3, MSP-1,, and MSP-13; of the
Wellcome type (Miller et al., 1993), N-terminal amino-acid sequence was obtained for all
the major polypeptides in the MSP-1 complex. This enabled all the primary cleavage sites
for the MAD-20 type of MSP-1 to be determined and identified three novel non-MSP-1

polypeptides associated with the complex.

3.2 Characterization of the MSP-1 complex and associated polypeptides

Purified mab X509 was coupled to Sepharose CL-4B and used to purify the MSP-1

complex from T9/96 parasite culture supernatants following schizont lysis and merozoite

90



ANALYSIS OF THE MSP-1 COMPLEX

reinvasion of fresh erythrocytes. Figure 3.1 shows the purified complex eluted with 0.2 M
glycine-HCI pH 2.5 and with 10 mM Zwitttergent 3-12, 50 mM tris-HCl pH 7.6. Under
such conditions the entire complex (including MSP-13; which contains the epitope for mab
X509) is eluted. Elution of the complex with 1% w/v sodium deoxycholate in 50 mM tris-
HCI pH 8.2 results in elution of all the components of the complex except MSP-133, which
can subsequently be eluted in 0.2 M glycine-HCI pH 2.5 (see Figure 3.7 and section 3.4).
Thus, it appears that highly denaturing conditions are required to elute the entire complex
(low pH, 10 mM Zwitttergent 3-12, (Figure 3.1 or 1% w/v SDS [HLB' =40], data not
shown) since this requires breaking the strong (K of the order of 10® M) mab X509-MSP-
15; antibody-antigen interactions. Disruption of the complex and elution of all the
components except MSP-13; requires moderately denaturing conditions (1% w/v of the
anionic detergent, deoxycholate [HLB=16]), suggesting that the affinity of these
interactions are lower in magnitude (K <10® M). However, weakly denaturing, nonionic
detergents left the complex intact or partially intact. The complex does not elute in 0.5%
v/iv NP-40 [HLB=13.1] and only partially elutes in 50 mM B-octylglucopyranoside (data
not shown). The partial elution (an estimated 20-40%) in 50 mM B-octylglucopyranoside,
50 mM tris-HCI pH 8.2 did not represent the solubility of only certain polypeptides in the
complex because the SDS-PAGE profile following elution with B-octylglucopyranoside
was identical to that when the rest of the complex is recovered with 0.2 M glycine-HC] pH
2.5. Since the detergent was used at twice it’s critical micelle concentration this, therefore,

probably represents partial solubilization of the complex.

The apparent requirement for moderately denaturing detergents to disrupt the complex is

! HLB is the Hydrophile-Lipophile Balance and gives a numerical value to the overall hydrophilic
properties of the detergent. They provide a general view to how denaturing a detergent will be. Values
of 12-16 are relatively nondenaturing and values above 20 indicate increasing denaturing possibilities.
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supported by immunoprecipitation experiments of ['*I]-labelled merozoite surface proteins.
McBride and Heidrich, (1987) have shown that several antibodies against MSP-1
specifically immunoprecipitate all components of the complex in the presence of 1%
w/v NP-40, or 5 mM CHAPS but not in the presence of SmM Zwittergent 3-12. The
above observations, together with the inability to separate pl19 and p22 from the
complex by ion-exchange chromatography (see below), lends support to the idea that

the components of the complex are tightly associated (estimated 10°M> K >10°° M).

The purified protein complex, eluted with 0.2 M glycine-HCI pH 2.5., displayed a highly
reproducible profile on SDS-PAGE. All the major polypeptides visualized by
Coomassie staining could be metabolically radiolabelled using [**S}-methionine/ [**S]-
cysteine as amino acid precursors for protein synthesis (Figure 3.2). By this criterion

all the major polypeptides are parasite derived.

N-terminal amino-acid sequence was obtained from all the bands indicated (Figure 3.2
and 3.3). In addition to the N-terminal amino acid sequences of MSP-1 polypeptides,
other parasite-derived polypeptides of 36 kDa, 22 kDa and 19 kDa (named p36, p22,
and p19 respectively) were reproducibly found associated with the MSP-1 complex
(Figure 3.2 bands 3, 7 and 8). N-terminal sequences obtained for these species (Figure
3.3) showed no sequence similarity to MSP-1 or MSP-2, and significant sequence
similarities were not found in the Swiss, Leeds or WHO Malarial databases. For p22
the highest similarity was to the Ratus ratus acidic proline rich precursor [Identity =
11/25; Similarity = 14/25], the Ratus ratus Glx-rich protein precursors (contiguous
repeat polypeptide) GRP1 and GRP2 [Identity = 9/25; Similarity = 15/25] and the

