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Summary

“Nobody can go back and start a new beginning, but everyone can start today and

make a new ending’- Maria Robinson

Malaria is considered the most prevailing human parasitic disease. Despite various
chemotherapeutic interventions being available, the parasite responsible for the most lethal
form of malaria, Plasmodium falciparum, is continuously developing resistance towards drugs
targeted against it. This, therefore, necessitates the need for validation of new antimalarial
development.  Polyamine biosynthetic enzymes, particularly S-adenosylmethionine-L-
decarboxylase (PfAdoMetDC), has been identified as a suitable drug target for protozoan
parasitic diseases due to its essential role in cell proliferation. Furthermore, in Plasmodium
polyamine biosynthesis, PFAdoMetDC is organised into a unique bifunctional complex with
ornithine decarboxylase (PfAdoMetDC/ODC) covalently linked by a hinge region,
distinguishing this enzyme as unique a drug target. However, inhibitors targeting this pathway
have not been successful in clinical assessment, creating the need for further research in
identifying novel inhibitors.  This study focused on the structural and functional
characterisation of protein-specific properties of the AdoMetDC domain in P. falciparum
parasites, as well as identifying novel inhibitors targeting this enzyme as a potential

antimalarial therapeutic intervention.

In order to develop novel inhibitors specifically targeting PfAdoMetDC through a structure-
based drug discovery approach, the three-dimensional structure is required. However, due to
a lack of structural and functional characterisation, determination of the crystal structure has
been challenging. Heterologous expression of monofunctional PfAdoMetDC was achieved
from a wild-type construct of the PfAdoMetDC domain including the covalently linked hinge
region. In chapter 2, deletion of a large non-homologous, low-complexity parasite-specific
insert (A3) in monofunctional PfAdoMetDC resulted in an increased yield, purity and sample
homogeneity, whilst maintaining protein functionality and structural integrity. However,
truncation of the proposed non-essential hinge region resulted in low-level expression of
insoluble protein aggregates and a complete loss of protein activity, indicating that the hinge

region is essential for monofunctional PfAdoMetDC.
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However, in the absence of the three-dimensional PfAdoMetDC crystal structure, novel
derivatives of a well-known AdoMetDC inhibitor, MDL73811, were tested for their activity
against heterologous PfAdoMetDC, as well as their potency against P. falciparum parasites,
in chapter 3. The compound Genz-644131 was identified as a lead inhibitor of PFAdoMetDC,
however, the poor membrane permeability of the compound resulted in low in vitro activity.
Drug permeability of Genz-644131 into P. falciparum infected erythrocytes and its potency
was significantly improved by its encapsulation into a novel immunoliposome based drug

delivery system.

The results presented here provide essential information for development of a unique strategy
in obtaining suffiecient levels of fully active recombinant PfAdoMetDC of sufficient purity for
crystallisation studies and subsequent structure-based drug design efforts. The combination
of Genz-644131 with the novel drug delivery system, which markedly improved its potency
against PfAdoMetDC may proof to be a viable antimalarial chemotherapeutic strategy for

future investigations.

vi
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Chapter 1

Introduction

1.1 Malaria

Malaria is the most prevalent vector-borne parasitic disease in the world, with 207 million
cases reported, which resulted in 627 000 recorded deaths, in 2012. According to the WHO,
approximately 90% of these deaths occur in sub-Saharan Africa, most of these being children

under the age of five (1, 2).

The disease is endemic to 97 countries, as shown in the world map (Figure 1.1). These
include tropical and sub-tropical regions such as equatorial South America, sub-Saharan
Africa and Southeast Asia (3, 4), and places 3.4 billion people at risk for transmission. Not
only does malaria place significant pressure on public health expenditure in Africa, it accounts
for 12-30 billion dollars in lost GDP annually, therefore, having a severe impact on the socio-

economic development within these poverty afflicted countries (1, 5).

. Control

E Preelimination
- D Elimination
Prevention of reintroduction

|:| Certifed malaria-free and/or no ongoing local transmission for over a decade

Source: MMWR © 2011 Centers for Disease Control and Prevention (CDC)

Figure 1.1: The global distribution of malaria in 2011. The image depicts the epidemiology of
malaria globally. Image obtained from http://www.cdc.gov.
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1.2 The life cycle and pathogenesis of the malaria parasite, Plasmodium falciparum

Malaria infections are caused by unicellular, protozoan parasites in the apicomplexan phylum
of the Plasmodium genus. There are five Plasmodium species known to cause malaria
infections in humans: P. malariae, P. vivax, P. ovale, P. knowlesi (6) and P. falciparum (7). P.
falciparum is clinically the most lethal species being responsible for approximately 90% of
recorded deaths (8).

Parasites are transmitted from the vector a female Anopheles mosquito to a human host
during a blood meal (9) (Figure 1.2). Plasmodia, in particular P. falciparum parasites, have a
complex life cycle involving sexual replication within the mosquito vector and asexual
replication within the mammalian host. When a mosquito feeds on a human host, sporozoites
(small, haploid, elongated cells) are transmitted from the mosquito salivary glands into the
host where they migrate through the bloodstream to infect the host’s hepatocytes, initiating
the exo-erythrocytic developmental stage (Figure 1.2A). Parasites are rapidly replicated,
developing into mature schizonts in the hepatocytes. The hepatocytes rupture releasing
thousands of daughter merozoites, which enter the blood stream infecting host erythrocytes,
initiating the asexual intra-erythrocytic developmental cycle (IDC) (Figure 1.2B). After P.
falciparum merozoites have infected erythrocytes, the parasite progresses asexually through
the ring, trophozoite and schizont developmental stages. Mature schizonts rupture the
erythrocyte membrane releasing 16 to 32 daughter merozoites, which can re-infect
erythrocytes for subsequent asexual development cycles increasing host parasitaemia levels.
Some parasites differentiate into male or female gametocytes, and these gametocytes are

transmitted back to the mosquito vector upon taking its next blood meal.

The formation of gametocytes initiates the sexual stage of the parasite life cycle, known as
the sporogonic cycle (Figure 1.2C). Following uptake by the mosquito, gametocytes mature
into gametes through fusion of the haploid, flagellated, male microgametocytes and female
macrogametocytes, forming zygotes in the mosquito gut. Zygotes mature through ookinesis
into an oocyte, rupturing these cells and releasing sporozoites that proliferate rapidly within
outer cell walls of the mosquito intestine. Mature sporozoites migrate to the mosquito salivary
gland, which are then transmitted back to the human host during a subsequent blood meal
(70) (Figure 1.2C).
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Asexual life cycle. Released merozoites re-infect the erythrocytes. Within the erythrocytes,
trophozoites mature into schizonts and release merozoites. Some merozoites differentiate into
female or male gametocytes. © The mosquito ingests the male and female gametocytes, upon a blood
meal in the host. The sexual sporogonic cycle. © within the gut of the mosquito, the gametes fuse
to become zygotes. lid] Zygotes differentiate into ookinetes. ® Within the gut of the mosquito, the
ookinetes mature to form oocysts. ® These large oocysts rupture to release sporozoites. Mature
sporozoites migrate to the salivary glands. Image obtained from
http://www.cdc.gov/malaria/about/biology/.

Following transmission to the human host, some Plasmodium parasites can remain dormant
in the host’'s hepatocytes. Dormancy and the location of dormant parasites depend on the
parasite species for example, P. vivax and P. ovale have a long latent liver phase (incubation
periods of months to years) (77), compared to P. falciparum that immediately matures into

schizonts, resulting in disease formation (incubation period of 7 days) (72).

Disease symptoms develop within the human host during the parasite’s asexual IDC. In
uncomplicated malaria cases, symptoms include fever, chills, headaches, muscular aches,
vomiting, coughing, diarrhoea and abdominal pain. The febrile nature of these symptoms
makes it difficult to detect and diagnose the initial stages of the disease (73). Once an

uncomplicated P. falciparum infection is left untreated, the disease can progress into severe
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complicated malaria, which is characterised as cerebral malaria. At this stage of the disease,
parasite-infected erythrocytes start to sequestrate and rosette in the cerebral microvessels of
brain tissue resulting in patients entering a coma, ultimately leading to death or severe brain
impairment (13-15).

Owing to the multiple stages of the parasite’s life cycle, various disease control strategies have
been implemented to assist in the elimination and possible eradication of the disease. These
include elimination of vectors, preventing parasite transmission between host and vector, and
if parasite transmission occurred, inhibition of parasite proliferation within the host and

transmission back to the vector.

1.3 Malaria control

The Global Malaria Action Plan (GMAP) for malaria elimination and eradication, targeting each
stage of malaria transmission and progression, was adopted in 2007 to enable comprehensive
disease control by 2025 (76). Preventative disease control includes physical and chemical
vector control through indoor residual spraying (IRS) and insecticide-treated bed nets (ITNs).
Strategies to prevent disease transmission include the use of validated vaccines and
intermittent preventative treatments (IPT) and chemoprophylaxis in infants and travellers
(Figure 1.3). However, current disease control for infected hosts mostly relies on accurate
diagnosis of the disease followed by curative disease control through chemotherapeutic

intervention, either as drug mono-or combination therapies (Figure 1.3) (77, 18).
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Figure 1.3: Malaria control strategies: preventative and curative strategies for vector control,
disease transmission and disease development. The preventative strategies for malaria control
include: Anopheles vector control via IRS, disease transmission is prevented with the use of ITN'’s,
chemoprophylaxis and validated vaccines. Chemoprophylaxis and IPT strategies are in place to
prevent disease transmission. However, if transmission occurred and disease symptoms present itself,
the use of either drug mono- or combination therapies are in place as a curative strategy, following
diagnosis. Chemotherapeutic intervention usually prevents transmission of parasites back into the
mosquito vector from an infected host.

