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ABSTRACT

Malaria is endemic in 107 countries and causes 500 million clinical disease episodes
annually. The disease in humans is caused by four protozoan species of the genus
Plasmodium, the most virulent form being P. falciparum. The emergence of drug-resistant
strains of the parasite has necessitated finding new drug targets and drugs.

P. falciparum is unable to synthesise purines de novo and relies on an enzyme,
hypoxanthine guanine xanthine phosphoribosyltransferase, HGXPRT, to salvage purine
bases from host erythrocytes to fulfill its purine requirements. The enzyme is a member of
the phosphoribosyltransferase family of proteins and catalyses the Mg**-dependent
conversion of hypoxanthine, guanine or xanthine and a-D-5-phosphoribosyl 1-
pyrophosphate to purine nucleotides and inorganic pyrophosphate. HGXPRT is a
recognised drug target in P. falciparum.

Previous work in our laboratory established methodology for cloning and expressing
malarial HGXPRT (PHGXPRT) in E. coli, and its purification both untagged and with a
his-tag. The enzyme is inactive as isolated but may be activated by incubation with partial
substrates. A family of chalcones, of which 4’-iodo-chalcone is the parent compound, has
been discovered that interacts with PAHGXPRT in unusual ways; they accelerate Mg”'-
dependent catalytic activity, are potent inhibitors of Ca**-dependent catalytic activity, and
can replace partial substrates in converting the isolated enzyme from an inactive to active

form.

The aim of this study was to express and purify PAHGXPRT and to explore three
techniques, namely gel filtration HPLC, photolabelling, and Isothermal Titration
Calorimetry (ITC) for ultimately characterising the interaction of the effector chalcones

with the protein.

His-tagged as well as the non his-tagged enzyme was expressed and purified by Ni-
affinity chromatography and anion-exchange + Reactive Red-120 affinity chromatography,
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respectively. The his-tagged enzyme was finally ~95% pure as judged visually by SDS-
PAGE, and up to 6 mg protein could be obtained from 1 L culture. The non his-tagged
enzyme was ~90 % pure, with yields of up to 16 mg protein/ L culture. Both forms of the
protein were inactive as isolated but could be activated by incubation with partial substrates

to specific activities of up to 2 and 3 pmolGMP/min/mg.

Gel filtration HPLC was explored as a possible method for measuring the oligomeric state
of PAHGXPRT under various conditions, with an ultimate view of determining the effect of
chalcone binding. The active form of the enzyme is a tetramer — the dimer is inactive.

Two forms of the enzyme could readily be separated by the technique, an early and late
eluting form, which were tentatively ascribed to the tetramer and dimer. The proportion of
each is sensitive to ionic strength, with the tetramer and dimer predominating at low and
high NaCl respectively (half maximal effect at 50 mM). The equilibrium is very sensitive
to the concentrations of CaCl, and MgCl, (half-maximal effects at 1| mM), respectively.
Preincubation of the protein in 1 M NaCl suggested rapid interconversion between
oligomeric forms. Activation of the enzyme did not alter the salt concentration dependence
of its quarternary structure suggesting the process does not involve stabilisation of the

active tetrameric form over the inactive dimer.,

The light-sensitive ATP analogue, [y-""P]TNP-8N;-ATP, was developed in our laboratory
as a specific photoaffinity probe of the active site of sarcoplasmic reticulum Ca®*-ATPase.
In this study we explore its use as a photolabel of the active site of PFHGXPRT. [y-
32PITNP-8N;-ATP covalently derivatises the enzyme to the extent of 0.01 to 0.1 mol probe/
mol protein, which is similar to levels achieved with Ca**-ATPase, depending on pH and
and protein activation. 4 -iodo-chalcone had no effect on labeling of the protein,

compatible with it binding to an allosteric site outside of the active site.
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Isothermal titration calorimetry was investigated as a technique for measuring 4 -iodo-
chalcone binding to PAHGXPRT. However, very small or negligible heats of titration were
produced due to either the chalcone not binding under the conditions used or because no
heat is produced or taken up on binding due to a balance of exothermic and endothermic

factors.

Overall, gel filtration HPLC appears to be a useful technique for determining the
quarternary state of the protein under a variety of conditions, and [y-SzP]TNP-SNg-ATP
may be developed further as a photolabel of the active site. ITC cannot be used to measure

chalcone binding.
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CHES 2-(N-cyclohexylamino)ethanesulphonic acid
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EPPS N-[2-Hydroxyethyl]piperazine-N -[ 3-propanesulphonic acid]
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PTG Isopropyl-B-D-thiogalactopyranoside

MES 2-[N-morpholino]ethane sulphonic acid

MOPS 3-(N-morpholino)-propanesulphonic acid

NaPP; Sodium pyrophosphate

NappilLB Luria-Bertani medium enriched with sodium phosphate

PBS Phosphate buffered saline

PHGXPRT Plasmodium falciparum hypoxanthine guanine xanthine
phosphoribosyltransferase

PMSF Phenylmethyl sulphonylfluoride

PP; Inorganic pyrophosphate
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Sarcoplasmic reticulum

N,N,N' N -tetramethylenediamine

Tetramethylammonium hydroxide
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triphosphate
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CHAPTER 1: Introduction

1.1 The global malaria burden

Malaria (Jt. “bad air”) is the most lethal of the parasitic diseases affecting humans.
In 2007, an estimated 2.37 billion people were living in areas at risk of malaria
transmission (Guerra et al, 2008) whilst an estimated 500 million cases and 1
million deaths are reported annually (WHO Malaria Fact Sheet N° 19, 2007). The
African continent carries the bulk of the burden of the disease, with 90% of deaths
due to malaria occurring in the Sub-Saharan region. Primarily, pregnant women
and children below five years of age are affected. Globally, malaria is prevalent in

tropical and subtropical regions (see figure 1.1).

The disease is caused by four species of the genus Plasmodium, i.e. P. malariae
(malaria tertiana), P. ovale (malaria quartana), P. vivax (malaria tertiana), and
P. falciparum (malaria tropica). The latter causes the most virulent form of the
disease in humans. The intermediate host and vector of the unicellular protozoan
parasite is the female Anopheles gambiae mosquito, which transmits infectious

stages (sporozoites) to humans upon feeding.

In 1998, prompted by resurgence in the protozoal disease, the World Health
Organisation initiated the Roll Back Malaria (RBM) Campaign (WHO Malaria
Report, 2003; Nabarro and Tayler, 1998). The aims of this initiative were to halve
the number of deaths due to malaria by 2010 and to halve this number again by
2015. These goals were to be achieved by “sustained delivery and use of the most
effective prevention and treatment for those affected most by malaria by
promoting increased investment in health systems and incorporation of malaria
control into all relevant multisector activities”.

However, the campaign has failed in its attempts. In 2004, more people were
dying due to malaria than when the campaign was initiated in 1998 (Yamey,
2004). Two major drawbacks may be implicated in this event, i.e. the emergence
and spread of drug-resistant parasites and the development of insecticide-

resistance by the mosquito vector. There now exists a need for the development of






1.2 Life cycle of Plasmodium falciparum and pathogenesis of disease

Plasmodium is transmitted to the human host by an arthropod vector, the female
Anopheles gambiae mosquito. The parasite has a complex life cycle consisting of

intra- and extracellular stages in the mosquito and human hosts (see figure 2).

The life cycle of Plasmodium may be divided into three stages, i.e. the mosquito,
liver and blood stages. Transmission of sporozoites (from the salivary glands of
the mosquito) occurs when an infected mosquito takes a bloodmeal from the
human host. Once in the bloodstream, the parasite migrates to the liver where it
invades haepatic parenchymal cells. Here, they mature into schizonts by a process
called exoerythrocytic schizogony. Within two weeks, the cells rupture and
merozoites are released into the circulation. Invasion of the red blood cells by
merozoites initiates the asexual blood stage which is responsible for the symptoms

of fever and chills associated with the disease.

Inside the erythrocytes, the merozoites mature into ring-shaped trophozoites and
schizonts (intraerythrocytic schizogony). Upon maturation, the red blood cells
rupture and the parasites are released back into the circulation. Some merozoites
produce the sexual stages, male and female gametocytes. The gametocytes are
taken up by the mosquito vector upon feeding and this initiates the sexual
reproduction stage. Inside the mosquito’s gut, male and female gametes fuse to
produce zygotes, which develop into oocysts. These give rise to sporozoites which
migrate to the salivary glands and are transmitted to the human host upon feeding

to initiate a new cycle.

The severity of disease is determined by the immune status and age of the
patient, the parasite species, as well as social and geographic factors. Symptoms
of the disease are associated exclusively with the asexual blood stage and range

from fever to fatal cerebral malaria (for review, see Miller et al, 2002).






1.3 Antimalarial Chemotherapy

Disease prevention is currently afforded by chemoprophylaxis and by avoiding
contact with the vector. A limited number of drugs are available for treatment of
the disease. Currently, the WHO recommends artemisinin combination therapy
(ACT) as the treatment of choice for malaria as increasing resistance to
chloroquine and the antifolates continues to impede efforts to prevent disease

transmission.

1.3.1 Currently available drugs and their biological targets

1.3.1.1 Quinine and its derivatives

During the intraerythrocytic stage, malaria parasites digest host haemoglobin to
produce haematin which is incorporated into malaria pigment (haemozoin).
Quinoline antimalarials have been shown to reduce the rate of production of
haemozoin (Egan and Ncokazi, 2005).