yeast paired amphipathic helix protein (SIN3) [Identity = 9/25; Similarity = 14/25].
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For p19 the highest similarity was to the signal reconition particle (SRP54) [Identity =
6/15, Similarity = 9/15] and the human zinc finger protein (NIL-2-A) [Identity = 6/15,
Similarity = 7/15]. For p36 the highest similarity was to the yeast probable protein -
tyrosine phosphatase (CDC14) [Identity = 6/12, Similarity = 8/12] and the human
plasma protease C1 inhibitor precursor (C1 INH) ) [Identity = 5/12, Similarity = 8/12].
Furthermore, the p19, p22 and p36 polypeptides are not recognized on Western blots by
89.1, PM122 or PM122-01 antibody (which recognize MSP-1), nor are they recognized by
117.4, 113.1, 4F3 C2 and 13.4-2-1 sera (which recognize MSP-2) (data not shown).
Interestingly, the MSP-1 complex from P. chabaudi chabaudi AS was found to contain
three additional polypeptides of 29, 25, and 20 kDa (Kieran O’ Dea, Division of
Parasitology, N.LM.R, personal communication). The N- terminal amino acid sequence for
the first five residues of these polypeptides (p29: DVVMT, p25: ADPQG, and p20:
SIXFSL (X= modified tyrosine or cysteine)) showed no similarity to the P. falciparum p36,
p22 or p19 polypeptides. A search against the Leeds protein database suggested that the
p29 is antibody (probably light chain which had eluted from the affinity column) and the p25
and p20 showed some similarity to several Zn binding proteins, although given the length of
the searched sequences (n=5) this is probably not significant. The possibility that the p20
and p25 polypeptides are homologues of the P. falciparum pl19 and p22 polypeptides
remains an interesting possibility which should be pursued. Western blots with the P.
chabaudi chabaudi AS MSP-1 complex showed that the Rba22pal sera did not react with
the P. chabaudi chabaudi AS p20 or p25 polypeptides (data not shown). This, however,
does not rule out the possibility that these polypeptides are homologues but are sufficiently

dissimilar to preclude cross-reactivity with this serum.
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3.3 Primary proteolytic processing sites of the MSP-1 polypeptides

N-terminal amino acid sequencing of all the components of the MSP-1 complex
allowed all the primary processing sites for MSP-1 of the clone T9/96 (MAD-20 type;
Schwartz et al., 1986; McBride et al., 1985 and Miller et al., 1993) to be determined.
Since the full DNA sequence for the T9/96 clone is not known, the amino acid
sequence was compared to sequence deduced from the MSP-1 gene sequence of the
Png-MAD20 clone (Miller ef al., 1993 and Appendix A). The alignment of the N-
terminal amino acid sequences to the MSP-1 is shown in Figure 3.4. The major
polypeptide at 83 kDa (Figure 3.2 band 1a) has the N-terminal sequence VTHESYQ.

to
This is identicalhthat previously reported for MSP-1,, Wellcome and FCB-1 strains

(Holder et al., 1985; and Strych et al., 1987) and corresponds to the N-terminus of the
mature MSP-1 following signal peptide cleavage. The signal peptide is 19 amino acids
with a high degree of hydrophobicity and is therefore typical of signal peptides in
mammals and bacteria (data not shown). The two bands at about 75 kDa and 68 kDa
(Figure 3.2 bands 1b and 1c) show sequence similarity to the motif SAQSG(T,A,P)S
found in the repeat regions in block 2 of the Uganda-PA and related strains (Miller et

al., 1993) and therefore probably represent products of further proteolysis of MSP-1,,

as suggested previously (Lyon et al., 1986, Blackman and Holder 1992). Based on the

start of MSP-1,, (see below), MSP-1., extends to residue 742 (numbering as in Miller

et al,, 1993). Since block 2 of MSP-1 is extremely polymorphic in both sequence and
length (Miller ef al., 1993). it is not possible to reliably calculate a theoretical size for

the polypeptide based on comparison with the Png-MAD20 sequence.
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Two proteins (Figure 3.2 bands 5 and 6) have N-terminal sequences corresponding in

position to the expected start of MSP-1,. The sequences obtained from the proteins

were contiguous, starting at position 743 and 757 respectively. Since band 5 is both
more abundant and larger than band 6, it is likely that band 5 (~28 kDa) represents
MSP-1,

o~ The minor band (~23 kDa) may be a consequence of further proteolysis at

the N-terminus. Therefore MSP-1,, begins at position 743 and probably ends at

position 930 (just before the N-terminus of MSP-1_., see below). The predicted

kg

molecular mass of Ser,, to Thr,, in the deduced Png-MAD20 sequence is 21 677 Da,
suggesting the T9/96 MSP-1,, has a different primary sequence from that of Png-

MAD?20, or behaves anomalously on SDS-PAGE.