1.3.1 Malaria elimination and eradication strategies

The GMAP implemented in 2007 by the WHO with the Roll Back on Malaria program, aimed
at eliminating (defined as reducing the number of malaria cases of locally acquired infections
to zero, in a specific geographic area through deliberate efforts (76)), and eradicating
(reducing global malaria incidence to zero) malaria. The WHO World Malaria Report (2013)
states that, by the end of 2015, there should be a 75% reduction in malaria cases, with most
deaths being eliminated, and the disease eradicated in at least 10 more endemic countries
(7). In order to achieve this, monitoring of malaria endemic regions (identified through
geographical reconnaissance) and consistent management through preventative and control
disease measures, which include diagnosis and vector eradication, vaccination, diagnosis and

treatment, would have to be performed (77).
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1.3.2 Vector control

Physical and chemical vector control aims to prevent disease transmission from Anopheles
mosquitoes to the host. Chemical vector control through IRS mainly depends on the use of
the insecticides: 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) and pyrethroids. DDT, a
broad spectrum insecticide, was the first synthetic insecticide developed during the 1940s for
use during World War Il to prevent soldiers from contracting insect transmitted diseases (79).
DDT successfully eradicated malaria in the 1950s to 1960s in first-world countries (5), but, for
various reasons, was not successful in eradicating malaria in the tropical and sub-tropical
third-world countries (20). Later, the overuse of DDT for crop spraying was found to have
detrimental effects on human health that led to its classification as a persistent organic
pollutant at the 2001 Stockholm convention, and its use for commercial purposes was
terminated (27). However, due to the prohibited use of DDT, mosquitoes resistant to the
exclusively used pyrethroid insecticides spread rapidly, which led to an increase in disease
incidence in the 1990s, particularly in sub-Saharan Africa. Therefore, DDT was re-introduced
by the WHO global Malaria Eradication Campaign (22, 23), for use as an insecticide for
malaria control in countries experiencing pyrethroid resistance. The use of DDT is stringently
controlled by regulations recommended by the WHO, which includes limited spraying of
residential structures only and no aerial/ mass applications. Conversely, increasing resistance
of mosquitoes to DDT and pyrethroids threatens this crucial malaria elimination strategy.
Physical vector control aims to prevent disease transmission to the host by using insecticide-
treated bed nets (ITNs) or long lasting insecticide treated nets (LLINs). However, most nets
only have a three-year lifespan (1), and have to be replaced and regularly maintained, which
along with misuse and limited quantities, creates logistical problems in rural sub-Saharan
Africa.

1.3.3 Vaccine development

For effective malaria control as stipulated by the Roll Back on Malaria program, an effective
vaccine is required but to date no reliable malaria vaccine has been developed yet (24, 25).
Three approaches for malaria vaccine development are being followed; 1) pre-erythrocytic
vaccines (preventing sporozoites from infecting hepatocytes and progressing to the IDC
stage), 2) erythrocytic vaccines (reducing parasite levels during the IDC) and 3) transmission
blocking vaccines (preventing sequestration of mosquito ingested gametocytes into the
mosquito gut) (26). The most advanced pre-erythrocytic vaccine undergoing Phase Il clinical
trials (27), RTS'S/AS02 from GlaxoSmithKline, consists of an antigenic C-terminus

circumsporozoite protein (CSP) fused to a hepatitis B surface antigen expressed as virus-like

6
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particles in Saccharomyces cerevisiae (28). Second generation vaccines targeting the
asexual stage erythrocytic merozoite surface proteins (MSP) vaccines, MSP/RESA (29) and
FMP2.1(AMA-I/AS02) (30) have also been developed and are currently in Phase | and Il
clinical trials. However, none of these vaccines have been shown to be completely effective
in providing successful immunity against malaria in rural settings (24). Although the MSP
proteins are the most suitable immunogenic targets for vaccine development, their
polymorphic gene characteristics and antigen switching properties in the Plasmodium genome
(31) creates a unique challenge for vaccine development. Therefore, due to challenges
confronting vaccine research, a long-term goal for vaccine deployment has been set for

production of a suitable vaccine only by 2025 (32).

1.3.4 Diagnosis

Diagnosis is an essential part of malaria control since accurate and early detection of
infections can decrease disease transmission rates and drug resistance development against
antimalarials. Numerous diagnostic tools have been developed for recognising malaria
infections, however, the requirement for specialised training and equipment for implementing
of these diagnostic tools creates challenges in diagnosing malaria especially in rural endemic
settings (78). Microscopically analysed Giemsa-stained blood smears remains the standard
diagnostic tool for malaria in both rural and urban regions, since it allows for identification of
infective stage, species and parasitaemia (33). An alternative malaria diagnostic tool is the
use of rapid diagnostic tests (RDTs), providing up to 90% accuracy and requiring minimal
training and ease of interpretation (34, 35). However, RDTs are not cost effective and have
short-term temperature dependent storage conditions, limiting their use in malaria endemic
regions. Other means of diagnosis, although not suitable for rural regions include fluorescent
microscopy (34), serological testing, flow cytometry (36), automated pigment detection (37)
and polymerase chain reaction (PCR). Diagnosis with PCR is the most sensitive and specific

tool for diagnosis but also has limited field applications (7).

1.3.5 Malaria chemotherapy

Malaria prevention and treatment, through chemoprophylaxis and chemotherapy, are the most
effective methods for disease control. However, developing novel antimalarials is a challenge
in itself, since drugs should have activity against resistant strains, parasite selectivity and low
toxicity for pregnant woman and children, with good oral bio-availability, shorter treatment

times assisting in drug compliancy, and affordability (38, 39). Three classes of antimalarials
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(most of which target the asexual IDC stage of the parasite), Quinolines, Antifolates and
Artemisinins, have been identified with derivatives in each class being based on a single

chemical backbone structure and a similar mode of action.

1.3.5.1 Quinolines

Quinine (QN), the first antimalarial identified, was isolated from the bark of the Cinchona
ledgeriana tree in South America in the 17" century (40). From this compound a series of
derivatives belonging to the quinolone class of compounds have been developed, e.g. the 4-
aminoquinoline quinine derivative, chloroquine (CQ), was introduced as the first synthetic
antimalarial agent in 1934. Quinolines accumulate within the digestive food vacuole in
parasite-infected erythrocytes, inhibiting haem polymerization into haemozoin crystals. The
drugs form complex m—stacking with the heterocyclic haem ferriprotoporphyrin (1X) ring
between the porphyrin units preventing haemozoin formation, which is toxic to the parasite
(41-43).

Resistance to CQ was first detected in 1957 on the Thailand-Cambodian border from where it
rapidly spread to sub-Saharan Africa by 1988, rendering the drug largely ineffective for malaria
treatment. The mechanism of resistance to CQ is due to a K76T point mutation in the P.
falciparum chloroquine resistance transporter gene (Pfcrt). This mutation of the encoded
transmembrane protein in the digestive food vacuole alters the pH of the food vacuole, thus
reducing CQ accumulation and allowing haemozoin crystal formation (44, 45). Parasite
resistance to CQ resulted in the development of alternative 4-aminoquinoline derivatives;
primaquine, amodiaquine, the 8-aminoquinoline; pamaquine (46-48), and the amino alcohols
mefloquine (MQ), halofrantine, lumefrantine and piperaquine (49). These derivatives are
mainly used both therapeutically (50) and prophylactically (48). However, increasing
resistance to these derivatives render them largely ineffective as monotherapies. Resistance
formation to MQ is due to modifications on the P-glycoprotein homologue (pgh7) and the P.
falciparum multidrug resistance protein-1 (Pfmdr1) gene that function as pumps in expelling
cytotoxic drugs (67, 52). Presently, quinolones are only used in combination therapies with
other classes of antimalarials as shown in Table 1.1 (63). As a result of resistance to this
class of drugs, second generation quinolone derivatives are being developed, AQ-13 (54), an
amodiaquine derivative, N-tert-butyl-isoquine (55); a primaquine analogue, tafenoquine (56)
and three 4-aminoquinoline derivatives, naphthoquine (57), pyronaridine (568) and ferroquine
(59).
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1.3.5.2 Antifolates
Folate metabolism, associated with DNA synthesis, amino acid and methionine formation in
Plasmodium parasites, was identified as a suitable antimalarial drug target in the 1930-1940s.
Sulphonamides (type 1 antifolates; sulphadoxine, sulphalene and the sulphone, dapsone), are
analogues of p-aminobenzoic acid (pABA), and inhibit the P. falciparum dihydropteroate
synthase (DHPS) domain of the bifunctional hydroxymethylpterin pyrophosphokinase (HPPK-
DHPS), thus preventing the formation of dihydropteroate from hydroxymethyldihydropterin.
Pyrimethamines (type 2 antifolates; biguanides, triazines, quinazolines and proguanil, which
is metabolised to cycloguanil in vivo) are dihydrofolate analogues inhibiting P. falciparum
dihydrofolate reductase (DHFR), which forms part of the DHFR-thymidylate synthase (DHFR-
TS) bifunctional complex (60, 61). This complex is responsible for NADPH dependent
reduction of dihydrofolate to tetrahydrofolate, a cofactor required for the synthesis of

nucleotides and specific amino acids (62).

The unique structural and functional differences of these targets in P. falciparum such as their
bifunctional organisation, folate salvage and de novo folate biosynthesis ability of the parasite
compared to the monofunctional organisation of human homologues and the absence of de
novo synthesis ability in humans, provided selectivity for antifolate drugs (63). However, the
use of these drugs as monotherapies resulted in rapid drug resistance development (46, 64,
65). Antifolate drug resistance in P. falciparum was initially due to single random point
mutations, Ser108Asn for PIDHFR (66) and Ala437Gly for PIDHPS (64), which in combination
with cumulative point mutations (Asn51lle and Cys59Arg for PDHFR (62, 67) and Lys540Glu,
Ala581Gly, Ser436Phe/Ala and Ala613Ser/Thr for PMHPS (64)) resulted in multidrug

resistant phenotypes.

Parasite resistance to antifolate drugs led to the co-formulation of pyrimethamine and
sulphadoxine, commercially known as Fansidar® (Table 1.1). However, this combination
therapy was only effective until resistance developed in Southeast Asia in the 1960s that
subsequently spread to sub-Saharan Africa (68) and is today mainly used for IPT in pregnant
woman. Second-generation derivatives of sulphonamides include sulphamethoxazole and

trimethoprim and these are used mainly in combination with other antimalarials (69).