Quinine remains, along with the artemisinins, the drug of choice in high-
transmission areas (Dondorp and Day, 2007). Interestingly, a recent study
comparing the efficacy of parenteral quinine and artemisinin derivatives showed
the artemisinins were not more effective than quinine in treating severe malaria in
children (PrayGod et al, 2008).

Chloroquine, a 4-aminoquinoline derivative of quinine, was the drug of choice for
chemophoprophylaxis and treatment of uncomplicated malaria since it was first
synthesised in the 1930s.

The compound has since been used in the treatment of non-severe disease as well
as for chemoprophylaxis, however, the efficacy of this drug has been
compromised by the development of drug-resistance in both P. falciparum and P.
vivax. Mutations in pfert, a gene located on chromosome 7, has been linked to
chloroquine resistance in P. falciparum. The gene encodes a transmembrane

protein, PfCRT which is located in the digestive vacuole at the site of chloroquine



action (Fidock et al, 2000). Other quinine derivatives are clinically valuable.
These include amodiaquine, used in combination with the artemisinins (see
Section 1.3.1.4) and mefloquine, which is extensively used as prophylaxis and to

treat chloroquine resistant malaria (Freedman, 2008).

1.3.1.2 The Antifolates

This group of compounds consists of the sulphones (e.g. sulphadoxine and
dapsone) as well as combinations of inhibitors of enzymes of folate biosynthesis
(e.g. proguanil and pyrimethamine). The antifolates are used in combinations to
provide a synergistic effect, as parasite resistance develops rapidly in
monotherapy. Two classes of antifolates are currently used: inhibitors of
dihydropteroate synthase (DHPS) and inhibitors of dihydrofolate reductase
(DHFR) (reviewed in Nzila, 2006).

Parasite resistance to the antifolates has been linked to mutations in the
dihydrofolate reductase-thymidylate synthase gene (Cowman et al, 1988), i.e.Thr-
108 or Ser-108 to Asn-108 confers resistance to pyrimethamine (Peterson ef al,
1988) whilst mutations in the dihydropteroate synthase gene confers resistance to

the sulphonamides (Triglia ef al, 1997).

1.3.1.3 Antibiotics

The malarial parasite possesses a plastid-like organelle, an apicoplast, which is the
site of fatty acid biosynthesis, DNA replication and transcription, isoprenoid
biosynthesis, amino acid synthesis, and haem biosynthesis (for review, see Ralph
et al, 2001). McConkey et al (1997) demonstrated the importance of the organelle
in protein synthesis by inhibition of parasite growth using thiostrepton, a specific
inhibitor of protein synthesis in this organelle. Triclosan (Surolia and Surolia,
2001) as well as thiolactomycin (Waller et al, 2003) were shown to inhibit growth
of intraerythrocytic parasites through inhibition of fatty acid biosynthetic

pathways, also located here. Another antibacterial agent, tetracycline, is used in



combination with quinine in areas where the latter shows reduced efficacy to
reduce fever and clear parasites (Watt ef al, 1992). Dahl ef a/ (2007) showed that
treatment of chloroquine-resistant parasites with doxycycline, widely used for
malaria prophylaxis, resulted in progeny unable to complete asexual development

due to abnormal apicoplast function.

1.3.1.4 Artemisinins

The development of parasite resistance to former first-line antimalarials (e.g.
chloroquine and sulphadoxine-pyrimethamine) led to the recommendation of
artemisinin-based combination therapies (ACTs) as preferred first-line drugs by
the WHO in 2005 (Eckland and Fidock, 2008). These compounds are extracted
from the annual shrub, Artemesia annua. Qinghaosu (artemisinin), a traditional
Chinese medicine, was found to have antimalarial properties in 1971. However, it
was only after in vitro, animal and human trials that the compound was revealed
to the rest of the world. Since then, a number of derivatives of artemisinin have
been synthesised, including dihydroartemisinin (DHA) and its derivatives,
artemether, artemotil and artesunate.

The compound has a stable, 15-carbon peroxide structure (see figure 1.3).

CHs
..\\O
HaC”\ 2}
O O“'
O
CH3
R

1.LR:=0
2.R: = BO-CH;
3. R: = BO- C,H;s

4.R: = aCO(CH,),CO0

Figure 1.3. Chemical structures of artemisinin and its derivatives. 1, artemisinin;

2, artemether; 3, artemotil (arteether); 4, artesunate.



Artemisinins are toxic to the asexual and sexual stages of parasite development
(ter Kuile et al, 1993) and although the details of the mechanism of action are
unknown, it is thought to act by the formation of free radicals (Krungkrai and
Yuthavong, 1987). This broad specificity and potency makes it possible to kill
most sensitive parasites with a single administration and, furthermore, this class of
drugs has the potential to reduce transmission of the parasite through its ability to
inhibit the formation of gametocytes (Price ef al, 1996). Eckstein-Ludwig et al
(2003) showed that artemisinins effect antiplasmodial activity by inhibiting the
SERCA (sarcoendoplasmic reticulum calcium adenosine triphosphatase) enzyme,

PfATP6.

These drugs have short half-lives and so are administered in combinations to
reduce the probability of the development of a mutant resistant to the co-drug
(White, 2008), e.g. artesunate-pyronaridine, artesunate-mefloquine, artesunate-
amodiaquine and artemether-lumefantrine. At present, the artemisinins are our last
resort for the treatment of malaria. A major obstacle in delivering these drugs to
vulnerable populations is the cost involved in the synthesis of artemisinin
derivatives. Recently, the Artemisinin Project was initiated (Hale et al, 2007),
aiming to reduce these costs by producing semi-synthetic derivatives using a

fermentation process.

1.4 The PRT family of proteins

The phosphoribosyltransferase family of proteins consists of enzymes of the
nucleotide biosynthetic and salvage pathways. The proteins are found in various
organisms and differ mainly with regard to substrate specificity. To date, more
than 40 crystal structures of PRTs have been solved. Figure 1.4 shows the PRT
fold in a crystal structure of HGPRT from Tryparosoma cruzi. The common core
is shaded in green and consists of a parallel 3 sheet situated between o helices. A
hood domain is formed by residues of the N terminus together with a larger

section at the C-terminus.









1.4.1 HGPRT structure and catalytic mechanism

HGPRTs catalyse the conversion of purine bases (hypoxanthine, guanine and
xanthine) and phosphoribosyl pyrophosphate (PRPP) into the respective
mononucleotides and pyrophosphate (see figure 1.6).

Kinetic studies of HGPRT were initially conducted using mainly the human
homologue. Henderson et al (1968) showed that the forward reaction catalysed by
human HGPRT is ordered and involves the formation of ternary complexes of the
enzyme, with PRPP binding first (Henderson et al, 1968, Giacomello and Salerno,
1978) followed by hypoxanthine (Xu et al, 1997). Subsequent product release was

shown to be ordered, i.e. PP; is released first followed by the nucleotide.

O

{
T O —0
H 0

O
-0
i) H H O— POy + }\jj\)J\NH
i om A
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{PRPP) {HX)

HMQﬁ

ETN: e,
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H

4
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Pyrophosphate

Figure 1.6. Reaction catalysed by HGXPRT. Here, hypoxanthine (purine base) is converted to
its related 6-oxopurine mononucleotide, inosine 5 -monophosphate (IMP). Product formation

occurs by linkage of the base to the ribose ring of PRPP with concomitant release of PPi.
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have been found to protect against damage by ultraviolet radiation (Rao and
Ormrod, 1995), microbial invasion (Grayer and Harborne, 1994; Grayer ef al,
1992), and guard against being devoured by herbivores (for review see Harborne
and Williams, 2000).

Humans consume significant quantities of various flavonoids in their diet and
reportedly, these secondary plant metabolites exhibit anti-inflammatory (Wang
et al, 1999b), antioxidant (Tournaire ef al, 1993; Miyase et al, 1999a; Miyase
et al,1999b), and antitumor activity (Alias et al, 1995; Saeki ef al, 2000, Achanta
et al, 2006).

HO\?:{IO; ﬂ
30 O

Chalcones Flavones

OH

LOH
HO HO I o ‘
HO HO O
Flavonols Flavanones
OH
Ho
e O :
O =
OH
e
HO HO O o
Anthocyanins Isoflavonoids

Figure 1.11. Classification of the flavenoids,
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1.5.1 Interaction of chalcones with PFHGXPRT

Previous work in our laboratory involved the screening of a library of 38
flavonoids for inhibition of PAHGXPRT activity. None of the compounds
displayed inhibitory effects under the assay conditions in Mg®". However, a
chalcone (4'-iodo-2",4",6 -trihydroxychalcone, figure 1.12) was found to
accelerate catalytic turnover approximately 5-fold (Phehane, 2002). Interestingly,

the chalcone had no effects on the human and Toxoplasma gondii homologues.

HO CH {
L
OH O

Figure 1.12. Chemical structure of 4'-iode-2",4",6 ,-trihydroxychalcone (4'-iodo-chalcone).

Further work in the laboratory showed that, when substituting Mg:z)r with Ca®" in
the activity assay of PAHGXPRT, the chalcone became a potent inhibitor of
enzyme activity (Mbewe, 2005). The inhibition was non-competitive with respect

to PRPP, suggesting the inhibitor binds to an allosteric site.

Nine analogues of the chalcone were synthesised and two of these were also
shown to accelerate catalytic turnover of the PAHGXPRT in the presence of Mg®*
and inhibit activity in the presence of Ca>* (Mbewe, 2005).