Two polypeptides of approximately 39 and 45 kDa (Figure 3.2 bands 2a and 2b) have
identical N-terminal sequences. These bands were of equal intensity and may represent

isoforms of MSP-1,, resulting from differential proteolytic cleavage at the C-terminus,

a possibility consistent with the results of Cooper ef al. (1992). Thus, the T9/96 MSP-

1,, begins at Ser ., and probably ends at Glu,,,, (see below). The predicted molecular

1348

mass of Ser,,, to Glu,, . in the deduced Png-MAD20 sequence is 46 342 Da.

1348

MSP-1,, exists as a single band on SDS-PAGE (Figure 3.2 band 4) and the N-terminal

sequence shows that it begins at Ala This is the same position as the N-terminus of

1349°

MSP-1,, in the FCB-1 isolate (Heidrich et al, 1989), as expected. The sequence

obtained differs from that expected at position 1355; glutamine instead of the expected

methionine (Miller ef al., 1993), although the DNA sequence of the T9/96 gene is
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identical to that of Png-MAD20 for this AUG codon (S.Shai personal communication).

However, re-sequencing of MSP-1,, polypeptide yielded a secondary peak designated

methionine with a yield of 75% compared to that of glutamine at this position. This is
unlikely to represent some sort of protein modification, since this would require
reduction/oxidation followed by a sulphur-displacement reaction and carboxylation to
convert the -CH,-CH,-S-CHj side chain of methionine to the -CH,-CH-COOH side
chain of glutamate. No such protein modifications are known to occur (A. Harris,
Laboratory of Protein Structure, NIMR, personal communication) and it is far more
likely that the assignment at this position is complicated by a secondary sequence due
to another protein co-migrating at this position during SDS-PAGE. The predicted

molecular mass of MSP-1,, in the deduced Png-MAD20 sequence is 43 031 Da. The
end of MSP-1,, and the beginning of MSP-1;5 has not been determined for clone

T9/96 but in the T9/94 clone secondary processing cleaves MSP-1,, between Leu

1630

and Asn, . (Blackman ef al,, 1991b). With this assumption, the predicted molecular

mass of MSP-1,, (Ala,,, to Leu,, ) in the deduced Png-MAD20 sequence is 32 456

1349 1630

Da.

A comparison of the amino acid sequence at the primary processing cleavage sites
shows a limited consensus for the protease (Figure 3.5). Generally, for the T9/96
polypeptides there is a Gly or Ala at the P2 position; Val, Leu or Ile at the P4 position;
Ser or Ala at the P-1 position; and Ser or Thr at the P-3 position. All these represent
conservative substitutions, as determined by most frequent mutational pathways for
amino acids (Appendix E). The MSP-1 primary processing cleavage sites for

Plasmodium chabaudi chabaudi AS has recently been determined (O’Dea et al.,
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1995). A comparison of the P. falciparum T9/96 primary processing sites to that of
Plasmodium chabaudi chabaudi AS and the known P. falciparum FCB-1 cleavage sites
(Figure 3.5) shows a more limited conservation at these positions. The P2 is still
resticted to a Gly or Ala residue. The P4 is Leu, Ala, Val, or Ile; these are
conservative replacements if one includes frequent amino acid mutational replacements
between otherwise mutationally related amino acids. The P-1, P-3 and P-8 positions
are only partially conserved (Appendix E).. Interesting}y, the P2 position is restricted
to amino acids with a small side chain (R): Ala, where R=CH3 and Gly where R=H.
Furthermore, the P4 position is restricted to amino acids with hydrophobic side chains:
(Leu, Ala, Val, and Ile). This general limited primary structure conservation of the
primary processing cleavage sites suggests that secondary structure may also be
important. Analysis of secondary structure prediction of the cleavage sites (Figure 3.6)
shows that some secondary structural features are conserved:

(i) There is noticeable prevalence of turns in regions upstream and /or downstream of
the cleavage sites (data not shown).

(ii) A general high flexibility (and low surface probability) at or immediately after the
cleavage site (data not shown).

(ii) A low probability of forming an amphipathic helix or sheet around the cleavage site

(Figure 3.6).

3.4 The p19 and p22 polypeptides

3.4.1 Reactivity Rba22 on Western blots and by immunofluorescence

Reactivity of Rba22 on Western blots of the purified MSP-1 complex showed two bands of
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19 and 22 kDa, in addition to several bands of 55-70 kDa. The reactive bands of 55-70
kDa were present in samples of human skin epidermis, suggesting antibodies reactive
against human keratins were present in the Rba22 polyclonal sera (Figure 3.7). This anti-
keratin immunoreactivity was later removed by pre-absorption to human epidermal keratins
bound to nitrocellulose, resulting in a serum, Rba22pal, which recognized only p19 and
p22 on Western blots (see for example Figure 3.8). This unusual source of unwanted
reactivity has previously been described (Girault ef al,, 1989). Since this reactivity is not
present in pre-immune serum is probably due to immunized animals being exposed to
epidermal keratins either by the introduction of animal epidermis during injection or trace

amounts of human epidermis contaminating the antigen preparation.