1.3.5.3 Atovaquone
Atovaquone is a 2-hydroxynaphtoquinone derivative, developed as an antimalarial from a
class of mitochondrial respiration inhibitors. The compound is an analogue of coenzyme Q,

the ubiquinone cofactor found in the electron transport chain (ETC) of mitochondria and
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inhibits cytochrome b on complex IIl disrupting the membrane potential required for cellular
respiration (70). However, drug resistance was detected via point mutations in the cytochrome
b gene when used as monotherapy (77). Therefore, atovaquone was introduced as a
combination therapy with proguanil in 1997 (Table 1.1) and used successfully in regions with

high levels of antimalarial drug resistance (70), as well as a prophylactic agent (72).

1.3.5.4 Artemisinins
Artemisinin, a sesquiterpene trioxane lactone peroxide (endoperoxide) isolated from the
Chinese shrub Artemisia annua, significantly reduced parasitaemia in infected patients
compared to other antimalarials and was introduced as a new class of drugs in 1978 (73).
Semi-synthetic derivatives including dihydroartemisinin, artesunate, artemether and arteether
(74) have been developed and showed increased potency over the native compound. The
mode of action of these drugs involves the cleavage of the peroxide bridge across the seven-
membered triple-ring system by ferroheme ferrous-protoporphyrin IX. The cleavage
generates free radicals that alkylate several proteins within the parasites (75), for example,
the sarco/endoplasmic reticulum calcium-dependent APTase6 (SERCA transporter) in
membranes found in the mitochondrial membrane. The transporter maintains intracellular
Ca?* concentrations, which mediate signalling and post-translational protein modifications
(76). In addition, studies have revealed that disruption of the membrane potential via the ETC

of the mitochondrion further increases artemisinin potency (77).

Despite this class of drugs being the most recent and most effective class of antimalarials,
and thus recommended as first-line antimalarial treatments, P. falciparum artemisinin
resistance was detected at the Thai-Cambodian border in 2009 (78, 79). Resistance has been
correlated to point mutations in the PF3D7_1343700 kelch propeller domain (K13-propeller)
of the K13-propeller cluster allele (80).

Consequently, the WHO recommends that artemisinins be used as artemisinin combination
therapies (ACTs) (87) to prolong the lifetime of this class of antimalarials since the use of
monotherapies resulted in rapid and highly specific drug resistance formation. ACTs are
artemisinin-based derivatives formulated in fixed-dosed combinations with other antimalarials,
such as lumefrantine, piperaquine and pyrimethamine-sulphadoxine (Table 1.1). Second
generation artemisinin derivatives currently in clinical trials include arterolane (OZ277) (82)
and artemisone (83, 84).

10

© University of Pretoria



1.3.5.5 Antibiotics

Antimicrobial agents that have shown potential as antimalarial agents include tetracycline and
doxycycline. Both of these inhibitors consist of a four-carbon ring backbone structure, which
inhibit parasite growth by repressing apicoplast localized deoxyxylulose reductoisomerase
genes responsible for synthesis of isopentenyl diphosphate in daughter merozoites (85). In
addition, clindamycin, which consist of pyrrolidine amide sugars, inhibit protein translation by
binding to the 50S ribosomal subunit. Second generation antibiotics, fosmidomycin, a
tetracycline derivative (86) and azithromycin from clindamycin (87), are currently in clinical
trials for use in antimalarial combination therapies, with piperaquine, artesunate and other
antibiotics (88, 89) (Table 1.1).

1.3.5.6 Antimalarial combination therapies
The WHO encouraged the implementation of antimalarial combination therapies such as
pyrimethamine-sulphadoxine and ACT’s due to the high rate of drug resistance formation
against monotherapy based antimalarials (7). General guidelines for combinations include
that the partner drugs should have different mechanisms of action since cross-resistance can
arise through shared biological targets and uptake mechanisms (90). The combination should
preferably be an additive interaction although synergistic interactions are also accepted (44).
An additive interaction is, as a result, of two drugs binding independently with different cellular
targets, either targeting the same or different metabolic pathways, and a synergistic interaction
is caused by drugs binding to the same target enhancing drug binding (97). However,
synergistic combinations might not offer as much protection and effectiveness as an additive
interaction since resistance against either component may lead to loss of efficacy of the

treatment (92) enabling selection for resistance formation (44).

Being the most recent class of antimalarials, artemisinins are mainly formulated as
combination therapies since the use of these drugs as monotherapies are challenged due to
recrudescence caused by the short biological half-lives of these compounds (93). The
rationale behind an ACT is the rapid parasite clearance by the fast acting artemisinin
component followed by a slow acting partner drug, to eradicate residual parasites (94). ACTs
include artemisinins in combination with quinolones such as, naphthoquine and artemisinin
(ARCO®), mefloguine and artesunate, lumefrantine and artesunate (Coartem®), amodiaquine
and artesunate (Coarsucam®), pyronaridine and artesunate (Pyramax®) and piperaquine and
dihydroartemisinin (Euartesim®) (Table 1.1) (53).
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Antifolate antimalarial combinations that have been developed (Table 1.1), e.g. sulphadoxine-
pyrimethamine (Fansidar®) has furthermore been combined with atovaquone (95) and
artemisinins (96) (Table 1.1). In addition, sulphonamide and pyrimethamine derivatives
dapsone and proguanil (LapDap®) (Table 1.1) (97), have been developed to replace
sulphadoxine-pyrimethamine due to drug resistance development. Atovaquone is also used
in combination with the antifolate inhibitor proguanil (Malarone®) (70) (Table 1.1).
Combination therapies are also in development with antibiotics, with several clinical trials with
second-generation quinolones and antibiotics being performed to validate novel combinations

of these two drug classes (88, 98, 99).

Table 1.1: Current antimalarial drug combination therapies. Different classes of current
antimalarial drug combination therapies, including ACT’s with registered trade names.

Drugs in combination Product name Ref.
Antifolate combinations
pyrimethamine/sulphadoxine Fansidar® (69)

dapsone/proguanil LapDap® (97)
sulphalene/pyrimethamine Metakelfin® (700)
fansidar/atovaquone (700)
atovaquone/proguanil Malarone® (70)
fosmidomycin/clindamycin
ACT’s
naphthoquine/artemisinin ARCOQO®
meflogquine/artesunate (83, 100)
lumefrantine/artesunate Coartem® (Riamet) (853)
piperaquine/dihydroartemisinin Euartesim® (53)
amodiaquine/artesunate Coarsucam® (7101)
fansidar/artesunate (32)
pyronaridine/artesuntate Pyramax® (58)

fosmidomycin/artesunate

Insecticide resistance development as well as the absence of a reliable vaccine, creates
dependence on current antimalarials for chemoprophylactic prevention and chemotherapeutic
strategies (53). However, drug toxicity and adverse side-effects of treatments results in drug
over-and misuse, promoting drug resistance development in Plasmodium parasites (62). In
combination with this, high parasite proliferation rates and inherited parasite genetic
polymorphism (702, 103) further contributes to a high rate of drug resistance development.
Antimalarial resistance development indicates that all drugs have a limited life-span, creating
the need for a steady pipe-line of antimalarials in sustaining malaria control and elimination
(104). However, the development of combination therapies, provides only a temporary
solution for reducing the rate of resistance formation, since the drugs being incorporated into
these therapies are designed on a limited number of chemical scaffolds, developed on a
derivative-based strategy (700). Therefore, a fundamental change is required to prevent

untreatable multidrug-resistant malaria infections from developing. This can be achieved by

12

© University of Pretoria



validating unique and novel drug targets within the parasite, ideal for exploitation by inhibitors,
and introducing novel classes of antimalarial agents with high specificities for these targets

and diverse mechanisms of action (44, 105).

1.4 Novel drug targets in parasitic protozoa

Drug target identification and validation relies on the dependency of an organism for a specific
molecular entity for cellular survival and development. Moreover, this target should preferably
be structurally and functionally unique to the organism such that a specific compound can
selectively inhibit it. Several metabolic mechanisms exemplifying such characteristics are
present in Plasmodium parasites including parasite membrane phospholipid replacement
mechanisms (7106), proteases required by the parasite for host cell invasion (707),
microtubular formation (708), guanidine nucleotide regulatory proteins (G-protein coupled
receptors) in the erythrocyte membrane (709) and shikimate-(770), isoprenoid-(7177),
glycolysis-(7112), methionine-(113) and polyamine biosynthesis pathways (774).

Polyamine biosynthesis is considered a suitable drug target due to elevated intracellular
polyamine levels being associated with highly proliferating cells (775) such as cancer cells
(776) and protozoan parasites (174). Inhibition of polyamine biosynthetic enzymes resulted
in the decrease of cellular growth and propagation supporting the dependency on these
metabolites in the organisms of interest (777). Distinct differences in various aspects of the
polyamine biosynthetic pathway compared to the human host have been identified in the
asexual stages of P. falciparum parasites by functional studies, raising the potential of the

pathway as a unique target worth exploiting for drug discovery.

1.4.1 Role of polyamines in eukaryotic cells

Polyamines are present in all living organisms including mammals, plants and unicellular
organisms, with the exception of certain orders of Archaea (118). Putrescine (H2N(CHz)sNH>),
spermidine (H2N(CH2)sNH(CH2)4NH.) and spermine (H2N(CH2)sNH(CH2)sNH(CH2)3NH>), the
three most abundant polyamines (Figure 1.5), are small, cationic oligoamines positively

charged at physiological pH (179, 120).