In a further development, 4 -iodo-chalcone could replace partial substrates in
converting the isolated inactive protein into the active form (Mbewe, 2007).
While PRPP needs hypoxanthine or Mg”" to effect the conversion, chalcone alone

was able to perform this.
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Thus, this group of chalcones displayed remarkable and unique effects
specifically on PAHGXPRT: converting the purified enzyme from an inactive to
active form, accelerating catalytic activity in Mg?*, and becoming potent
inhibitors in Ca®". This is the first time an accelerator of catalytic activity has

been found for any of the proteins in the PRT family as far as we are aware.

The mechanisms of these effects are unknown, but one possibility that we
explored was whether the chalcones influenced the quarternary state of the
protein, perhaps stabilizing the active tetrametic form, which is prevalent at low
salt concentrations. This necessitated the development of a method for assaying

the quarternary state and first investigating the salt concentration effect.

It is hoped that knowledge of the interaction of the chalcones with PAHGXPRT

would reveal an effector site for drug targeting.

1.6 Aims of the study

The first objective of the project was to prepare highly purified, active
PHGXPRT following the procedure developed by Phehane (2002) using a pET
vector with his-tag facility, expression in E. coli, and purification by Ni-affinity

chromatography.

We hoped to use gel filtration HPLC to analyse the oligomeric state of
PHGXPRT and analyse the tetramer «» dimer equilibrium at various salt
concentrations, and explore the effects of MgCl, and CaCly. A basic
understanding of the inherent instability of PAHGXPRT could provide insights

into the diverse effects of chalcone binding.

Next, the usefulness of a photoprobe, TNP-8N3-ATP, in labelling of the active
site of PAHGXPRT would be determined. A probe that specifically derivatised the
active site would be very useful for providing additional information on the site of

binding of effector chalcones, i.e. do they compete with the active site probe.
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Finally, we wanted to explore the possibility of using Isothermal Titration
Calorimetry (ITC) to directly measure chalcone binding to PAHGXPRT. ITC
potentially can provide binding affinities (K4 values) and binding stoichiometry,
as well as yielding the thermodynamic parameters like change in free energy,
change in enthalpy, and change in entropy, which provide insights into the nature

of the binding.

For the purposes of this study, the following definitions pertain to PAHGXPRT:

Isolated PAHGXPRT refers to protein obtained after purification and dialysis

which is inactive but capable of being activated.

Active PAHGXPRT refers to protein activated by overnight incubation at 0°C with

partial substrates, which displays catalytic activity in the standard assay.

Inactive PAHGXPRT refers to protein which is incapable of being activated.
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CHAPTER 2: Materials and Methods

2.1 Materials

Reagents, and suppliers, used in this study are listed below.

Reagent

Acrylamide

Amicon® stirred ultrafiltration cell (Model 8010)

Ampicillin

AMPS

p-mercaptoethanol

Bio-Rad reagent
Bromophenol blue
DNase I

DE-52 resin
DMSO

DTT

E. coli BL21(DE3)pLysS cells
EDTA

EGTA

EPPS

Glycerol

Guanine
Hypoxanthine
Imidazole

IPTG

KCl

MES
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Supplier

Bio-Rad
Millipore
Boehringer-
Mannheim
Bio-Rad
Riedel-De Haen AG
Seelze-Hannover
Bio-Rad
Sigma
Roche
Whatman
Merck
Sigma
Novagen
BDH
Sigma
Sigma
Merck
Aldrich
Sigma
Fluka
Merck
Merck

Sigma



MgCl,
MgSOy
MOPS
MS Phosphor Screens
MW-GF-200 Kit
Na(l
NaH,PO4H,0
Na;HPO42H,0
NaN3
NaPP;
Ni-CAM™HC Resin
32p (10 mCi)

- PMSF

Precision Plus Protein™ Standards

PRPP

Reactive Red-120 resin
Sephadexm G-25

SDS

SDS-PAGE Molecular Weight Standards (Low Range)

TMAH
Tris
Tryptone powder

Yeast Extract

Merck
Merck
Sigma
Perkin Elmer™
Sigma
Merck
Merck
Merck
Unilab
Sigma
Sigma
Amersham
Sigma
Bio-Rad
Sigma
Sigma
Amersham
Bio-Rad
Bio-Rad
Fluka
Merck
Merck
Merck



2.2 Methods

For the purposes of this study, P/HGXPRT was expressed from two vectors, i.e.
pET15b and pET17b. The different vectors provide proteins with distinct
purification requirements. Expression from pET17b yields PAHGXPRT which is
purified by ion-exchange and dye-ligand affinity chromatography (in tandem)
whilst expression from pET15b provides a his-tagged protein which is purified by
nickel-affinity chromatography.

2.2.1 Methods in transformation, expression, purification and activation of

his-tagged PAHGXPRT

Malarial HGXPRT cloned into the expression vector pET15b was a gift from Drs
D. Borhani and G. Vasanthakumar, Southern Research Institute, Birmingham,
Alabama. PAHGXPRT/pET15b was transformed into E. coli BL21(DE3)pLysS
cells and expression was induced with IPTG. The protein was purified by nickel

affinity chromatography.

Transformation of PAHGXPRT

Cloning of the gene for malarial HGXPRT into pET15b (with his-tag facility) was
performed in our laboratory by V.N. Phehane (2002). Plasmid extracts stored at -
20°C were used to transform the expression strain, E. coli BL(21)DE3pLysS. A
100ul aliquot of competent E. coli BL21(DE3)pLysS cells was thawed on ice and
10 ng of PAHGXPRT/pET15b was added. Cells were incubated on ice for 30 min,
heat-shocked at 42°C for 50 s and then incubated on ice for a further 2 min. An
aliquot (900 ul) of sterile SOC medium (2% w/v tryptone, 0.5% w/v yeast extract,
8.6 mM NaCl, 2.5 mM KCl and 20 mM MgSO,) was added, followed by
incubation at 37°C and rotating at 200 rpm for 1 h.

Cells were then cultured on Luria plates containing 100 pg/ml ampicillin and
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34 pg/ml chloramphenicol. Selected colonies were cultured in LB medium
supplemented with ampicillin (100 pg/ml), chloramphenicol (34 pg/ml) and 10
mM sodium phosphate at 37°C overnight until an ODgp 0.4 — 0.6 was attained.

Glycerol stocks of the cultures were stored at -81°C.

Expression of his-tagged PAHGXPRT

The glycerol stocks were cultivated on a larger scale in a litre of LB medium
supplemented with antibiotics and sodium phosphate as described above. Protein
expression was induced with 0.4 mM IPTG at 37°C in an orbital shaker at 200
rpm and expression was monitored by taking 1 ml aliquots before and after
induction. Based on the findings of Studier (2005), it was later decided to induce
protein expression at 25°C. The aliquots were centrifuged at 9000 rpm for 5 min
and cell pellets were resuspended in water and mixed with an equal volume of 2x
SDS-PAGE solubilisation buffer (125 mM Tris-Cl, pH 6.8, 10% v/v glycerol, 4%
w/v SDS, 300 mM B-mercaptoethanol, 0.1 mg bromophenol blue). The samples
were thoroughly mixed by vortexing, heated at 95°C for 5 min and a 20ul aliquot
of each sample was loaded onto a 14% polyacrylamide gel for analysis according
to the method of Laemmli (1970). Initially, low levels of expression were
encountered and it was decided to induce at room temperature (see Results).
Cells were collected by centrifugation at 8 000 rpm for 10 min at 4°C. Cell pellets
were washed with sterile 1X PBS and stored at -81°C overnight.

Purification by nickel-affinity chromatography

First described in 1975 (Porath et al, 1975), metal-affinity chromatography is used
for purification of peptides, nucleic acids and proteins (Lindner et a/, 1992) and is
also useful for the separation of cells.

In nickel-affinity chromatography, proteins containing a histidine tail bind

immobilised nickel ions (electron acceptor) via the imidazole group (electron
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donor) on the side chain. Bound proteins may then be eluted competitively by

using another electron-donating group (Winzerling et al, 1992).

Cell pellets were thawed on ice and resuspended in filtered, ice-cold 5 mM
imidazole, 20 mM Tris-Cl, pH 7.9, 500 mM NaCl, 1 mM PMSF, and incubated on
ice for 1 h. Resuspended cells were then frozen in liquid nitrogen and thawed in
water at room temperature. This freeze-thaw process was repeated twice. MgCl,
(10 mM) and DNasel (20 ug/ml) were added, followed by incubation at room
temperature for 20 min. The lysate was centrifuged at 21 000 rpm for 20 min at
4°C and the supernatant was filtered (0.45 pm filter, Millex™) before loading onto

the nickel affinity resin column. Further purification was conducted at 4°C.

The column was equilibrated with 5 mM imidazole, 20 mM Tris-Cl, pH 7.9,
500 mM NaCl, 1 mM PMSF and washed with equilibration buffer followed by
equilibration buffer containing 30 mM imidazole. Attempts to obtain increasingly
pure protein included variation in the concentration of imidazole in the column
wash buffer (see Results). In the final purification step, the target protein was
eluted in equilibration buffer containing 1 M imidazole. The eluate was then
passed through a SephadexTM G-25 column equilibrated with 25 mM Tris-Cl, pH
8.0, 1 mM DTT, 1 mM PMSF in order to remove imidazole. The protein was
eluted with 3.5 ml of equilibration buffer. Fractions were collected at various
stages during the purification and analysed on 14% SDS-PAGE according to the
method of Laemmli (1970)’.