Using Western blot analysis, the Rba22pal sera was used to probe T9/96 schizonts
(>95% schizonts, enriched twice over 70% isotonic Percoll) or naturally released
merozoites (>98% merozoites, prepared by Nylon sieving and with less than 1%
erythrocyte contamination). A doublet of approximately 22 kDa was observed in both
merozoites and schizonts. A similar pattern was observed for FCB-1 schizont and
merozoites but no reactivity is observed in rings (data not shown). For both the schizont
and merozoite preparation, the lower band of the doublet co-migrated with the p22
polypeptide of the MSP-1 complex. In the schizont preparation, the upper band of the
doublet migrated with a higher molecular mass compared to the upper band of the doublet
of the merozoite preparation (Figure 3.8). This suggests that the p22 species is either
posttranslationally modified in schizonts and this posttranslational modification is lost in
merozoites or that the p22 undergoes proteolytic processing between the schizont and
merozoite stage. Furthermore, since the p19 polypeptide is only observed in the shed MSP-

1 complex (Figure 3.8), the N-terminal amino acid sequences for these p22 and p19
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f
polypeptides are dissimilar (Figure 3.3), and the p19 is related to the p22 polypeptide (see

below), it is likely that the p22 is proteolytically processed at the N-terminus either during

or after secondary processing of MSP-1.

Indirect immunofluorescence with Rba22pal serum on propanone fixed smears of T9/96
asynchronous parasites shows immunoreactivity in schizonts and trophozoites but not rings.
The reactivity with schizonts is restricted to the developing merozoites and is similar to the
pattern of reactivity with mab 89.1 (a mab against MSP-1g;). This fluorescence pattern,
resembling a ‘bunch of grapes’ is suggestive of p22 localizing on the surface of merozoites.
(Figure 3.9). Furthermore, indirect immunofluorescence on freshly purified merozoites
fixed affer incubation with Rba22pal primary antibody showed a strong fluorescence
staining compared to the control pre-immune serum (Figure 3.10). Not all merozoites,
however, showed immunofluorescent reactivity (estimated 10-30% were non-reactive).
This can be explained by the basal level of secondary processing that occurs during
merozoite purification (Heidrich ez al., 1983 and data not shown). Merozoites prepared
by this method are largely intact (Blackman, 1994; and Heidrich ef al, 1983) and the
primary antibody therefore only has access to epitopes on the surface of the merozoite.

This result provides further independent evidence that p22 is a merozoite surface protein.

3.4.2 The p19 and p22 polypeptides are highly related

The possible relationship between p19 and p22 was explored using antibody affinity select
and peptide mapping. Antibody affinity select was used to determine if there was antigenic
cross-reactivity between the p19 and p22 polypeptides. Rbo22pal serum was affinity
selected on p19 or p22 while MSP-133, MSP-1g; and nitrocellulose without bound protein

were used as negative controls. Eluted antibody was used to probe affinity purified MSP-1
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complex on Western blots, using non-affinity purified antibody as the positive control.
Antibody affinity purified on either p19 or p22 reacted with both p19 and p22 while no
background was detected in negative controls (Figure 3.11). This indicates that p19 and
p22 are similar in the respect that they share epitope(s). To further investigate the
relatedness of p19 and p22, two-dimensional peptide mapping was carried out on
polypeptides of the MSP-1 complex which had been metabolically radiolabelled with [**S]-
methionine/cysteine. The p19 and p22 polypeptides gave an almost identical pattern which
is clearly distinct from other components of the complex (Figure 3.12), demonstrating that
these two proteins are highly related. Since the N-terminal sequences of these proteins
differ, it raises the possibility that p19 is a result of proteolysis of p22 at the N-terminus.
SDS-PAGE suggests that the p19 and p22 polypeptides have a difference in molecular
mass of 3-4 kDa. The molecular mass of the 25 amino acids of the N-terminal amino
acid sequence of p22 is 2.78 Da. Therefore, one might not expect the N-terminal

amino acid sequence of the p19 and p22 polypeptides to overlap.