Due to their polycationic nature, polyamines form electrostatic interactions with a variety of
polyanionic macromolecules. Spermidine and spermine stabilise DNA through electrostatic

(721) and hydrophobic interactions (methylene bridging) with the major groove of the DNA
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phosphate backbone (722). The binding of these polyamines alters the DNA structure (B- to
Z-DNA conformational changes), aiding in euchromatin condensation, which influences gene
transcription and protein translation rates in the cell (123-725). These polyamines also modify
protein structures by binding to surface residues through reversible hydrophilic interactions,
which alter the protein tertiary structure and thereby mediating protein function such as with
membrane transglutaminases (726), membrane ion channels (727) and proteinases (7123).
Other cellular functions of spermidine and spermine include the formation of complexes with
phospholipids and membrane proteins in the plasma membrane and increasing plasma
membrane rigidity (728). In addition, spermidine forms a ternary complex with ATP-Mg?*,
which mediates protein kinase phosphorylation (729), disrupting the secondary messenger

system in the cell.

The most specific function of spermidine involves the activation of the eukaryotic initiation
factor 5A (elF-5A), a transcription factor required for protein synthesis in eukaryotic cells (730).
Deoxyhypusine synthase transfers the aminopropyl moiety from spermidine onto the side-
chain amino group of a lysine residue of elF-5A, forming a hypusine residue, which activates
elF-5A (131, 132). The essential nature of spermidine required for activation of elF-5A and
its interaction with cyclin-dependent kinases (733) indirectly links cell cycle progression to
polyamine biosynthesis. A reduction of intracellular polyamine levels in eukaryotic cells,
specifically that of spermidine, have been shown to arrest cell progression at the G1 stage of
cell development (134). Polyamine depletion results in the down regulation of DNA synthetic
enzymes, preventing DNA synthesis through the appearance of Okazaki-like DNA fragments
(734-136), which results in cellular apoptosis by activation of caspase-3 in the mitochondria-
mediated apoptotic pathway (737). However, polyamine accumulation also induces cell death
(138, 139). The extensive role of polyamine homeostasis on cellular function conveys the
importance of these molecules in indirectly mediating cell proliferation and differentiation (720,
140).

1.4.2 Polyamine biosynthesis in the human host and parasitic protozoa

Polyamine biosynthesis in mammalian cells (Figure 1.4) produces putrescine through the
decarboxylation of L-ornithine, catalysed by pyridoxal-5’-phosphate-dependent (PLP)
ornithine decarboxylase (ODC; EC 4.1.1.17) (141). S-adenosyl-L-methionine decarboxylase
(AdoMetDC; EC 4.1.1.50), decarboxylates S-adenosyl-L-methionine (AdoMet), synthesised
from methionine and ATP by AdoMet synthase (SAMS), into decarboxylated AdoMet

(dcAdoMet) (742). Putrescine and dcAdoMet are the substrates for the subsequent reaction
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catalysed by spermidine synthase (SpdS; EC 2.5.1.1), which transfers the aminopropyl moiety
from dcAdoMet onto putrescine, producing spermidine. The fourth enzyme in the pathway,
spermine synthase (SpmS), catalyses the transfer of a second aminopropyl moiety onto

spermidine, producing spermine (719, 143).

The reduced complexity of polyamine biosynthesis in parasitic protozoa makes this pathway
evolutionary distinct compared to the human host (744). African sleeping sickness,
transmitted via the tsetse fly (Figure 1.4) is caused by two subspecies of protozoan
Trypanosoma brucei parasites. Similar to the human host, putrescine and spermidine are
synthesised by ODC, AdoMetDC and SpdS in T. brucei parasites, however, spermine is not
synthesised due to the absence of a SpmS synthesis enzyme. A unique distinction between
polyamine biosynthesis in these parasites and that of the human host is the role of glutathione
(GSH) and a spermidine conjugate, trypanothione (N',N8-bisglutathionylspermidine) in thiol-
based redox metabolism (745) (Figure 1.4). Leishmaniasis is a range of diseases caused by
Leishmania parasites such as visceral leishmaniasis by L. donovani transmitted via sand flies
(746). L. donovani polyamine biosynthesis shares commonalities with Trypanosoma parasites
such as the absence of spermine synthesis and trypanothione production (747) (Figure 1.4).
T. cruzi parasites, transmitted via the kissing bug causes Chagas’ disease (748) that is mainly
prevalent in South America. T. cruzi parasites lack ODC and are, therefore, auxotrophic for
putrescine from the extracellular environment. However, the parasites produce spermidine
and spermine through the promiscuous action of SpdS. T. cruzi parasites also have a
polyamine redox-dependent metabolism as observed for T. brucei and L. donovani parasites.
However, T. cruzi parasites are able to convert a fourth polyamine, cadaverine, into
aminopropylcadaverine, bis(aminopropyl)  cadaverine  and N'N®-bis(glutathionyl)
aminopropylcadaverine (749) (Figure 1.4). Like T. cruzi parasites, Plasmodium parasites also
produce low levels of spermine through a promiscuous SpdS enzyme (750). Apart from this
similarity, Plasmodium parasites do not possess a trypanothione redox metabolism.
Polyamine biosynthesis in Plasmodium parasites is uniquely diverse compared to the human
host and other protozoan parasites in that AdoMetDC and ODC are organised into a single
bifunctional complex, expressed from a single open reading frame (7151, 152) (Figure 1.4).
Several other bifunctional proteins have been identified in P. falciparum parasites e.g.
PMHFR/TS and PPPPK/DHPS begging the question of the evolutionary as well as functional

role of the bifunctional organisation of these proteins in the parasite.

A polyamine transporter has not been characterised in mammalian cells or protozoan
parasites indicating that de novo polyamine biosynthesis is the main source of intracellular

polyamines. However, a polyamine uptake system has been characterised for putrescine in
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P. knowlesi (153), and putrescine and spermidine uptake has been shown for P. falciparum
parasites (154). The polyamines are taken up across the infected host erythrocyte membrane
by endogenous polyamine uptake mechanisms, and cross the parasitophorous vacuolar
membrane into the parasite cytoplasm through a concentration gradient dependent

electrogenic process (154) (Figure 1.4).
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Figure 1.4: Polyamine biosynthetic pathways in protozoan parasites compared to the human
host. Disease vectors for various protozoan organisms are shown, T. brucei is transmitted via tsetse
flies, T. cruzi via kissing bugs, L. donovani via sand flies, and P. falciparum via female Anopheles
mosquitoes. Abbreviations: Cad, cadaverine; homoT(SH)2, homotrypanothione; Orn, ornithine; Put,
putrescine; ROS, reactive oxygen species; Spd, spermidine; Spm, spermine; MTA, 5'-
methylthioadenosine; TyrS, trypanothione synthetase; TryR, trypanothione reductase; TS:, oxidised
trypanothione; T(SH)z, reduced trypanothione. Taken from (144).

In mammalian cells, polyamine pools are not only maintained by de novo synthesis and uptake
(755) but also through interconversion pathways. Polyamine interconversion is mediated by
salvaging methylthioadenosine (MTA), a by-product produced from spermidine and spermine

synthesis (Figure 1.4). The metabolite acts as a substrate for adenosine deaminases, Ni-
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acetyltransferases (SSAT) and methylthioadenosine phosphorylase, therein recycling the
purine ring of MTA into adenine and methionine pools (756). Plasmodium parasites lack these
enzymes, salvaging purine rings from MTA with adenosine oxidase and purine nucleoside

phosphorylase enzymes (157, 158).

Lastly, human erythrocytes are deficient in the polyamine biosynthetic enzymes and contain
only trace amounts of polyamines (Figure 1.5) (159). However, in asexual intra-erythrocytic
P. falciparum parasites the intracellular polyamine concentration is significantly higher in the
trophozoite to schizont stage due to transcriptional upregulation of the polyamine biosynthetic
enzymes (Figure 1.5) (1561, 160). These elevated intracellular levels of polyamines,
spermidine being the most abundant (Figure 1.5), reiterates the requirement of polyamines in
the activation of the elf-5a transcription factor required for macromolecule biosynthesis and
cellular development required during trophozoite and schizont stages (759). The distinctive
structural and regulatory characteristics between P. falciparum and mammalian cells’
polyamine biosynthesis make the pathway ideal for exploitation in antimalarial drug

development.
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Figure 1.5: Intracellular concentrations of polyamines during the intra-erythrocytic life stage.
The graph depicts the various intracellular concentrations of polyamines at different stages during the
IDC of P. falciparum. The red and blue lines indicate the increase in the cellular concentration of
transcripts for PFAdoMetDC/ODC and PfSpdS during ring and trophozoite stages, resulting in increased
polyamine levels during the trophozoite and schizont stages, with spermidine being the most abundant
polyamine. The intracellular concentration of polyamines in P. falciparum parasites is significantly
higher compared to that of un-infected erythrocytes. Diagram taken from (767) based on (159, 162).
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1.4.3 Polyamine biosynthetic enzymes as drug targets in parasitic protozoa

Due to the cellular proliferation and differentiation role of polyamines in parasitic protozoa,
inhibition of ODC, AdoMetDC and SpdS results in a decreased rate of cell development and
propagation, mostly due to intracellular polyamine depletion (774). Table 1.2 summarises
specific inhibitors of polyamine biosynthesis enzymes, with their in vitro activities determined
against P. falciparum parasites and their kinetic constants against their respective target

enzymes.

1.4.3.1 ODC inhibitors

DL-a-difluoromethylornithine (DFMO, Table 1.2), an irreversible, suicide inhibitor of ODC, was
developed as an anti-cancer treatment (763). Although this drug did not prove to be very
effective in treating cancer, it was shown to be highly effective in treating west-African sleeping
sickness, caused by T. b. gambiense (164) and T. b. brucei parasites (165), validating
inhibition of this pathway as a viable drug target in protozoan parasites. The dependency of
P. falciparum parasites on polyamines was verified with DFMO inhibition studies, which
cytostastically prevented parasite proliferation in vitro (162, 166). However, the use of DFMO
as an antimalarial has not been as successful as anticipated, due to its inability to cure in vivo
P. berghei infections in murine malaria models (767). DFMO in combination with the
polyamine analogue N,N-bis{3-[(phenylmethyl)amino]propyl}-1,7-diaminoheptanex (MDL
27695, Table 1.2), however, is curative of P. berghei infected mice (7166).

Most cells are able to recover from the inhibitory effect of DFMO due to uptake of exogenous
putrescine, which rescues organisms from drug pressure and is therefore cytostatic rather
than cytotoxic during the trophozoite to schizont transition stage (768). The cytostatic arrest
in cell development is attributed to spermidine depletion, which prevents elf-5A activation
(169).