Protein concentration determination

Protein concentration was determined using the Bio-Rad ® protein determination

assay according to the manufacturer’s instructions.

? For the duration of the study, 20 pl aliquots of all samples taken during expression and
purification experiments were used for analysis by SDS-PAGE.
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Activation

It has previously been shown that PAHGXPRT was inactive as isolated and
required incubation with substrates to obtain measurable activity (Keough ef a/,
1999). This was achieved by the addition of | mM PRPP and 10 mM MgCl, or
ImM PRPP and 60 uM hypoxanthine, followed by incubation at 4°C on ice for 16
h. Initial experiments included glycerol and EDTA in the incubation mixture.
Standard enzyme activity assays were performed as described by Keough ez al
(1987) using an Agilent 8453 Chemstation spectrophotometer. The assays were
conducted at room temperature in 100 mM Tris-Cl, pH 8.5, 110 mM MgCl,, 60
1M purine base and 1 mM PRPP. The reaction was initiated by the addition of an
aliquot of purified enzyme (generally 5-20 pg/ml). The increase in absorbance for
conversion of guanine to its nucleotide (GMP) was measured at 257.5 nm. The
difference extinction coefficient at pH 8.5 is 5 817 for guanine and the initial rate

was automatically calculated over 15s by the instrument.

2.2.2 Methods in expression, purification and activation of PAHGXPRT

without a his-tag

Mbewe (2005) had cloned the gene for malarial HGPRT, obtained as a his-tagged
insert in pET15b, into pET17b (without his-tag). Competent £. coli
BL21(DE3)pLysS cells were transformed with recombinant pET17b and glycerol

stocks of the transformed cells were used in the present study.

Protein expression
E. coli BL21(DE3)pLysS cells containing the recombinant pET17b vector were

cultivated in LB medium supplemented with ampicillin (100 pg/ml),
chloramphenicol (34 pg/ml) and 10 mM sodium phosphate at 37°C overnight until
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an ODgg 0.4 — 0.6 was attained. Recombinant protein expression was then
induced by the addition of 0.4 mM IPTG. Expression was monitored by taking 1
ml aliquots before and after induction and aliquots were analysed by SDS-PAGE
according to the method of Laemmli (1970) as described above. Cells were
collected by centrifugation at 8 000 rpm for 10 min at 4 °C and cell pellets were
stored at -81°C overnight.

HGXPRT Purification

Malarial HGXPRT was purified by anion-exchange chromatography (using
DEAE resin, figure 2.1) and Reactive Red-120 (figure 2.2, type 3000-CL in 0.5 M
NaCl, 0.02% thimerosal) affinity chromatography (Mbewe et al, 2007). The
malarial protein is peculiar as, unlike most proteins, it fails to bind to an anion
exchange resin (under the conditions used). Reactive Red-120 is commonly used
to purify nucleotide binding proteins. The two columns were used in tandem: the
flow-through of the anion-exchange resin was allowed to drip onto the reactive
red-120 column, the columns separated, and the protein of interest eluted with
sodium pyrophosphate. All purification procedures were performed at 4 °C. In
ion-exchange chromatography, proteins are separated from other components in a
solution by taking advantage of the fact that different proteins carry specific net
charges at different pH values (Doonan and Cutler, 2004; Marshall and Inglis,
1986; Scopes, 1994; Selkirk, 2004). Two types of ion-exchange chromatography
are distinguished: anion- and cation-exchange chromatography (Horton et al,
2002; Marshall and Inglis, 1986; Scopes, 1994; Selkirk, 2004; Voet and Voet,
1995). In anion-exchange chromatography, the column matrix carries a net
positive charge whilst in cation-exchange chromatography, the matrix bears a net
negative charge. Therefore, anion-exchangers bind negatively-charged proteins
and cation exchangers positively charged proteins (Horton et al, 2002; Voet and
Voet, 1995). Matrix-bound proteins may be eluted by an increasing salt gradient
(Horton et al, 2002; Marshall and Inglis, 1986; Selkirk, 2004; Voet and Voet,
1995) or by altering the pH. Those proteins with low affinity (low charge) would
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elute sooner than those with a high affinity (high charge) for the column (Horton
et al, 2002; Marshall and Inglis, 1986; Voet and Voet, 1995).

_ GH2CH3
—CH2-0-CH2-CH2-NH™*
N\ CH2CH3

Figure 2.1. Chemical structure of diethyl aminoethyl (DEAE).

The development of a technique for separation of proteins by affinity
chromatography was based on the knowledge that enzymes bind substrates and
inhibitors in a reversible manner (Cuatrecasas ef al, 1968), i.e. many proteins are
able to bind certain molecules in a noncovalent way. Purification by affinity
chromatography entails the passage of the protein of interest through a column
consisting of a porous gel matrix (preferably containing many hydroxyl groups) to
which a ligand has been covalently attached. Commonly used ligands include
antibodies specific for the target protein or molecules known to interact with the
protein in vivo. The latter could be any of a number of molecules, including other
proteins, cofactors, nucleotides and amino acids (Denizli and Piskin, 2001).

In this technique, a protein solution is passed through the column and, hopefully,
only the target protein binds to its immobilised ligand while other proteins flow
through the inert matrix (Cuatrecasas et a/, 1968, Horton et al, 2002; Voet and
Voet, 1995) and, therefore, the major advantage of affinity chromatography lies in
its ability to purify even a small amount of a target protein from a mixture of
proteins because of the high degree of specificity afforded by the ligand (Cutler,
2004). The ligand-bound protein may then be eluted by changing conditions, for
example by altering the pH, temperature or salt concentration of the elution buffer

(Denizli and Pigkin, 2001; Horton et al, 2002; Voet and Voet, 1995). These are
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in liquid nitrogen and thawed in water at room temperature. The viscous cell paste
was then treated with DNasel (20 pg/ml) in the presence of 10 mM MgCl, for 20
min at room temperature followed by centrifugation at 21 000 rpm for 20 min at
4°C to yield a crude pellet and supernatant.

Anion-exchange chromatography was performed using a column (5 x 3 cm)
equilibrated with buffer containing 750 mM Tris-Cl, pH 8.0, 1 mM DTT and 1
mM PMSF. The resin was then washed with 10 ml lysis buffer (50 mM Tris-Cl,
pH 8.0, 25 mM NaCl, 2 mM EDTA, 1 mM PMSF and 1| mM DTT) before loading
the supernatant. The reactive red-120 resin (3 x 2 cm) was washed with dH,O and
the anion-exchange column flow-through was allowed to pass through this
column. The target protein was eluted from the affinity resin in ~7 ml of 50 mM
NaPP;, 50 mM Tris-Cl, pH 8.9, 1 mM DTT and 1 mM PMSF. Fractions collected
during these steps were analysed on 14% SDS-PAGE according to the method of
Laemmli (1970).

Protein concentration determination

Protein concentration was determined using the Bio-Rad ® protein determination

assay according to the manufacturer’s instructions.

Activation of PAHGXPRT

As mentioned above, it has previously been shown that PAHGXPRT is inactive as
isolated and requires incubation with partial substrates to obtain measurable
activity. Following elution of PAHGXPRT from the Reactive Red-120 column,
protein-containing fractions were dialysed against 10 mM MOPS, pH 7.0,
overnight at 4°C. Aliquots of the dialysate were incubated with partial substrates
(i.e. either lacking Mg2+ or one of the substrates in order to prevent turnover). This
was achieved by the addition of 1 mM PRPP and 60 uM hypoxanthine followed
by incubation at 4°C on ice for 16 h.

Enzyme activity assays were performed as described above (Keough et al, 1987).
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2.2.3 Gel filtration chromatography

Gel filtration (also called size-exclusion) chromatography is used for the
partitioning (or fractionation) of molecules on the basis of their size. In addition to
the separation of molecules, size exclusion chromatography may also be used to
determine the molecular mass for a given molecule (Voet and Voet, 1995;
Waterfield, 1986). The matrix used in this type of chromatography consists of
beads with pores of different dimensions. When a solution of proteins of different
molecular masses is passed through such a column, the pores are differentially
penetrated by the proteins in the solution. Proteins too large to penetrate the pores
would flow through the column whereas smaller proteins would diffuse into the
pores of the resin. Those proteins able to enter the pores would have different
molecular masses, with the smallest of the proteins taking up most of the internal

space.

Gel filtration may be carried out under high pressure in a technique called high-
performance liquid chromatography (HPLC) by using equipment able to
withstand high pressures (Horton et al, 2002; Scopes, 1994; Waterfield, 1986), as
was performed in the present study. In order to calibrate the column used in this
technique, a mixture of proteins of known molecular weight (standard proteins) is
applied to the column. The volume excluded from the internal space of the pores
is called the void volume (V,) and this is usually measured by using a high-
molecular weight protein or dextran. The volume included within the internal
space of the resin is termed the total volume (V;), and is measured by the volume
required to elute the protein or compound with a low molecular mass. Any other
protein in the mixture would have a required retention volume (V) located
between the values of V,and V; (Cutler, 2004; Scopes, 1994; Voet and Voet,
1995; Waterfield, 1986).