3.4.3 Recognition of p19 and p22 by human immune sera

Using human immune sera to probe Western blots of the MSP-1 purified complex, none of
the 6 immune sera tested reacted with both p19 and p22 (Figure 3.13). Three sera reacted
with p22 only (one very weakly) and one reacted with p19 only, but weakly. This suggests
that p19/p22 are natural antigens, but by Western blot analysis it appears that the
immunogenicity of p19 and p22 proteins is much weaker than MSP-133, MSP-133 or MSP-
1 . The fact that none of the sera tested reacted with both p19 and p22, argues
against the evidence that p19 and p22 are highly related as shown by affinity select and
peptide mapping. A possible explanation is that, in vivo, the p19 and p22 polypeptides

are in their folded, native conformations and associated with other components of the
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complex. If the N-terminal region of p22 is highly exposed to solvent it may contain
the only immunodominant epitopes. Further, assuming the hypothesis that p19 is
derived from N-terminal proteolysis of p22 is correct, then antibodies against p22
would not react well with p19 and p19 would be poorly recognized by human immune

sera, as was observed.

3.4.4 Ion-exchange chromatography of the MSP-1 complex

Attempts were made to separate p19 and p22 proteins from the rest of the complex such
that sufficient quantities would be available for CNBr clea&age (in order to obtain internal
amino acid sequence). Earlier attempts at CNBr cleavage of excised gel slices or proteins
bound to PVDF membrane failed, mainly due to inability to recover sufficient quantities of
peptide after CNBr cleavage. The p19 and p22 polypeptides were found to bind to DEAE-
Sepharose at pH>7 and elute in [NaCl]<3 M (Figure 3.14). Both p19 and p22 bound to
DEAE Sepharose at pH 7.6 and were eluted in a 0-2 M NaCl gradient. Figure 3.14 shows
a Western blot of the fractions from this NaCl gradient elution. The blot was probed with
Rba22pal antibody and, after development, stripped by washing for 30 min in 02 M
glycine-HC], 0.1 M NaCl pH 2.5, neutralized by extensive washing in PBS, blocked again
with 5%w/v non-fat milk powder in PBS and then probed with mab 89.1. The p19 and p22
elute at approximately 0.5 M NaCl but so does MSP-1g;, as determined by mab 89.1
reactivity. This suggests that the entire complex remains associated and is eluted together
and was confirmed by silver stained SDS-PAGE gels of the eluted fractions (data not
shown). The same procedure was carried out in the presence of 50 mM B-
octylglucopyranoside, 50 mM tris-HCl pH 7.6. Similarly, the entire complex eluted
together (data not shown). Attempts to separate the complex using FPLC (Mono Q) were

also unsuccessful, even in the presence of B-octylglucopyranoside detergent. The inability
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to separate components of the complex by ion-exchange chromatography (even in the
presence of B-octylglucopyranoside detergent), suggests that the components are tightly
associated and is consistent with the requirement for moderately denaturing detergents to

disrupt the complex (see section 3.1).

3.5 Stoichiometry of the components of the MSP- complex

The relative proportions of the components of the MSP-1 polypeptides in the complex were
estimated by liquid scintillation counting of bands excised after SDS-PAGE separation of
the purified, metabolically radiolabelled complex (Table 3A). As described above, these
represent the MSP-1 polypeptides MSP-1¢,, MSP-1,,, MSP-1,,, and MSP-1,,, some
of which have undergone further proteolysis at their amino or carboxyl termini, and
three additional polypeptides, p19, p22 and p36. Since MSP-1 of clone T9/96 is of the
MAD-20 type (Miller et al., 1993; Schwartz et al., 1986; and McBride et al., 1985),
the number of methionine and cysteine residues in these MSP-1 polypeptides can be
calculated from the deduced amino acid sequence of the Png-MAD20 clone. With this
knowledge the relative molar ratios of the MSP-1 polypeptides (relative to MSP-133)
can be calculated (Table 3A). The MSP-13; was chosen as a reference to which the
ratios of the other components of the complex were compared since this region of
MSP-1 is relatively invariant between different isolates and the limited DNA sequence
available for T9/96 MSP-13; shows high sequence similarity to the Png-MAD20 MSP-
133 (Tanabe et al, 1987, Miller et al, 1993 and Shafrira Shai, personal
communication). From such calculations, all the MSP-1 polypeptides are in an
approximately 1:1 molar ratio, except MSP-13 which is present in a 0.5 molar ratio. The
molar ratios of the non-MSP-1 polypeptides cannot be calculated by this method since the

relevant genes have not been cloned. However, as shown (Figure 3.12 and Table 3A) the
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number of radioactive ‘spots’ observed on peptide maps (n) correlates well with the
number of methionine and cysteine amino acids of the MSP-1 polypeptides obtained from
the deduced amino acid sequence of the Png-MAD20 clone (N). If such a correlation is
also true of p22, p22 and p36 polypeptides then the molar ratio of these polypeptides to the
MSP-1 polypeptides of the complex can be estimated. Such estimations are inherently
difficult since one has to assume that:

(1) Trypsin cleavage sites are sufficiently frequently occuring and the methionine and
cysteine residues are well separated in the substrate polypeptides such that each peptide
only contains one methionine or cysteine. Trypsin cleaves at R'X and K'X (except for R'P
and K¢P) and analysis of the MSP-1 Png-MAD 20 deduced amino acid sequence shows
that the methionine and cysteine residues are well separated with frequent trypsin sites (data
not shown but see Appendix A).