A second-generation ODC inhibitor, 1-aminooxy-3-aminopropane (APA), a putrescine
analogue (Table 1.2), is a promising inhibitor for ODC in P. falciparum parasites. The inhibitory
effect of this drug is reversed by exogenous putrescine (762, 170) due to polyamine uptake in
P. falciparum infected erythrocytes and creates a challenge for developing effective ODC
inhibitors. Therefore, strategies are needed to counteract the parasite’s ability to replace
putrescine following ODC inhibition e.g. development of a compound that not only interferes

with putrescine production but also prevents extracellular putrescine uptake.
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1.4.3.2 AdoMetDC inhibitors
Methylglyoxal bis(gaunylhydrazone) (MGBG, Table 1.2), a spermidine analogue, was the first
AdoMetDC-specific inhibitor identified. However, MGBG displayed low inhibitory capacity
against P. falciparum parasites (171) and, therefore, two aromatic derivatives, CGP48664A
and CGP40215A, were designed (Table 1.2). Compared to MGBG, these compounds showed
an improved in vitro and in vivo antiplasmodial activity (172, 173) and a ~25-100 fold improved
potency against in vitro P. falciparum parasites as well as K; values bordering on nM
concentrations (162, 174) (Table 1.2). The lead compound, CGP40215A, reduced
parasitaemia levels in P. berghei murine models significantly, although did not deplete

spermidine levels thereby indicating off-target effects in P. falciparum parasites (162).

A nucleoside AdoMet analogue, 5 [(Z)-4-amino-2butenyl]-methylamino-5’-deoxyadenosine
(MDL73811) also known as AbeAdo was identified in 1989 by the Merrell-Dow institute, as an
enzyme acitivated irreversible inhibitor of AdoMetDC (Table 1.2) (175, 176). In contrast to
CGP40215A, MDL73811 treated parasites showed a 3-fold increase in putrescine levels and
a 67% decrease in spermidine levels (162). In P. falciparum parasites, MDL73811 is a 1000-
fold more potent than DFMO (762) and 200-fold more active in inhibiting P. falciparum parasite
proliferation compared to MGBG (Table 1.2). Therefore, MDL73811 is the most effective
inhibitor for PfAdoMetDC identified thus far, inhibiting P. falciparum development in vitro
without reversal of the inhibitory effect by exogenous spermidine (762). Although MDL73811
showed promising in vitro results, the compound could not be clinically developed as an

antimalarial since it was unable to cure P. berghei murine infections (177).

1.4.3.3 SpdS inhibitors
SpdS has been shown to be an important polyamine flux control point in the polyamine
biosynthesis pathway, making it an ideal target from an inhibition perspective (778). A SpdS
specific inhibitor, cyclohexylamine (CHA), and its derivatives, trans-4-methylcyclohexyalmine
(4-MCHA) and dicyclohexyalamine (Table 1.2), are competitive substrate analogues inhibiting
the aminopropyl transferase activity of SpdS (150, 179). Inhibition of SpdS results in depletion
of spermidine required for hypusine formation in elF-5A activation (780). Moreover, the
inhibitory effect is not reversible by exogenous spermidine due to inefficient uptake of this
polyamine by P. falciparum infected erythrocytes (787). Of these, 4-MCHA was the most
effective inhibitor (782) (Table 1.2), however, it could not inhibit parasite proliferation in in vivo

P. berghei models, probably due to assimilation with host SpdS (783).
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The in vitro activity of these inhibitors reflect the dependency of P. falciparum parasites on
polyamines, although, in vivo experiments have not yielded promising results. Therefore, the
3D crystal structure of P. falciparum SpdS was obtained to aid in the development of novel
compounds displaying high specificity and activity against P. falciparum parasites, as well as

revealing several structural and functional characteristics of the enzyme (784, 185).

The inhibitor, S-adenosyl-1,8-diamino-3-thioacetate (AdoDATO; Table 1.1), developed
through structure-based drug discovery using the crystal structure of SpdS, is a large transition
state analogue of SpdS (779, 186) that binds to the entire catalytic centre of the enzyme (184).
Although AdoDATO effectively inhibited in vitro P. falciparum parasite proliferation (Table 1.2)
(784), the compound could not cure P. berghei infected mice (784).

1.4.3.4 Polyamine analogues
Polyamine analogues aim to perturb polyamine homeostasis by competing for polyamine
uptake and/or inhibition of polyamine target sites by replacing the intracellular polyamine pool
or by down regulating the rate of polyamine biosynthesis due to allosteric feedback inhibition
(116, 187). Spermidine analogues (N, N>-bis(benzyl)polyamines) of which MDL27695 proved
to be the most potent, effectively inhibited P. falciparum parasite proliferation in vitro (Table
1.2). In combination with chloroquine, the analogue showed an additive effect and inhibition
of parasite proliferation by this analogue could not be reversed by the addition of exogenous
spermidine (788). This polyamine analogue was curative of P. berghei infected mice when
used in combination with DFMO (7166). However, due to poor pharmacodynamic properties
(789), the compound could not be further taken into clinical studies. Other promising
polyamine analogues include 1,3,5-triazine (790) and diamine analogues (7197). These
inhibitors prevent P. falciparum parasite proliferation in vitro at low micromolar levels, however,

the in vivo efficacy has not been determined.
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Table 1.2: Inhibitors of polyamine biosynthetic enzymes. The ICsos (effective drug
concentration resulting in 50% of parasite growth inhibition) of polyamine biosynthesis inhibitors against
in vitro P. falciparum parasite cultures and enzyme inhibition constants (K;) for these inhibitors against
recombinant or purified P. falciparum biosynthesis enzymes; ODC, AdoMetDC and SpdS. Adapted
from (144).

Inhibitor Chemical structure P. falciparum
oDC IC50 (UM) Ki (uM)
DFMO NH; 1250 (162) 87.6 (174)
HQNWCHH
HOCC
APA N 1(162) 0.0027 (162)
2
AdoMetDC
MGBG NH " 224 (171) 0.46 (188)

8.8 (162) 3(162)

CGP48664A N NH‘(NH;
CGP40215A )NQ@A\ N N 1 1.8 (162) 1.3 (162)
HoN N Y\NA@NH

MDL73811 Mo 3(162) 0.33 (192)
\/I'(;O -
N,z NH;
HD)J;H "L‘:}/‘N
SpdS
CHA HZN@ 198 (150) 19.7(150)
Trans-4-MCHA HSC__O ,,,, " 1.4 (150) 0.18(150)

DHA O\ O >1000 (750) 342(150)

AdoDATO B 8.5 (184) 8.5 (184)

Polyamine analogues

MDL27695 @qufj 3 (166)
.

Inhibition of polyamine biosynthesis prevents intra-erythrocytic P. falciparum parasite
proliferation and differentiation, clearly demonstrating the dependence of the parasite on these
molecules. However, compounds currently available for targeting polyamine biosynthesis in
P. falciparum parasites have been unsuccessful in in vivo murine models. Failure of these
inhibitors could be attributed to the reversal of the inhibitory effect through uptake of

exogenous polyamines as well as their incompatible pharmacodynamic properties, creating

21

© University of Pretoria



the need to identify more specific and potent inhibitors. Therefore, the structures of current
inhibitors have to be further optimised either through derivative-based drug design or the
identification of alternative inhibitors to develop suitable antimalarial candidates targeting

polyamine metabolism.

1.4.4 Structural and functional characteristics of PfAdoMetDC/ODC

PfAdoMetDC/ODC contains two independent N- and C-terminal protein domains that are
covalently linked via a ~ 10 kDa hinge region producing a single ~165 kDa heterodimeric
polypeptide. PfAdoMetDC resides on the N-terminus of the polypeptide and is a protomer that
undergoes post-translational autocatalytic cleavage, yielding active enzyme with a ~9 kDa B-
subunit and a ~55 kDa a-subunit. The protein forms a ~140 kDa homodimer by interacting
with an additional processed PfAdoMetDC ap-monomer. PfODC, which resides on the C-
terminus, is a ~90 kDa monomeric protein that interacts with another PFODC monomer to yield
a ~180 kDa homodimer (751, 1562). The quaternary structure of the bifunctional complex
consists of two ~165 kDa PfAdoMetDC/ODC polypeptides associated through the PFODC

domain to form a ~330 kDa heterotetrameric complex (Figure 1.6) (151, 152).

Despite the two domains residing on a single polypeptide the decarboxylase activities function
independently (757). Unlike human AdoMetDC, PfAdoMetDC activity is not stimulated by
putrescine (193) due to the putrescine binding site having been replaced by internal basic Lys
residues simulating bound putrescine (794). However, PfODC is susceptible to feedback
inhibition by putrescine (752). Furthermore, through means of intra- and interdomain protein-
protein interactions functional studies indicated that the PFODC domain inhibits the activity of
the PfAdoMetDC domain (152) while PFODC activity is stimulated by the PFAdoMetDC domain
(774, 192). The specific activities of the two domains are co-ordinately modulated as observed
by their similar catalytic efficiencies (kcat) (792). Therefore, PFAdoMetDC and PfODC activities
are controlled through their independent product levels, kinetics and specific activities within
the complete heterotetrameric complex resulting in coordinated, equimolar production of
putrescine and dcAdoMet. The coordinated production of PFAdoMetDC/ODC products is thus
responsible for modulating polyamine pool flux (752, 192). Apart from this, the bifunctional
arrangement of PfAdoMetDC/ODC also assists the parasite in coordinated transcription and

translation during rapid cellular differentiation required for the IDC stage.

The hinge region (Figure 1.6) has been shown to be essential for the heterotetrameric
bifunctional complex conformational stability and quaternary structure formation through

interdomain protein-protein interactions with both the PfAdoMetDC domain and the PfODC
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domains (151, 174, 195). These interdomain interactions are proposed to be mediated by two
a-helices and a B-sheet present within the hinge region and are essential for modulating
activities of both protein domains, specifically that of PFODC, although the exact mechanism

of interaction has not yet been resolved (174, 195, 196).