In order to obtain a calibration (standard) curve, the values of V, for the standard
proteins are plotted against the logarithms of their molecular masses (figure 2.3),
respectively, yielding a linear relationship (Cutler, 2004; Scopes, 1994; Voet and
Voet, 1995; Waterfield, 1986).
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V,=Vp+ KV, where V,=retention volume of protein
Vo = void volume
K = partition coefficient
V; = included volume

Figure 2.3. Equation for determining the retention volume for a protein on gel filtration
HPLC. The void volume is the volume of the mobile phase between the beads of the stationary
phase. The partition coefficient reflects the extent to which a protein can penetrate the stationary
phase and the included volume is the volume of the mobile phase within the porous beads. The
retention volume of a protein allows for the calculation of its molecular mass from the calibration
curve constructed by plotting the logarithm of the molecular weights of the standards against their

respective retention volumes,

Gel filtration on HPLC is a technique normally used during the final stages of
protein purification, but also as a tool for the analysis of interactions between
proteins (oligomeric structure), and protein folding (Cutler, 2004; Scopes, 1994;
Voet and Voet, 1995; Waterfield, 1986).

The column used in the present study (TosoHaas TSKgel G3000SW,
7.5 mm % 30 cm) was calibrated using the MW-GF-200 Kit. Molecular weight
standards used are indicated in table 2.1. Blue Dextran was used as the void
volume marker (V,) whilst tyrosine was used as the included volume marker (V;).
The mixture of standard proteins was injected directly onto the HPLC column and
separated in 0.01 M MOPS.TMAH buffer, pH 7.0, and 20, 100, or 400 mM NaCl,
over 15 min. The flow rate was 1 ml/min. The elution profile obtained was used to

construct the calibration curve in figure 3.14.
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Table 2.1. Molecular weight standards used in TSKgel G3000SW calibration.

Standard Molecular weight (MW)

Blue Dextran (V) 2 000 000
Alcohol dehydrogenase 150 000
Albumin (Bovine serum) 67 000
Ovalbumin 44 000
Carbonic anhydrase 29 000
Cytochrome ¢ 11 700
Tyrosine (V) 185

It has been shown that the quarternary structure of PAHGXPRT is sensitive to
ionic strength (Keough et al, 1999) and in the present study gel filtration was used

to analyse protein oligomerisation under varying salt conditions.

Sodium, calcium and magnesium concentration dependences were analysed at the

various concentrations shown in Table 2.2.

Table 2.2. Ionic strengths used in PAHGXPRT oligomerisation analysis by gel filtration HPLC.

Salt Concentration (mM)
NaCl 20-400
CaCl, 0.2-100
MgCl, 0.2-100

For analysis, 30 ul aliquots of the protein (1.3 mg/ml) were injected onto the
column. The mobile phase was 10 mM MOPS-TMAH, pH 7.0, containing the

various salts at the concentrations indicated in Table 2.2.

The effects of protein dilution as well as preincubation of PAHGXPRT in 1 M

NaCl at room temperature were also analysed. An aliquot of the protein was

34




diluted ten-fold with running buffer and injected onto the column in running

buffer containing either 20 or 50 mM NaCl.

The effect of enzyme activation was determined by incubation with the
substrates hypoxanthine (60 uM) and PRPP (1 mM) at 4°C on ice for 16 h. An
aliquot of the active enzyme was injected onto the HPLC column in running
buffer containing 20 to 100 mM NaCl.

2.2.4 Photolabelling

Photoaffinity labelling is a technique which allows the covalent derivatisation of a
protein by a ligand through the use of a light-sensitive moiety attached to the
ligand (Singh et al, 1962). Irradiation of the protein-ligand complex converts the
ligand into a highly reactive carbene or nitrene which immediately reacts with
nucleophiles like tyrosine or lysine side chains in its proximity (Mclntosh ez al,
1996, reviewed in Kotzyba-Hibert et al, 1995 and Dorman and Prestwich, 2000).
If the light-sensitive ligand is radiolabeled, the extent of derivatisation can be
measured by scintillation counting or radioimaging of gels. The binding of other
ligands, for example substrates, can be conveniently measured through their
competitive effect on the photolabeling, if they bind to the same site.

8-Ns3 nucleotides have been extensively used to derivatise proteins with
nucleotide-binding sites. TNP derivatives of nucleotides were developed as
fluorescent probes of nucleotide binding sites. The TNP moiety often makes the
nucleotide bind very much tighter than for example ATP itself. TNP-8N3;-ATP
(figure 2.4) was first synthesised in our laboratory as a tight-binding, light-
sensitive, fluorescent probe of ATP binding sites (Seebregts and McIntosh, 1989).
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Ultimately, once it is established that the photoprobe labels the active site, we
would like to study the effect of introducing 4’-iodo-chalcone, and determining

whether it binds at the active site (competitive) or elsewhere (allosteric site).

2.2.4.1 Synthesis of [y-’P]JTNP-8N3;-ATP and photolabelling methodology

[v-*P]TNP-8N;-ATP was synthesised in our laboratory according to methods
previously described by Seebregts and McIntosh (1989) and McIntosh et al
{1996). The probe is routinely synthesised in our laboratory for measuring ATP
binding to mutants of sarcoplasmic reticulum Ca**-ATPase. Very briefly, the
synthesis consists of enzymatically introducing [*°P]P; into 8-azido-ATP, then

introducing the TNP moiety by reaction with trinitrobenzenesulphonic acid.

The methodology for photolabelling is described in Seebregts and McIntosh
(1989). The irradiation mixture, containing the photolabel and protein, was
prepared in a volume of 75 pl. The mixtures were irradiated at room temperature
in a quartz micro cuvette, between two toluene filters (only light above 290 nm
allowed through), and approximately 8 cm from a 150 W Xenon lamp (Applied
Photophysics) with a front facing reflector located behind the cuvette. The filters
were produced by filling two standard quartz cuvettes (1 cm path length) with
toluene. Irradiation time was 1.5 min. Following irradiation, cuvettes containing
the samples were kept on ice. Samples were transferred to 1.5 ml Eppendorf tubes
and 8 pl solubilisation buffer (1.2 % SDS, 3.6 % B-mercaptoethanol and |
bromophenol blue) was then added. The samples were analysed by 7% (Ca**-
ATPase) or 12% (PHGXPRT) acrylamide SDS-PAGE gels, according to the
method of Laemmli (1970). The gels were run for 3-4 h at 45 mA and were then

dried by heating and vacuum.

Reference spots of known volume and [y->*P]TNP-8N3-ATP concentration were
placed alongside the bands on the gel, i.e. spots contained 1 pl of 10 pM
[v-*P]TNP-8N;-ATP, in order to quantify the extent of derivatisation (see below).

The dried gel was then placed on a MS Phosphor Screen in a film cassette, within
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a lead-lined box, for approximately 24 h. Storage in a lead-lined box protects the
gel from background cosmic radiation which otherwise produces interference on
the phosphor screen after extended periods. Subsequently, the screen was scanned
ona CycloneTM Storage Phosphor Screen (Packard Bioscience) to measure

radioactivity. Visible bands were quantified using OptiQuant software.

MW of Ca*" -ATPase = 110000 g/mol >> 0.11 mg/nmol = 9 nmol/mg
Assume 5 nmol/mg if ATPase consists of ~70% of total protein
[Protein]: 0.002 g/ml = 10 nM = 0.01 nmol/ml

0.05 ml onto gel .. 0.01 x 0.05 = 0.0005 nmol protein loaded onto gel

a dluin gel band
b dluin mean background
¢ dluin 1yl spot (mean of 3) (54580 for this expt)

1ul 1 uM [y-*P]TNP-8N3-ATP = 0.001 nmol

¢ dlu/0.001 nmol TNP-8N3-ATP

~. ©x 1000 dlu / nmol TNP-8N3;-ATP

nmol probe in gel band = (a — b) / ¢ x 1000 nmol

mol probe bound / mol protein = (a —b) /(¢ x 1000 x 0.0005) mol / mol

e.g. for 3 uM TNP >> (1297 — 212) / 54580 x 1000 x 0.0005) mol / mol
= (0.040 mol TNP-8N3-ATP / mol ATPase

Figure 2.5. Calculation of the moles of probe bound per mole of protein using SR Ca®*'-

ATPase as an example

2.2.4.2 Photolabelling of sarcoplasmic reticulum Ca’*-ATPase and ATP

inhibition

TNP-8N;-ATP and the radiolabelled derivative, ['y-3 2P]TNP—8N3-ATP, has been
used extensively to characterise nucleotide interactions with Ca*'-ATPase in our
laboratory. The probe specifically derivatises Lys*** in the ATP binding site with
high efficiency (Mclntosh ef al 1992) and is a useful model system for
demonstrating the usefulness of the technique and for comparing to the results

obtained with those for PAHGXPRT.
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Ca”"-ATPase in sarcoplasmic reticulum vesicles was obtained from rabbit skeletal
muscle and is prepared routinely in our laboratory according to the method of
Champeil ef al (1985) as modified by Mclntosh ef al (1992). Very briefly, rabbit
back skeletal muscle is homogenised and the microsomal fraction isolated by
differential centrifugation. The preparation is finally resuspended in S mM
HEPES/0.3 M sucrose, pH 7.4 and stored at -81 °C.

The concentration dependence of derivastisation by [y->>P]JTNP-8N3-ATP was
performed in 25 mM EPPS-TMAH, pH 8.5, 2 mM EDTA, 20% (v/v) glycerol,
0.002 mg/ml SR ATPase, and 0.001 to 10 uM [y->*P]TNP-8N3-ATP. ATP
inhibition of the photolabelling was in 25 mM EPPS-TMAH, pH 8.5, 2 mM
EDTA, 20% (v/v) glycerol, 0.002 mg/ml SR ATPase, 0.3 pM [y->*P]TNP-8N;-
ATP and 0-3 mM ATP.