(ii) The MSP-1 amino acid sequence of the T9/96 clone is identical to that of the deduced
Png-MAD 20 clone. The evidence based on the limited DNA sequence available (Miller
et al, 1993 and Shafrira Shai, personal communication), restriction fragment length
polymorphism and peptide mapping studies (Schwartz et al., 1986), and monoclonal
antibody reactivity (McBride ef al., 1985) suggests that the T9/96 clone is very similar
to Png-MAD 20 clone .

(i) No partial trypsin digestion of the polypeptide has occured. Although the cleavage
was carried out at 37°C for 24 h with an excess of enzyme : substrate (50 pg trypsin : < 5
pug polypeptide), this remains a possibility.  Autoradiographic ‘spots’ of different
intensities(as is indeed observed in at least some peptide maps) might be indicative of partial
cleavage, but this may also be due to one labelled peptide containing a labelled methionine
or cysteine compared to another labelled peptide containing a labelled methionine and a

labelled cysteine, or two labelled peptides co-migrating.
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(iv) The separation of peptides in this 2-D system is complete and no two non-identical
labelled peptides co-migrate. Since the number of labelled peptides produced by the trypsin
treatment is relatively small (<10) for the analyzed polypeptides of the complex and the
polypeptides are likely to have different chemical properties this system of two dimensional
separation is particularly suited to the separation of such polypeptides.

(v) There is no free labelled methionine or cysteine present. Since polypeptides were
separated by SDS-PAGE prior to their digestion one would propose that free labelled
methionine and cysteine had been efficiently removed.

(vi) The recovery of different labelled peptides from the gel slices is identical. Since the
peptides generated by trypsin digestion are likely to be small and considering the long
incubation time (24 h) this is probably true.

(vii) The specific activity of both [**S] methionine and [*°S] cysteine is sufficiently high to
label all the synthesized polypeptides during the time period of the experiment. Since the
parasites were prewashed in methionine and cysteine free medium twice before labelling and
this washing took ~20 min the endogenous methionine and cysteine pools are likely to be
substantially depleted. Futhermore, the labelling medium contained only [**S]-labelled
methionine and cysteine. Therefore this assumption is probably valid.

Despite these limitations, for the MSP-1 polypeptides N = n, except for MSP-135, where
N=2 and n=3 and one spot has a greater intensity, suggesting that partial cleavage may have
occured. The p22 and pl9 are considered as a single polypeptide product that has
undergone further proteolysis at the N-terminus. This is supported by the relatedness of
these polypeptides as determined by affinity select and peptide mapping and the different N-
terminal sequences obtained from these polypeptides. Using this method of estimation, the
molar ratios of the components of the MSP-1 complex (relative to MSP-133) were-1.0

(MSP-1g3) : 0.5 (MSP-130) : 0.8 (MSP-135) : 1.0 (MSP-135): 0.8 (p22/p19) (Table 3A).
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The relative molar ratio of p36 to the other MSP-1 polypeptides has not been estimated due

to lack of a well resolved peptide map.

The molar ratio of p19:p22 in the complex can be estimated from the radioactive counts
counts obtained from these two species in the complex since they gave identical peptide
maps (n = 4) (Figure 3.12 and Table 3A). This suggests that the p19 is in 2 fold molar

excess over p22 in the complex.

3.5 Discussion

Secondary processing of the MSP-1 results in the shedding into the extracellular milieu
of a soluble protein complex containing fragments of MSP-1 (Blackman et al., 1991a).
The purification of the MSP-1 shed complex consistently yielded a reproducible pattern
on SDS-PAGE. All the major observed polypeptides observed by SDS-PAGE could
be metabolically radiolabelled and by this criterion are parasite derived. The purified
complex contains only MSP-1 polypeptides, p19, p22 and p36. The complex does not
contain another merozoite surface protein MSP-2, nor does it contain any MSP-1,,.
This is consistent with its state before release from the merozoite surface. McBride
and Heidrich, (1987), have shown that for the FCB-1 isolate several anti-MSP-1
antibodies immunoprecipitate the same set of proteins from cell-surface radioiodinated
merozoites: of 80, 40, 36, 22, (major bands) and 31, 28, kDa (minor bands). These
represent MSP-1g; (80 kDa), MSP-14, (40 kDa), MSP-135 (36 kDa), p22 (22 kDa), and
MSP-130 (31 and 28 kDa). The possibility that the processing of MSP-1 is an  in vitro
artifact has largely been ruled out. The processing sites for the

P.chabaudi chabaudi AS MSP-1, which are similar to that of P. falciparum T9/96
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MSP-1, occurs both in vitro and in vivo (O’Dea et al., 1995) and invasive P. knowlesi
merozoites contain proteolytically processed fragments of MSP-1 on their surface

(David et al., 1984).