An additional unique characteristic of PfAdoMetDC/ODC is the presence of five non-
homologous amino acid sequences constituting nearly 26% of the polypeptide, known as
parasite-specific inserts. Three inserts have been characterised in the PfAdoMetDC domain
(A1, A2 and A3) and two in the PFODC domain (O1 and O2) (Figure 1.6) (794). Parasite-
specific inserts have been found in several Plasmodium proteins (797, 198) and are
characterised as low complexity regions (LCRs), containing tandem amino acid repeats
(TAAs) with selective bias towards hydrophilic residues such as asparagine and lysine (199-
201). The crystal structure of PIDHFR/TS indicated that its parasite-specific inserts are non-
globular, unstructured domains on the surface of the protein that do not interact with the
protein core (202). Although in silico predictions of the monofunctional homology models
predict the same conformations for PFAdoMetDC/ODC (7194, 203), the exact function of these
inserts have not been annotated for PfAdoMetDC/ODC. However, functional studies
performed by deletion mutagenesis of various inserts from either domains of the
PfAdoMetDC/ODC polypeptide resulted in adverse effects on both decarboxylase activities
(795). Therefore, it is proposed that these parasite-specific inserts contribute to coordinated
catalytic control between the PfAdoMetDC and PfODC domains through conformational
changes brought on by long-range interdomain protein-protein interactions to stabilise the

heterotetrameric bifunctional complex (7195, 204).
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Figure 1.6: The bifunctional arrangement of PFAdoMetDC/ODC. The bifunctional complex consists of two PfAdoMetDC/ODC heterodimeric polypeptides
(~165 kDa each) in a ~330 kDa heterotetrameric complex of N-terminal P/AdoMetDC (residues 1-529) connected to the C-terminal PFODC (residues 804-1419)
via a ~10 kDa hinge region (residues 529-804). The two peptides interact via the PFODC domain forming independent ~140 kDa and ~180 kDa PfAdoMetDC
and PfODC homodimers. PfAdoMetDC undergoes post-translational processing into an af-monomer. The bifunctional protein polypeptide spans a total of
1419 residues with the PfAdoMetDC domain containing three parasite-specific inserts; A1: residues 57-63, A2: residues 110-137 and A3: residues 259-408
with PFODC containing two inserts; O1: residues 1047-1085 and O2: residues 1156-1302.
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The current study focussed specifically on characterising the PfAdoMetDC domain since this
enzyme has been shown to catalyse an essential chokepoint reaction to produce dcAdoMet
(86) whereby polyamine biosynthesis is linked to methionine metabolism (205). This makes
the enzyme uniquely exploitable for inhibition in P. falciparum parasites. However, current
inhibitors that have been developed against PfAdoMetDC display poor in vitro and in vivo
inhibition against P. falciparum parasites compared to T. brucei parasites (744). Furthermore,
due to the lack of structural information available for the bifunctional PfAdoMetDC/ODC
enzyme complex, development of potent and specific PFAdoMetDC inhibitors remains a
challenge. Another strategy to identify PfAdoMetDC specific inhibitors is via structure-based
drug discovery, however, this strategy requires the complete 3D structure of the protein.
Identification of novel inhibitors targeting PFAdoMetDC can be performed via derivative-based
drug design to obtain compounds with a favourable pharmacodynamic profile and the

sequential validation of their respective in vitro kinetic and parasite inhibition capabilities.

A range of structural and functional characteristics derived from homology models (794, 203)
and recombinant cloning and expression studies for PfAdoMetDC/ODC have been
determined. However, no crystal structure is available for this protein complex. Although
active bifunctional PFAdoMetDC/ODC has been expressed successfully, low soluble protein
yields are obtained with many background contaminating protein aggregates and truncated
versions (206-208). Due to the difficulty in studying the structural and functional
characteristics of this large bifunctional protein complex and the fact that their active sites
function independently, studies of PfAdoMetDC and PfODC as monofunctional entities were
attempted in order to derive their respective structural and functional characteristics.
Subsequent cloning and expression of the domains as independent monofunctional proteins,
with partial segments of the hinge region attached, yielded protein with variant degrees of
solubility and activities. However, recombinant expression of monofunctional PfAdoMetDC
from a codon harmonised construct produced increased soluble protein yields and improved
solubility, purity and specific activity compared to when it is expressed in its bifunctional
association with PfODC (774, 207). By contrast, monofunctional expression of PfODC
resulted in a 10-fold decrease in activity compared to its bifunctional counterpart (774). Thus,
it was postulated that PfODC requires the PfAdoMetDC domain as well as specific sequences
of the hinge region to be functional (795), similar to the dependence of the PfTS domain on
PMDHFR in PMDHFR-TS (202, 209). The low protein activity in combination with poor soluble
recombinant protein yields, made deriving the structural and functional characteristics of
monofunctional PFODC exceedingly difficult. However, the success achieved in expressing
active monofunctional PfAdoMetDC in a relatively pure soluble form and high recombinant

protein yields (207), provides an ideal starting point for possible protein crystallography
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studies. Nonetheless, further optimisation of the recombinant expression conditions is
required to produce a completely homogenous protein sample amenable to crystallisation.
Once available, the crystal structure of PF/AdoMetDC can be used for structure-based drug

discovery to identify novel, specific inhibitors targeting PfAdoMetDC.
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1.5 Research objectives

The main research objective of this study was to identify novel candidate compounds

specifically targeting PFAdoMetDC as a possible antimalarial treatment strategy.

Firstly, to enable structure-based drug discovery, structure-activity analyses of monofunctional
PfAdoMetDC was performed to obtain homogenous protein preparations amenable to

crystallisation studies.

Secondly, a derivative-based strategy was employed to identify and characterise the in vitro
potency of novel derivatives of the AdoMetDC inhibitor, MDL73811, against P. falciparum

parasites.

Chapter 2: Structural and functional characterisation of monofunctional PfAdoMetDC

A comparative study with recombinantly expressed monofunctional PfAdoMetDC from a
codon harmonised construct was undertaken in an attempt to improve homogeneous
production of the protein for protein crystallography purposes. This included structure-activity
analysis of the role of a parasite-specific insert and the hinge connector in the monofunctional

protein through a deletion mutagenesis strategy thereof.

Chapter 3: Novel S-adenosyl-L-methionine decarboxylase inhibitors as potent

antiproliferative agents against intra-erythrocytic Plasmodium falciparum parasites

Pharmacodynamically favourable derivatives of the specific AdoMetDC inhibitor, MDL73811,
were tested for their potency against P. falciparum parasites. The kinetic properties of these
derivatives were derived for the recombinantly expressed protein and their inhibitory
concentrations were determined against P. falciparum parasite cultures in vitro. The specificity
of these inhibitors against P. falciparum parasites were further verified and characterised, and
their probability as a potential antimalarial treatment strategy was considered with novel lipid-

based drug delivery systems.

Chapter 4: Concluding discussion
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Chapter 2

Structural and functional characterisation of
monofunctional PfAdoMetDC

2.1 Introduction

Due to increasing insecticide resistance of the mosquito vector, poor compliance to
preventative strategies in the affected populations and the absence of a reliable malaria
vaccine, effective malaria control is still highly dependent on the use of antimalarial drugs.
Current antimalarials rely on a limited set of chemical backbone structures with minor
modifications, thus essentially inhibiting parasite proliferation by similar modes of action. The
limited range of drug targets and drug diversity, coupled to the highly polymorphic genome of
the parasite, has resulted in widespread drug resistance (62, 79, 103). This necessitates the
identification of novel drug targets with specific and robust inhibitors in order to contain and

diminish the spread of drug resistant malaria parasites.

Polyamines are small ubiquitous molecules that mediate an essential role in parasite cell
development and proliferation during the asexual blood stages (774). For this reason,
polyamine biosynthesis has been specifically studied and characterised as a drug target in P.
falciparum, the parasite responsible for the most lethal form of malaria. The intracellular
polyamine pool is regulated by the biosynthetic enzymes, S-adenosyl-L-methionine
decarboxylase and ornithine decarboxylase (AdoMetDC/ODC). These two enzymes are co-
expressed from a single open reading frame as a 1419 residue heterodimer, with two
polypeptides interacting to yield a heterotetrameric bifunctional complex, a property unique to
Plasmodium parasites. The two enzymes are organised into individual domains covalently
linked by a 275 residue hinge region. The AdoMetDC domain resides on the N-terminal
region of the polypeptide, and consists of 529 residues and the ODC domain on the C-terminal
with 614 residues. Although the two protein domains are located on the same polypeptide,
their active sites are independent from each other i.e. inhibition of one site does not influence
the other active site (151, 152). The enzyme activities however are co-ordinately modulated
by each other through interdomain protein-protein interactions mediated by the hinge region

and low complexity parasite-specific inserts (795, 199).

This distinctive bifunctional organisation and regulatory mechanisms coupled to the high

demand for polyamines by P. falciparum parasites for proliferation, makes PfAdoMetDC/ODC
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a promising drug target (7144). However, in order to develop antimalarial candidate molecules
specifically targeting this enzyme through a structure-based discovery approach, the detailed

three-dimensional structure of the protein is needed, which is the bottleneck (2710).

Protein structures representing eukaryotic (211, 212), prokaryotic (213), plant (274) and
protozoan (215, 216) polyamine biosynthetic enzymes for AdoMetDC and ODC have been
published. However, obtaining a crystal structure for PFAdoMetDC/ODC has proven to be
problematic mainly due its sizeable heterotetrameric structure, low expression levels of impure
protein and an inadequate understanding of the complex’s biochemical and biophysical

properties (152).

The PfAdoMetDC domain was therefore studied here as a monofunctional protein as a first
attempt to eventually derive the three-dimensional structure of the PfAdoMetDC/ODC
complex. Up to this point, limited structural properties of PFAdoMetDC have been obtained
using structure-function studies on a recombinant protein (792) and a homology model based
on plant (274) and human (277) AdoMetDC crystal structures.