The moles of [y-*P]TNP-8N3-ATP bound per mole of SR Ca>*-ATPase was

calculated as illustrated in figure 2.5

The photolabelling technique allows determination of Ky for ATP binding. In
order to achieve this the Ky 5 for [7-3 2P]TNP-8N3-ATP derivatisation needs to be
obtained. A certain photoprobe concentration is then used (we generally use 2-3 x
Ko s, as this means that the majority (60-75%) of the protein is derivatised) and the
Ky 5 for ATP inhibition is obtained, and then these values are used to derive a true

K4 for ATP binding.

The equations needed for fitting the curves and calculation of the true Ky are

described in Mclntosh ef al (1996), and are as follows:
After quantification of the radioactivity using OptiQuant software, the
[y-°P]TNP-8N;-ATP concentration dependence data were fitted using the

following equation:

Y= Vmax'[S]/(K(),s("mp) +[SP+me 8] Eq.2.1
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Where Y = relative dlu, Yomax = relative maximal dlu, [$] = ligand concentration
and Ky scrnp) = the concentration of the photolabel at which half-maximal

derivatisation occurs.

The ATP concentration dependence data of inhibition of [y-">P]TNP-8N;-ATP
photolabelling was fitted using the equation

Y = [E] K(),s(ATp)/ {Ko,s(A'[‘p) + [ATP]} ....................... Eq.2.2

where Y= mol probe/mol enzyme, [E] = concentration of enzyme and Ko siatp) =

concentration of ATP at half-maximal inhibition.

Using Eq. 2.2, the Ky s;atp) was calculated. Substituting this value into the

equation

Kd(ATp)= KO.S(ATP)/{l + ([TNP-8N;3-ATP)/ K(),s('mp))} ........... Eq. 2.3

provided the “true” dissociation constant for ATP binding.

2.2.4.3 Photolabelling of PAHGXPRT

Photolabelling of the malarial enzyme was performed in media and at protein

concentrations described in the figure legends in the Results section.
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2.2.5 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is used to characterise binding interactions
as well as the kinetics of enzyme-catalysed reactions. Chemical reactions are
accompanied by changes in heat and this is directly related to the rate at which a
reaction occurs. In protein science, thermodynamic parameters provide useful

information pertaining to protein structure and function.

In a typical experiment, the heat produced or taken up during a reaction between
two components may be measured by the stepwise addition of one reactant (in the
syringe) to the other (in the cell, see figure 2.7). These reactions include protein-
protein (Chung ef al, 1999), protein-ligand (Singh and Kishore, 2008), DNA-
protein (Chen et al, 2008), protein-carbohydrate (Gopalakrishnapai ez al, 2006) as
well antigen-antibody binding (Raman et al, 1995). ITC data may be used to
determine binding constants (Kg), stoichiometry (n) and the thermodynamic
parameters enthalpy (AH), entropy (AS), and free energy (AG) provided the initial
concentrations of the reactants are known (reviewed in Ladbury and Chowdry,
1996).

Each ITC experiment needs careful planning so that the change in heat is
measurable for each injection and, secondly, the change should vary for
successive injections in order to produce a curved thermogram (see figure 2.7).
The curvature of the thermogram is dependent on the concentrations of the
macromolecule and ligand and the equilibrium constant (K.,). A useful reference
source for experimental design and data analysis can be found in Freyer and
Lewis (2008).
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Three types of experiments were performed, namely, a model experiment
involving titration of CaCl, into a solution of EDTA, measurement of the heat
evolved from a dilution of DMSO in water, and thirdly titration of 4 -iodo-
chalcone into a solution of PAHGXPRT. The second was necessarily because the
stock concentrated solutions of the chalcone had to be made up in neat DMSO. In
order to minimise the DMSO effect, the solubility of the chalcone at different pH

values was determined (see later).

The conditions used for each experiment are provided in the legends to the
figures in the Results section. In general though, for the protein titration, the
experiments were conducted at alkaline pH, 6-36 UM isolated or activated
PHGXPRT, MgCl; or CaCl,, without or with PRPP and hypoxanthine, and either
10% DMSO in both cell and syringe or 0.1% DMSO in the syringe only (later

experiments). The concentration of chalcone in the syringe was also varied.

ORIGIN™ software purchased with the calorimeter was used to calculate the

thermodynamic data.

The general equation used to obtain the change in enthalpy (AH) and binding
constant (K;,) from the heat produced or taken up for a simple single

site/macromolecule situation is as follows:

Q = VoAH[MIKAILY Ka[Llvreveeeeeeeeeeeeeeeeneene e Eq. 1.1

Where Q is the heat evolved or taken up on addition of ligand
V, is the corrected cell volume
[M], is the concentration of macromolecule in the cell

[L] is the concentration of the ligand in the cell on each injection

The change in free energy (AG) is obtained from AG = -RTLnK,
and the change in entropy (AS) is obtained from AH= AG-TAS

43


















The desalted preparation was then subjected to activation by overnight incubation
with MgPRPP, and analysed for activity by our standard procedure (adapted from
Keough et al (1999)) and found specific activity of 2.86 pmol GMP/min/mg.
Other preparations yielded activities of between 2 and 3 pmol GMP/min/mg.
These activities were very encouraging and close to the levels obtained by Keough

et al (1999), and our laboratory previously (Phehane, 2002).

Unfortunately, freezing the enzyme preparations and subsequent thawing always
caused the protein to precipitate. We also discovered that even the freshly
prepared enzyme without freezing failed to elute from a HPLC gel filtration
column (which we wanted to use for separating the quarternary forms of the
enzyme). Finally, we found that the his-tagged protein was exceptionally well
photolabeled by our photoprobe, TNP-8N3;-ATP, and suspected that this was
because the histidines were being labelled. We were thus forced to abandon the
his-tagged protein and to consider expressing and purifying the non-his tagged

form.

3.2 Expression, Purification and Activation of PAHGXPRT without a his-tag

3.2.1 Expression and Purification of P/AHGXPRT from pET17b

Cultures of £. coli (1 L) transformed with non his-tagged PAHGXPRT (from

glycerol stocks made previously) were induced with IPTG and analysed by SDS-
PAGE (figure 3.7). A very large band of induced protein was evident.
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3.3 Gel filtration chromatography

3.3.1 Calibration of TosoHaas TSKgel G3000SW column

HPLC gel filtration was used to investigate the oligomerisation of PAHGXPRT
under various conditions, but mainly exploring the salt dependence. The
TosoHaas TSK.gel G3000SW column was calibrated using the molecular weight
standards shown in table 2 in a buffer containing 10 mM MOPS-TMAH, pH 7.0,
and either 20, 100 or 400 mM NaCl. The separation profiles obtained are shown in

figure 3.13.
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Figure 3.13. Calibration of TosoHaas TSKgel G30008SW gel filtration HPLC column:
Profiles of standards at different NaCl concentrations. A mixture of standards was injected
onto the column at time zero in 10 mM MOPS-TMAH, pH 7.0, containing 20 (top panel), 100
{middle panel) or 400 mM NaCl. The flow rate was 1 ml/min. Peaks: 1: Dextran Blue

(2x 10° Da), 2: Alcohol dehydrogenase (150 000 Da), 3: Bovine serum albumin (67 000 Da),
4: Ovalbumin (44 000 Da), 5: Carbonic anhydrase (29 000 Da), 6: Cytochrome ¢ (11 700 Da),
7: Tyrosine (185 Da)

It is apparent that the elution profile is highly sensitive to the ionic strength of the
buffer, and some of the standard proteins must be interacting with the column
resin. For example, the elution time of cytochrome c is very different at 100 and
400 mM NaCl, and completely fails to elute at 20 mM, and therefore must be
binding to the resin at low salt. Ovalbumin (figure 3.13, 4) behaves in an opposite

manner, at low salt it elutes earlier, apparently repelled by the resin.

The retention volumes (V;) for molecular weight standards were calculated
according to the equation in figure 2.3. The logarithm of the molecular mass of a
standard protein was then plotted against its retention volume in the calibration

curve shown in figure 3.14.
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3.3.4 PAHGXPRT dilution

The equilibrium between association and dissociation of subunits of an oligomeric
protein is necessarily protein concentration dependent. The effect of a 10-fold
dilution of PAHGXPRT on the equilibrium is shown in figure 3.19. In these
experiments, the oligomeric status was determined initially at low salt (20 mM
NaCl) and the undiluted sample showed the expected predominance of the earlier
(larger) form. Dilution appeared to have no effect. Further dilutions were beyond
the limit of detection by the HPLC. We also checked to see if the salt dependence
had been altered by the protein dilution, and the diluted protein was run in 50 mM
NaCl. As can be seen in figure 3.19 (right hand side), approximately equal
amounts of each form was obtained similar to what had been found before in the
NaCl concentration dependence experiments with undiluted protein (see figure
3.15). Because we were at the limits of detection, the experiment was repeated
where a larger aliquot was injected, but with a similar result (figure 3.19, lower

right hand side). We conclude that the association between subunits is very tight.
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3.4 Photolabelling

A model binding reaction, the photolabelling of sarcoplasmic reticulum Ca®*-
ATPase with [y->>P]TNP-8N3-ATP, was performed to demonstrate the usefulness
of this technique in studying proteins with nucleotide-binding sites. The effect of
mutagenesis of specific SR Ca**-ATPase amino acid residues on ATP binding has
been studied extensively in our laboratory (Seebregts and McIntosh, 1989;
Mclntosh et al, 1996) using photolabelling with the N3-nucleotide. In such
experiments, the concentration dependence of labelling of the Ca>*-ATPase is first
performed with [y->2P]TNP-8N;-ATP and subsequently the ATP concentration
dependence of inhibition at a fixed photoprobe concentration is performed. The
results we obtained in a medium containing EDTA at pH 8.5 are shown in figure
3.21 and 3.22). Increasing the concentration of [7-32P]TNP-8N3-ATP increased
the extent of derivatisation in the range 0-2 pM and thereafter it reached a
maximum (panel A). A fit of the data yielded a Ko s¢rnpy = 0.16 UM, indicating
very tight binding. The extent of derivatisation reached 0.04 mol probe/ mol
Ca’*-ATPase.