Purification and N- terminal amino acid sequence analysis of the polypeptides of the
MSP-1 complex enabled the identification of three novel polypeptides, p22, p19 and
p36. Of these, only p22 has consistently been shown to be located on the surface of
the merozoite, as determined by cell surface radioiodination (McBride and Heidrich
1987 and Heidrich ef al., 1983). The existence of p22 on the surface of merozoites is
also supported by immunofluorescence data on fixed and unfixed parasites. The N-
terminal sequence analysis of the MSP-1 complex also allowed the identification of the
sites at which primary proteolytic processing of MSP-1 occurs. Although both
dimorphic forms of MSP-1 are processed on the merozoite surface, the corresponding

fragments differ slightly in size and the protease sites at the start of MSP-1,, and MSP-
1,; are in regions of low similarity between the two forms. The T9/96 MSP-1,, begins

at Serm;

this contrasts with the FCB-1 strain where MSP-1,. begins at Asp,
(Heidrich et al., 1989). This suggests that the protease responsible for cleavage at the

N-terminus of MSP-1,, recognises structure other than primary sequence. The

8
cleavage site at the start of MSP-1., and MSP-1, is conserved in the dimorphic forms.
The N-terminal sequence of MSP-153 was found to correspond to Ala;sss. This is the
same for other strains (Blackman et al, 1993) and suggests that the secondary
cleavage site, Leujs30-Asnyesy, is conserved. However, the proximal upstream sequence
differs between the dimorphic forms suggesting some redundancy of the proteases for

it’s substrate or the cleavage site may be independent of primary sequence. The
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analysis of the MSP-1 primary processing sites for the P. falciparum T9/96 clone, the
P. falciparum FCB-1 isolate (Miller et al., 1993) and the P.chabaudi chabaudi AS
(O’Dea et al., 1995) shows that there is some conseEvation in primary sequence at the
P2 and P4 positions. There may, however be some dependency on secondary
structure at the cleavage sites. Secondary structure predictions show that there is a
low surface probability and high degree of flexibility at and around the cleavage sites.
Additionally, around the cleavage region there is a low probability of forming
amphipathic structure (both helix and sheet) and a predicted prevelance of turns around
the cleavage site. Thus, the protease(s) which mediate(s) primary processing may be
recognizing features other than primary sequence, as has been observed for several

other proteases (Sisodia, 1992).

The calculated molar ratios of the MSP-1 polypeptides of the complex were found to
be equal, except for MSP-13, which was present at about half the molar ratio of the
other components of the complex. A simple explanation for this would be that MSP-
130 is less tightly associated with the complex and therefore may also be present as an
isolated species in the extracellular milieu. Alternatively, some MSP-13, may diffuse
from the complex, prior to secondary processing. Consistent with this idea, MSP-13¢is
barely detectable on the surface of radio-iodinated merozoites (McBride and Heidﬁch
1987 and Heidrich et al., 1983); although this may merely reflect inaccessibility of the
protein’s tyrosine residues. Furthermore, for the P. chabaudi chabaudi AS MSP-1
complex it has been observed that the complex is probably less stable in vitro than in
vivo (O’Dea et al., 1995). In this respect the observed low yield of MSP-13 in the
complex may be an in vitro artifact. Estimations of the molar ratios of p19/p22

suggests that they are nearly in equimolar ratios with the MSP-1 polypeptides in the
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complex. This lends support to the idea that polypeptides of the MSP-1 complex are

associated by specific molecular interactions which are biologically significant.

Since p19 and p22 are highly related (as shown by peptide mapping and affinity select)
but their N-terminal sequences are different, the p19 is probably an N-terminal cleavage
product of p22. This proteolytic cleavage must take place during or after the
secondary processing of MSP-1 and prior to invasion. This statement is supported by
several observations:

(i) No immunoreactivity (by indirect immunofluorescence) with Rba22pal serum is
observed in rings.

(ii) The MSP-1 and associated polypeptides of the complex are shed into the culture
supernatant prior to invasion and secondary processing is proposed to be a pre-
requisite for invasion (Blackman ef al., 1990 and 1993).