The homology model in Figure 2.1 depicts the monomeric form consisting of residues 1-529
of the tertiary structure of monofunctional PfAdoMetDC (7194). The enzyme presumably forms
a unique four layer afa-sandwich fold as observed for human and Solanum tuberosum (211,
214), consisting of two central anti-parallel eight stranded [(-sheets with the active site

positioned in-between the 3-sheets (2717), flanked by approximately ten 310 a-helices (794).

PfAdoMetDC requires a pyruvoyl cofactor (Figure 2.1), formed post-translationally by non-
hydrolytic autocatalytic serinolysis at a Ser73 and Glu72 residue, to catalyse the
decarboxylation of AdoMet (752). The processing reaction cleaves the peptide backbone into
two independent protein chains (a- and B-subunit) and a dehydroalanine residue at the N-
terminus of the a-subunit is converted into a covalently bound pyruvoyl cofactor to produce
catalytically active PfAdoMetDC (217, 218). AdoMet binds to the pyruvoyl group through a
Schiff base forming an anionic electron sink with a leaving a-carboxylate group, which is then

reprotonated, resulting in hydrolysis of the Schiff base and release of dcAdoMet (213, 217).
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Figure 2.1: Homology model of monofunctional Pf/AdoMetDC. The proposed structure consists of
two central B-sheets of eight anti-parallel B-strands, flanked by ten 310 a-helices. Autocatalytic
processing yields a small B-subunit (purple) and a large a-subunit (blue) with a covalently bound
pyruvoyl cofactor (green) in the catalytic centre between the two central (3-sheets. PfAdoMetDC
contains three parasite-specific inserts of which only insert A1 was modelled in the homology model.
Spatial regions of inserts A2 and A3 are surface localised and proposed as large unstructured loops.
Model adapted from (7194).

Human AdoMetDC autocatalytic processing and activity is allosterically stimulated by
putrescine (211, 219, 220). However, in S. tuberosum (214) and Plasmodium AdoMetDC, the
putrescine binding site is substituted with basic amino acid residues Arg11, Lys15 and Lys215,
respectively, simulating bound putrescine at the equivalent site (194). Therefore, autocatalytic
processing and activity of PFAdoMetDC are independent of intracellular putrescine levels (752,
213, 214). However, it is proposed that PfAdoMetDC activity is modulated through
interdomain protein-protein interactions with PfODC, the hinge region and parasite-specific

inserts in the heterotetrameric bifunctional complex (152, 195).

Furthermore, PfAdoMetDC contains three parasite-specific inserts, A1-A3 (794) (Figure 2.1).
The first insert, A1 (residues 57-63), occurs before the S73 residue in the B-subunit of the
protein (7194). The A2 (residues 110-137) and A3 inserts (residues 259-408) were not
modelled in the homology model due to the absence of appropriate templates. These two
inserts were proposed to form large flexible loops extending away from the protein surface, as
have been observed in other Plasmodium proteins (194, 202, 221). Gene sections
transcribing these inserts evolved by rapid gene divergence such that highly hydrophilic
residues, with a particular bias towards Asn and Lys residues, are repeated in the protein itself
(799, 222). These properties result in the inserts being non-globular, flexible and located as
unstructured loops on the protein surface (201). However, upon interaction with specific

protein domains, these unstructured regions may mediate specific, conserved protein-protein
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interactions that alter the conformations and activities of either of the interacting domains (795,
223).

The core catalytic domain of PfAdoMetDC is proposed to span residues 1-487 (152).
However, since the exact start site of the hinge region is unknown due to low sequence
homology with homologous proteins, the proposed start site of the hinge region on the C-
terminus of PFAdoMetDC is residue 529 (794). Analysis showed that the C-terminal region of
PfAdoMetDC (residues 487-529) contains two a-helices and a B-sheet involved in interdomain
interactions directly responsible for modulating activities of the two domains (796), specifically
the PFODC domain (152, 174, 195).

Due to the decarboxylase activities of PFAdoMetDC/ODC residing on independent protein
domains (1567), PFAdoMetDC can be expressed and characterised as a monofunctional protein
(792). Expression from wild-type gene sequence for monofunctional PFAdoMetDC resulted in
low recombinant protein yields and equimolar co-elution of E. coli heat shock protein 70
(Hsp70) (207). In an earlier study, the core catalytic domain of the PfAdoMetDC gene was
codon harmonised (encoding residues 1-487) (207). However, since the exact start site of the
hinge region for PfAdoMetDC is unknown (794), an additional 255 wild-type nucleotides
(encoding residues 488-572) were added to yield a partially codon-harmonised construct of
monofunctional PfAdoMetDC (7152, 192). Codon harmonisation of PfAdoMetDC not only
improved soluble protein yield but also significantly reduced the amount of co-eluted E. coli
Hsp70 (792). However, heterologous expression of this 572-residue protein had poor sample
homogeneity as a result of dimeric and tetrameric complex formation of the heterologous
protein.  Although the oligomeric status for PfAdoMetDC has not been confirmed,
superimposition with dimeric human AdoMetDC (2117) indicated that PFAdoMetDC dimerises
via an edge-on interaction by disulphide bond formation at Cys505 on B-sheet 15. Site
directed mutagenesis of Cys505 to Ser decreased homodimerisation significantly. However,
apart from disulphide bridge formation by the C505 residue, other proposed mechanisms of
non-specific heterologous PfAdoMetDC dimerisation includes tail-to-tail interactions by the
hinge region residues located at the C-terminal of PfAdoMetDC or side-to-side interactions
mediated by the A3 parasite-specific insert and a hydrophobic patch. Simultaneous
dimerisation mediated by these mechanisms may thus lead to formation of the homotetrameric
complex also observed for monofunctional PfAdoMetDC (792) (Figure 2.2). The formation of
these protein complexes results in an expressed protein with low sample homogeneity thus

making it unsuitable for protein crystallography studies.
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Figure 2.2: Proposed mechanisms of heterologous monofunctional PfAdoMetDC
oligomerisation in vitro. The protomer undergoes autocatalytic serinolysis yielding the processed af3-
monomer (a-subunit shown in blue and B-subunit shown in purple). Heterologous monofunctional
PfAdoMetDC is proposed to dimerise (af32-dimer) via two independent mechanisms 1) a tail-to tail
interaction by disulphide bond formation mediated by Cys residues at the proposed dimer interface
(C505S residue (792) or the C-terminal hinge region 2) a side-to-side interaction mediated by protein-
protein interactions of the A3 parasite-specific insert (Insert 3) or interactions mediated by the
hydrophobic patch (Hyd.). Simultaneous side-to-side and tail-to-tail interactions also lead to the
formation of homotetrameric heterologous PfAdoMetDC complexes. Adapted from (207).

In this study, some of the above-mentioned structural and functional uncertainties of
monofunctional PfAdoMetDC were investigated. Heterologous expression of a deletion
mutant of the A3 parasite-specific insert resulted in an increased yield, purity, and sample
homogeneity, whilst maintaining protein functionality and structural integrity. This confirms
previous speculations that the parasite-specific inserts have no immediate structural and
functional impact on monofunctional PF/AdoMetDC, but instead mediate surface protein-protein
intra- and interdomain interactions. However, truncation of the proposed non-essential hinge
region resulted in low-level expression of insoluble protein aggregates and a complete loss of
protein activity, indicating that the hinge region is essential for monofunctional PFAdoMetDC
structural integrity and functionality. Furthermore, the improvement in expression and purity
after deletion of the A3 parasite-specific insert resulted in the first-ever crystallisation trials for
monofunctional PFAdoMetDC.

34

© University of Pretoria



2.2 Materials and Methods

2.2.1 In silico analysis of PFAdoMetDC

Kyte and Doolittle hydrophobicity analysis of the residues removed from the A3 insert in AA3
PfAdoMetDC was performed using CLC Bio Protein Workbench 6 (224). The plot indicates
the ratio of hydrophobicity to hydrophillicity for each residue depending on the residue’s
hydrophobicity score. Prediction of LCRs was performed with the Wootton and Federhen
algorithm (SEG algorithm) (225) using CLC Bio Protein Workbench 6. Protein unstructured
regions were predicted with the IUPred server (226) (iupred.enzim.hu/pred.php) according to

the algorithm described (227), and the graph analysed with JpGraph software (Appendix 5).

2.2.2 Cloning of codon harmonised PfAdoMetDC constructs

In an earlier study (752, 192), nucleotides 1-1461 representing the 487 residue core catalytic
domain from PfAdoMetDC were codon harmonised, by replacing Plasmodium specific codons
with synonymous codons, that equalised the codon usage frequency of the P. falciparum gene
to that of the E. coli host (228, 229). At the C-terminus of the construct, 85 unharmonised
codons of the PFAdoMetDC/ODC hinge region were cloned in addition to the 487 codon
harmonised PfAdoMetDC residues into the pASK-IBA3 expression vector (Invitrogen). The
partially codon harmonised PfAdoMetDC-hinge, 1716 nucleotide gene sequence (572
residues) (792) in this text is referred to as wild-type pfadometdc and translates wild-type,
monofunctional PfAdoMetDC (Figure 2.3). From the wild-type pfadometdc construct, a
second construct containing a Cys505Ser point mutation was cloned, expressing the mutant
protein, C505S PfAdoMetDC (792, 208) (Figure 2.3). The C505S mutagenic construct was
designed to reduce in vitro protein dimerisation as a result of disulphide bridge formation. Both
the wild-type and C505S mutant proteins were expressed in a previous study (792), and are,
therefore, used only for comparative analysis in this study. In the third construct, 100 residues
(residues 264-364) of the 149-residue A3 parasite-specific insert were deleted from the wild-
type pfadometdc construct (nucleotides 795-1095 deleted) (Marni Williams, unpublished work
2010), resulting in the expression of a AA3 PfAdoMetDC mutant protein (Figure 2.3). As a
fourth deletion mutant, the 85 unharmonised residues from the C-terminal of the
PfAdoMetDC/ODC hinge region (residues 487- 572) were removed, producing a complete
487 residue PfAdoMetDC core protein, expressed from a fully codon harmonised gene,
referred to as AH PfAdoMetDC (Figure 2.3). The C505S mutant was not employed in the AA3

mutant such that the sole effect of deletion of the A3 insert could be determined. For
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comparative purposes, as a fifth construct the AH deletion was also included in the AA3
mutant, producing a 387-residue construct referred to as AA3AH PfAdoMetDC (Figure 2.3).