64









We then attempted to ascertain whether PAHGXPRT could be photolabelled by [y-
32PITNP-8N;-ATP and whether it could be used as a probe of the active site,
specifically with the view of using it to determine whether 4"-iodo-chalcone

bound at the active site or elsewhere.

In preliminary experiments, the pH dependence of the reaction of isolated and
active PAHGXPRT with [y->2P]TNP-8N3;-ATP was examined at pH 6.0, 7.0 and
8.0in EDTA (A), CaCl; (B) and MgCl; (C) (figure 3.23). The protein was
derivatised under all conditions, but differences in the extent of photolabelling and
in the concentration dependences were apparent. For example, focusing on the
EDTA results (A), the affinity for the photoprobe seems higher at pH 6.0 for the
isolated protein, whereas there appears to be a higher affinity at pH 8.0 in the case
of active enzyme. There is no dramatic difference between the different divalent
cation conditions (between A, B and C), but perhaps the labelling is a bit better in
EDTA.
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Photolabelling was examined in more detail in EDTA at pH 6.0 (figure 3.24) and
pH 8.0 (figure 3.25). An extended concentration dependence revealed that
photolabelling of the isolated protein at both pHs resolved into two components, a
specific tight phase and a nonspecific linear phase, whereas with the active protein
the data was best fitted to a simple single component hyperbolic equation. Thus it
appears that there was tighter binding (1.24 and 1.12 uM at pH 6.0 and 8.0
respectively, compared with 12.4 and 6.05 uM at pH 6.0 and 8.0 respectively) to
the isolated protein compared with the active species but more nonspecific

labelling (linear component) in the former compared with the active form.

The effect of including 1 mM PRPP was examined at 3 uM [y-*P]TNP-8N;-
ATP, and only at pH 8.0 using the active enzyme did it appear that the
photolabelling was less (40% less, compare lanes 6 and 12 right hand side, figure
3.25).
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3.5 Isothermal Titration Calorimetry

We attempted to measure the binding of 4’-iodo-chalcone to PAHGXPRT using
ITC microcalorimetry. But first the instrument and our technique was checked

using a model binding reaction.

The titration of EDTA with CaCl, was performed as the model experiment and
the results are shown in figure 3.26. The thermodynamic parameters obtained are
in the legend to the figure. The titration shows a classical exothermic reaction
with the amounts of heat produced starting at large values, diminishing midway,
and decreasing at the end on saturation. The K,, n, AH, and AS are close to those
provided by the manufacturers under these conditions, indicating that the

instrument is performing optimally.
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Figure 3.26. ITC data for titration of EDTA with CaCl;: a2 model exothermic reaction.
EDTA, 0.5 mM, in 10 mM MES-TMAH, pH 5.6 (cell) was titrated with 5 mM CaCl, in the same
buffer (syringe). The first injection was 0.5 (Ul and the subsequent ones 2 gl.  The heats produced
(ucal/sy for each injection and concentrations of EDTA and CaCl, were used to calculate the
kcal/mole of injectant and molar ratio, and from a fit of the data to Eq 3.3 (see Methods) for a one
site binding model. The parameters obtained were: K;=3.42 x 10° +/- 2.80 x 10° M,
stoichiometry (n) = 0.891 +/- 0.00344, change in enthalpy (AH) = -4316 +/- 26.53 cal/mole and
change in entropy (AS)= 10.8 cal. T were calculated. Prior to analysis, heats of dilution were

subtracted from the raw data.

It is well know that dilution of DMSO in water produces heat. Our ligand of
interest, 4 "-iodo-chalcone, needed to be solubilised in concentrated form in
DMSO, and we initially considered that we would need to conduct the experiment
in 10% DMSO. Since the 10% DMSO was present in both the cell and syringe

we thought that the largest error in concentration between cell and syringe may be
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our experiments. pH 9 was considered rather high to perform the titration

experiments.

Table 3.1. Solubility of 4 -iodo-chalcone at pH 7.0, 8.0, and 9.0. The chalcone at the
concentrations shown was incubated in 10% DMSO and 100 mM CaCl, in either 20 mM
MOPS- TMAH, pH 7.0, 20 mM EPPS-TMAH, pH 8.0 or CHES-TMAH, pH 9.0. The samples

were incubated at 25 °C overnight and examined visually for solubility.

[4"-iodo-chalcone]
pH
50 pM 100 pM 250 pM 500 uM
7.0 ppt yellow ppt yellow ppt yellow ppt
8.0 clear clear clear yellow ppt
9.0 clear clear clear clear

In the first protein binding experiment, isolated PAHGXPRT was titrated with 4"~
iodo-chalcone in the presence of 1 mM CaCl,. The chalcone is a potent inhibitor
of catalytic activity in 1 mM CaCl,, but note that the protein has not been
activated. The titration profile (figure 3.28) shows rather similar and small
amounts of heat produced after each injection across the entire titration period.
Control experiments showed rather analogous results, suggesting that no binding
is taking place, no heat is produced during binding, or the protein concentration is

too low.
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CHAPTER 4: Discussion and Conclusions

This research was aimed at developing methodology for ultimately characterising
the interaction of an effector chalcone with PAHGXPRT. To date, the interaction
had been defined by effects on catalytic activity, e.g. an accelerating effect in
MgCl,, an inhibitory effect in CaCly, and an activating effect through conversion
of the isolated enzyme into an active form. What was needed were more direct
methods for analysing the interaction. For this, a method for measuring the
oligomeric status of the protein was developed; the use of a photoprobe,

developed for measuring ATP binding to mutant Ca**-ATPase, was assessed as an
active site probe; and Isothermal Titration Calorimetry was explored as a means of

directly measuring chalcone binding.

Expression, purification, and activation of P/HGXPRT

PHGXPRT was successfully expressed and purified with and without a his-tag
using methods developed previously in our laboratory. However, in the present
study, we found that induction of both his-tagged and non his-tagged protein
expression at 37°C was unfavourable, with very low expression levels and large
proportions of protein in the pellet fraction (perhaps insoluble in inclusion bodies).
Reducing the temperature of induction to 25° produced higher levels of
supernatant (soluble) protein with yields of up to 6 mg and 16 mg for the his-
tagged and non his-tagged proteins, respectively. Purification by a single pass
through a Nickel-affinity column produced a preparation of approximately 95%
purity, as judged visually by SDS-PAGE, whilst purification of the non his-tagged
protein by anion-exchange chromatography followed by Reactive Red-120
affinity chromatography provided a preparation which was about 90% pure.

Puzzlingly, the his-tagged PAHGXPRT appeared more soluble than the non his-
tagged protein when expressed in £. coli (more in the supernatant fraction), but
had a much greater tendency to precipitate when isolated in the purified form. It

would seem that the his-tag (consisting of six histidine residues at the amino
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terminal end) influenced the solubility of the protein. Histidine has a pKa value of
6.1 and so it would be protonated at lower pH values. At pH 7.0, it carries no
charge, and the his-tag becomes esseﬂtia]ly a hydrophobic tail, which is most
likely the reason for the protein coming out of solution. Although the intracellular
pH of an E. coli cell may be similar, it contains approximately 150 mM K.Cl and
this may be the difference. We eluted the protein from the Ni-chelate column
with 1 M imidazole and did not have solubility problems at this high salt
concentration, and yet overnight dialysis to remove the imidazole caused
precipitation. This prompted us to try removing the imidazole quickly using a
small gel filtration column (PD-10), but still the protein tended to aggregate, as
revealed after thawing frozen protein, and by the protein failing to elute from the
gel filtration HPLC column. The protein stored in high salt could never be
activated, but that following passage through the PD-10 column could be. So one
has a dilemma, one needs the high salt to keep it soluble, but such conditions

favour the dimer (see later) and inactive protein.

While the vast majority of the his-tagged PAHGXPRT appeared in the
supernatant fraction, the opposite was true for the non his-tagged form, most
appeared in the pellet (insoluble) fraction. Yet, reducing the temperature of
induction from 37 to 25°C greatly increased overall yield, both in the supernatant
and pellet fractions, and resulted in satisfactory yields of soluble protein, of up to
16 mg/ L culture.

Both forms of the protein were successfully activated by incubation with partial
substrates (usually 60 p hypoxanthine + 1 mM PRPP, without added MgCl,),
reaching specific activities of up to 3 pmol/min/mg and 2 pmol/min/mg for the
his-tagged and non his-tagged proteins, respectively. These activities were slightly
less than the maximal values achieved previously in our laboratory (up to 6

umol/min/mg of protein; Phehane, 2002; Mbewe, 2005; Mbewe et al, 2007).
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Gel filtration HPLC

We explored the possibility of using gel filtration HPLC chromatography to
analyse the oligomeric status of PAHGXPRT. Sedimentation equilibrium studies
by ultracentrifugation have shown that PAHGXPRT is a tetramer and dimer at low
and high (up to 1.2 M) salt respectively (Keough et al, 1999). Further, the active
enzyme is inactivated by dialysis against high salt, and they concluded that the

enzyme exists in a salt —dependent, active tetramer<>inactive dimer equilibrium.