(i) The p22 polypeptide, but not the p19 polypeptide, is detected on the surface of
merozoites by cell-surface radioiodination (McBride and Heidrich, 1987).

(iv) The p22 polypeptide, but not the p19 polypeptide, is detected in schizonts and

merozoites (but not rings) from both the FCB-1 isolate and the T9/96 clone.

The molar ratio of p19:p22 in the complex was estimated to be 2:1, indicating that the
proposed processing of p22 does not go to completion. This p22 proteolysis may be
artifactual and not of biological relevance. The proteolysis may result either from an
exogenous protease in the culture medium or from an endogenous protease present in
the medium released from disrupted parasites. These possibilities need to be clarified
but at present this seems unlikely for several reasons. Firstly, in this work parasites

were cultured in serum-free medium containing AIbuMAX™, largely ruling out an
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exogenous source of protease. In addition, an identical SDS-PAGE profile of the
complex was observed when parasites were cultured in the presence of serum (data not
shown). Secondly, although culture supernatants were routinely collected after 6 h of
schizont lysis and reinvasion, an identical SDS-PAGE profile of the complex was
observed when this period was reduced to 3 h or extended to 12 h (data not shown).
Thirdly, although 1 mM EDTA (chelates Ca®* which is required for some proteases)
was routinely added to the culture supernatant soon after harvesting, no effect on the
SDS-PAGE profile of the complex was observed if EDTA was omitted or if the

complex was stored at 4°C for 12-16 h (data not shown).

It is conceivable that the p19, p22, and/or p36 polypeptides may be the protease
responsible for secondary processing of MSP-1. Many enzyme catalyzed reactions are
compartmentalized within the cell. The cell membrane provides one way of such
spatial segregation by limiting the enzyme and substrate to the microenvironment of the
cell membrane. Further, such spatial segregation also increases the rate of diffusion-
limited reactions. Enzymes and substrates confined to two dimensions will collide with
each other more frequently than if they were diffusing in three dimensions, even though
the rates of diffusion of molecules in membranes are about 100-fold slower than in
aqueous solution (Adam and Delbruck, 1986; Berg and von Hippel, 1985). The
protease is therefore likely to be located on the merozoite surface and the p19, p22 and
p36 polypeptides are candidates for this protease. The protease is known to be a
Ca®-dependent serine protease (Blackman ef al, 1992 and 1993). The p22/p19 is a
promising candidate since a preliminary experiment with the [**S]-radiolabelled serine
protease inhibitor, PMSF, showed a strong band (relative to background) at 22 kDa

which co-migrated with the 22 kDa band recognized by Rba22 serum on Western blots
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CHAPTER 3

(Blackman, Division of Parasitology, NIMR, unpublished preliminary observations).

Further work on the roles played by MSP-1, it’s associated polypeptides in the
complex (p22, p19 and p36) and the protease(s) responsible for MSP-1 processing will
be invaluable in understanding Plasmodium biochemistry and may provide novel

targets for chemotherapeautic intervention and/or vaccine design.
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ANALYSIS OF THE MSP-1 COMPLEX

Figure 3.2 SDS-PAGE analysis of the affinity purified MSP-1 shed

complex.

A synchronous P. falciparum culture containing T9/96 schizonts was metabolically
radiolabelled with [33S]-methionine/cysteine and allowed to undergo schizont lysis and
erythrocyte reinvasion The MSP-1 complex was affinity purified from the culture
supernatant and eluted with 0.2M glycine-HCl, pH .2.0. Eluted proteins were
fractionated by SDS-PAGE on 15% gels, and either:

A. Stained with Coomassie Brilliant Blue-R250 or

B. The metabolically labelled proteins visualized by fluorography.

Molecular mass markers are shown (kDa).

The major bands are numbered 1 to 8 and are referred to in section 3.3. Note that all
the major polypeptides detected by Coomassie Blue staining are also metabolically

radiolabelled.
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ANALYSIS OF THE MSP-1 COMPLEX

Figure 3.2 SDS-PAGE analysis of the affinity purified MSP-1 shed

complex.

A synchronous P. falciparum culture containing T9/96 schizonts was metabolically
radiolabelled with [35S]-methionine/cysteine and allowed to undergo schizont lysis and
erythrocyte reinvasion The MSP-1 complex was affinity purified from the culture
supernatant and eluted with 0.2M glycine-HCl, pH v2.0. Eluted proteins were
fractionated by SDS-PAGE on 15% gels, and either:

A. Stained with Coomassie Brilliant Blue-R250 or

B. The metabolically labelled proteins visualized by fluorography.

Molecular mass markers are shown (kDa).

The major bands are numbered 1 to 8 and are referred to in section 3.3. Note that all
the major polypeptides detected by Coomassie Blue staining are also metabolically

radiolabelled.
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