Gel filtration HPLC seemed to be an effective technique for separation of the
two oligomeric forms of the enzyme and, in addition, it has the advantage of speed
and makes direct quantification of the proportions of each species possible. There
was a salt-dependent change in proportion of an earlier and later eluting peak.

The earlier eluting form was assigned as tetramer and the later eluting form to the
dimer. According to the calibration curve obtained using molecular weight

standards at 400 mM NaCl, these values were 85 and 55 kDa, respectively.

One problem encountered was that some of the standards changed their elution
position depending on the salt concentration, and evidently in these cases there is
some interaction with the resin at low salt. The most dramatic is cytochrome ¢
(figure 3.13, peak 6) which failed to elute from the column at 20 mM NaCl. One
needs to be aware of this phenomenon when using gel filtration HPLC. Thus
molecular weight assigniments of an unknown protein need not be accurate
depending on what standards you choose, the salt concentration, and how the
protein of interest interacts with the resin. In our case, PAHGXPRT did not change

its elution position much at concentrations higher than 50 mM NaCL

Analysis of isolated and active PAHGXPRT produced the same results, in low
salt running buffer the protein always appeared as the larger tetrameric species,
and in high salt running buffer always the smaller dimeric form. Therefore the
tetrameric form need not be active and activation does not appear to convert dimer
into tetramer. Rather the activation process probably involves a conformational

change in each of the monomers.
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Pretreatment of the protein with high salt (1 M NaCl) for 1-20 min made no
difference to these characteristics, i.e. if the protein was analysed in a low salt
buffer, it eluted as the tetramer rather than the dimer. Either conversion to the
dimer at high salt takes a longer time or the equilibrium is very rapid, and

readjusts almost immediately when the protein is injected.

For an oligomeric protein such as a tetramer, the following equilibria should apply

Keq Ko
Tetramer <—» Dimer <> Monomer

and they must necessarily be protein concentration dependent, such that as the
concentration is lowered, the equilibrium shifts to the monomer. The
concentration range in which the process largely occurs will be dependent on the
affinities between subunits and hence the equilibrium constants for each step. Our
results show that a 10-fold dilution of PAHGXPRT had no effect on its quarternary

structure, suggesting that the association between subunits is very tight.

A surprise, is the low concentrations of divalent cations that aiter the
tetramer¢—~>dimer equilibrium (Ko s~1 mM). This has implications for the nature of
the protein in the standard assay, which has 110 mM MgCl,! We have found that
the enzyme inactivates irreversibly in the assay medium over the course of a few
minutes (the progress curve is curved) and it could reflect a conversion from an
active tetramer to inactive dimer. It could be instructive to analyse the protein by

gel filtration HPLC after 5 min in the assay medium.
These results lay the foundation for understanding the equilibrium of oligomeric

forms of PAHGXPRT and will enable the effects of chalcone binding to be studied

in a more meaningful way.
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Photolabelling

TNP-8N3-ATP, and later [y->*P]TNP-8N3-ATP, has been used extensively in our
laboratory as a probe of the active site of sarcoplasmic reticulum Ca®*"-ATPase.

The probe specifically derivatises Lys*”

at the active site of the enzyme with high
efficiency (Mclntosh ef al, 1992). We wanted to examine whether the
radiolabelled probe could be used as a probe of the active site of PAHGXPRT,
specifically with the aim of establishing whether the chalcone bound here or

elsewhere, i.e. is there competitive inhibition of labelling or not.

The usefulness of the technique for measuring active site binding is illustrated
using SR Ca?*-ATPase as a model system. The procedure is first to perform a
concentration dependence of [y-> 2P]TNP-8N3-ATP photolabelling, in order to
obtain a Ko 5 value (Ko scrvpy = 0.16 uM in our experiment), and then to measure
the ATP dependence of inhibition at a fixed [y->P]TNP-8N;-ATP concentration.
Use of a competitive binding equation provides the true K4 for ATP binding (20
1M in our case). The binding K values we obtained were very similar to those

published previously (Mclntosh ef al, 1999).

A novel aspect of the experiments involving PAHGXPRT was an attempt to
measure the stoichiometry of derivatisation (see below). When the same
procedure (incorporating spots of a known quantity and specific activity of [y-
32pITNP-8N5-ATP with the gel) was used with SR Ca’"-ATPase a value of 0,04
mol probe/mol Ca®'-ATPase was obtained. This is surprising as we know from
other approaches that the extent of derivatisation is actually 10-fold higher
(Seebregts and MclIntosh, 1989). Thus there appears to be a factor diminishing
the real extent of derivatisation, which at present we cannot account for, but needs

to be taken into consideration with PAHGXPRT.
It may be thought that [y->°P]TNP-8N3-ATP might not be an appropriate label of

the active site of PAHGXPRT, because the probe is adenine based and a

triphosphate species whereas our enzyme binds monophosphates (guanosine,
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protein at pH 8.0. The former figures are very close to the 0.04 found for Ca*-

ATPase (actually 0.5 mol/ mol protein), and one must conclude that the efficiency
of photolabelling of PAHGXPRT is equally high. Photolabelling with [y->*P]TNP-
8N3-ATP is in fact more efﬁcient than with [7-3 2P]TNP-8].\13,-1’1"P (Murungi, 2007).

A high extent of derivatisation is useful as it allows determination of the
derivatised amino acid residue/s, and was done in the case of SR Ca**-ATPase
(Mclntosh et al, 1992). The method consists of protease digestion of derivatised
protein, separation of fragments by HPLC, purification of the labelled peptides,
and sequencing. In this way, with knowledge of the atomic structure, it may be

determined whether the derivatised amino acid/s is at the active site.

In the absence of Mg”*, PRPP did not have much of an effect on photolabelling
at pH 6.0, but seemed to reduce the level at pH 8.0, although just with active
enzyme. Thus, whether the photolabelling is specific for the active site remains
equivocal, and further experiments are necessary. The most likely explanation for
the poor effect of PRPP is that binding probably requires Mg®". The atomic
structure of the transition state mimic of the active site of PAHGXPRT shows that
the pyrophosphate moiety interacts strongly with the two M g**, and the latter
interact with Asp204 in one case and are in proximity to Glu144 and Asp145 in
the other. In the absence of these cations there will be electrostatic repulsion
between the pyrophosphate moiety and the acidic residues, which will likely
prevent PRPP binding. The experiments need to be repeated with Mg2+ in the

medium.
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4’-iodo-chalcone is fairly insoluble in aqueous medium, and the concentrated
stock solutions need to be made up in organic solvents, of which DMSO is the
most effective. However, this solvent has the drawback of producing a lot of heat
when diluted in water. In retrospect it would seem advantageous to explore the
use of other organic solvents like ethanol or methanol. Control experiments with
DMSO showed the titration profile obtained with dilution of 1 and 0.2% solutions,
and provided the amounts of heat produced if the syringe and cell diftered by
these concentrations. We attempted to decrease the concentration of DMSO used
by testing the solubility of the chalcone at different pH at 10% DMSO. In later
experiments, we found that it was possible to reduce the concentration to 0.1%

DMSO if the solution was heated.

Our initial experiments were with 10% DMSO in the syringe and cell, and with
rather low concentrations of protein (6 uM), and titrations failed to reveal obvious
heats of binding. Increasing the concentration of protein to 16 and then 32 uM
did not improve the outcome. Also using isolated or active PAHGXPRT seemed to
make no difference. Finally, experiments with 0.1% DMSO in the syringe only
and 36 UM protein, isolated or active, without or with Ca®t definitively showed

that no heats of binding were produced.

We conclude that either the chalcone does not bind under the conditions used or
no heat is produced due to a balance of endothermic and exothermic factors. The
latter seems more likely. However, it needs to be considered that two of the
effects of chalcone, the acceleration (in Mg®*) and inhibition (in Ca2+) are only
observed by measuring catalytic activity, and maybe the allosteric site only
appears in certain intermediates. Against this idea is the fact that the chalcone
alone causes a change from inactive to active enzyme, which must be exerted by

binding to the otherwise unliganded protein.

The likelihood of the chalcone binding to an allosteric site is of great
significance to us as an allosteric inhibitor of the malarial enzyme has never been
found. Due to the high similarity of active site residues in the human and malarial

homologues of the enzyme, the possibility of developing a parasite-specific
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inhibitor is virtually nil. This observation makes an allosteric inhibitor with

PHGXPRT-specific inhibitory effects all the more interesting.

Concluding remarks

PHGXPRT was successfully expressed, purified and activated. Gel filtration
chromatography was shown to be a useful technique for measuring the proportion
of tetrameric and dimeric forms of the enzyme, and confirmed previous findings
obtained by ultracentrifugation (Keough ef a/, 1999) that the quarternary structure
is sensitive to ionic strength, and further that this sensitivity extends to rather low
concentrations of MgCl, and CaCl,. [y-> 2P]TNP--8N3-ATP could be a useful
photoaffinity probe, with extents of derivatization similar to the model system of
sarcoplasmic reticulum Ca**-ATPase, but further work would be needed to
establish that it labelled the active site. Preliminary findings suggest that 4"-iodo-
chalcone has little effect on photolabelling which is compatible with it binding to
an allosteric site. We established that Isothermal Titration Calorimetry (ITC)
cannot be used for measuring chalcone binding to PAHGXPRT.
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