The AH and AA3AH constructs were produced by amplifying 3 pmol of harmonised
pfadometdc and 3.5 fmol of AA3 PfAdoMetDC with 2 pmol and 10 pmol sense (5'-
ATGGTAGGTCTCAAATGAATGGCATTTTCGAAGGCATTG-3) and antisense (5-
ATGGTAGGTCTCAGCGCTCATATTATTAAGACTCCTCG-3) primers using TaKaRa Ex-
Taq™ (TAKARA Bio Inc.), according to the manufacturer’s specifications. These primers
incorporated an Eco31l (Bsa1) restriction site at the respective start codon and AH deletion
site, for subsequent restriction enzyme digestion and sub-cloning into the pASK-IBA3 vector
(Invitrogen). The cycling conditions were as follows: initial denaturation at 94°C for 3 min,
followed by 35 cycles of 94°C for 30 sec, 61°C for 30 sec and 68°C for 2.5 min with a final
elongation step of 68°C for 10 min. The PCR products were visualised by GelRed™ (Biotium)
using agarose gel electrophoresis (Appendix 2), and the correct sized bands were purified
using the Wizard® SV Gel and PCR Clean-up system kit (Promega). The PCR fragments (1
Mg) were digested with 2 U of FastDigest Eco31I (Bsa1) (Fermentas) for 1 h at 37°C and heat
inactivated for 15 min at 65°C. In addition, the pASK-IBA3 expression vector (1 ug) was
digested with 2 U Eco31I (Bsa1) for 1 h at 37°C, and heat inactivated for 15 min at 65°C. The
5" and 3’ phosphate groups of the vector were dephosphorylated with 5.5 U FastAP™ Thermo
sensitive Alkaline Phosphatase (Fermentas) directly added to the digestion reaction for 45 min
at 37°C, and heat inactivated for 10 min at 75°C. Following restriction digestion the PCR
product and plasmid were ligated in a 5:1 insert: vector ratio with 2 U T4 DNA Ligase
(Fermentas) for 16 h at 16°C and heat inactivated for 10 min at 65°C. The ligated products
were transformed into heat shock competent E. coli DH5a cells and incubated for 14 h at 37°C
on a LB-Ampicillin (100 uyg/ml) agar plate. The amp resistance selection marker on the vector
enabled selection of positive clones, which were inoculated into LB-Ampicillin (50 pg/ml) and
grown for 16 h at 37°C. Colony PCR was performed to verify positive clones (230, 237) using
10 pmol pASK-IBA sequencing primers (forward: 5-GAGTTATTTTACCACTCCCT-3’' and
reverse: 5-CGCAGTAGCGGTAAACG-3’ (Invitrogen)) with 2 x KAPA Taq ReadyMix PCR kit
(KAPABiosystems, USA). The following temperature cycling parameters were used; 95°C for
30 min, with 25 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 4 min and a final
denaturation step of 72°C for 5 min. Isolations of AH and AA3AH PfAdoMetDC plasmids were
performed using the Zyppy™ Plasmid Miniprep Kit (Zyppy). Positive clones were verified by
restriction enzyme digestion with Hndlll, Xbal and Kpnl (Promega) (Appendix 3) and Sanger
dideoxy sequencing using the above mentioned pASK-IBA sequencing primers (Inqaba

Biotech, South Africa) (Appendix 4). Sequences were aligned using UniProt.
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For comparative reasons, all five PFAdoMetDC constructs (harmonised, C505S, AA3, AH and
AA3AH) were cloned into the pASK-IBA3 expression vector containing a tet-promoter, amp
resistance gene, and a C-terminal Strep-tag Il for affinity chromatography purification (Figure

2.3, Plasmid maps Appendix 1).

wild-type PfAdoMetDC

catalytic domain hinge region Strep-tag Il
1 B 73 a 487 572
ke PIAGONIDE N m . ¢
A1l A2 A3
57-63 110-137 259-408
1 73 487 572
crossphdeeipe m . ‘
A1l A2 A3
57-63 110-137 259-408 C5058
1 73 387 572
A PIAANEDE N i ‘
A1 A2 AA3
57-63 110-137 A264-364
1 73 487
S PAdENedE N m )
A1 E A3 AH
57-63 110-137 259-408  A488-572
1 73 387
A1 ; AA3  AH
57-63 110-137 1264-364 A488-572

Figure 2.3: Schematic diagram of the PFAdoMetDC wild-type protein and various mutant proteins
created in this study to allow comparative structure-activity analyses. Five proteins were
comparatively expressed in this study: wild-type PfAdoMetDC consisting of the 487 catalytic af-
monomer in purple and blue, A1, A2 and A3 parasite-specific inserts (grey), the 85 residue hinge region
(yellow) and the C-terminal Strep-tag Il (green) (792). The C505S mutant that was cloned via site-
directed mutagenesis from the wild-type PfAdoMetDC construct (792). The novel PF/AdoMetDC mutants
cloned for this study include the AA3 mutant, where 100 residues (residues 264-364) from the A3
parasite-specific insert were deleted. For the AH mutant, the 85 hinge residues (residues 487-572)
were deleted from wild-type PfAdoMetDC. For the AA3AH double mutant, the 85 hinge residues
(residues 487-572) were deleted from the AA3 mutant.
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2.2.3 Analysis of recombinantly expressed and purified PFAdoMetDC

The pASK-IBA3 vectors containing harmonised pfadometdc, and the four mutated constructs,
C505S, AA3, AH and AA3AH, were transformed into E. coli BL21 Star™ (DE3) heat shock
competent cells (Invitrogen) and incubated for 16 h at 37°C on LB-Ampicillin (100 ug/ml) agar
plates. A single colony was inoculated into LB-Ampicillin (50 pg/ml) and incubated for 16 h at
37°C. The culture was subsequently diluted to 1:100 in LB-Ampicillin (50 pg/ml) and grown to
ODesoo = 0.5. Protein expression was induced with 200 pg anhydrotetracycline (AHT,
Invitrogen), incubated for 4 h at 37°C and cells were harvested at 5 000g with a Beckman J-
6 centrifuge (Beckman, USA) at 4°C. Protein purification was performed as previously
described (192, 195) by re-suspending harvested cell pellets in 10 ml wash buffer (buffer W;
100 mM Tris-HCI pH 8.0, 10 mM EDTA, 150 mM NaCl, 10% Glycerol, 10 mM DTT and 0.02%
Brij-35) and lysozyme per litre of culture. The inclusion of 10 mM DTT reduces covalent
disulphide bridges (232) and subsequently, protein oligomerization whereas Brij-35, a non-
ionic polyoxyethylene surfactant, assists in protein solubilisation by concealing surface
hydrophobic patches (752, 174, 233). The cell suspensions were incubated on ice for 30 min,
followed by sonification with a Sonifier cell disruptor B-30 (Instralab, South Africa). Lysates
were ultracentrifuged at 100 000g for 1 h at 4°C with a Beckman Avanti J-25 ultracentrifuge
(Beckman, USA) to segregate the soluble proteins in the supernatant from the insoluble
fractions in the cellular pellet. Subsequently, the soluble PFAdoMetDC Strep-tagged proteins
were loaded onto a column containing Strep-Tactin® Sepharose® affinity matrix for affinity
chromatography, which was performed at 4°C (795). The cell pellets and superantants were
kept at 4°C for later analysis by reducing SDS-PAGE. The Strep-tag /I bound proteins were
eluted in Buffer W containing 10 mM DTT, 0.02% Brij-35 and 2.5 mM desthiobiotin (Invitrogen).

The eluted proteins were stored at 4°C pending further analysis.

Following affinity chromatography, protein yield was determined using the Bradford assay
(234), with Quick Start™ Bradford dye reagent (Bio-Rad Laboratories) and absorbance
measurements at 595 nm with a Multiscan ascent scanner (ThermoScientific Labsystems,
USA). The yield of each independent PFAdoMetDC construct was determined in duplicate for

three individual purified cell lysates to determine the average yield in mg/L culture.

The supernatants and pellets obtained after ultracentrifugation along with affinity
chromatography purified PFAdoMetDC proteins were analysed by reducing SDS-PAGE (235)
using AnyKD™ Mini-PROTEAN® TGX™ Precast Gels with the Mini-Protean Tetra-cell system
(Bio-Rad) according to manufacturer’s specifications. Bands were visualised with colloidal

Coomassie-Blue (Sigma-Aldrich) staining (236).

38

© University of Pretoria



For the detection of PfAdoMetDC proteins, Western immunodetection was performed using
monoclonal Strep-tag Il mouse antiserum conjugated to horseradish peroxidase (Invitrogen)
(795). In addition, after easy nano-liquid chromatography coupled to LTQ Orbitrap Velos Mass
Spectrometry at the Central Analytical Faciltiy (CAF) Proteomics Laboratory at Stellenbosch
University, South Africa (www.sun.ac.za/saf), the identities of AA3 PfAdoMetDC bands
visualized after reducing SDS-PAGE, were established by database searches of PlasmoDB

7.1 using Proteome Discover 1.2 and MASCOT (www.matrixscience.com).

A calibration curve for protein molecular mass determination by size-exclusion
chromatography (SEC) on a Superdex S200 10/300 GL SE column (Tricorn, GE Healthcare)
was established with a phosphate buffer (50 mM KH2POs, pH 7.4, 150 mM NaCl)on a Akta
Explorer System (Amersham Pharmacia Biotech). The elution volumes (V) of a 15 mg/ml
high molecular weight (HMW) protein chromatography calibration kit (Tricorn, GE Healthcare)
was determined at a 0.3 ml/min flow rate. This HMW protein mixture consisted of 3 mg/ml
ovalbumin (44 kDa), 3 mg/ml conalbumin (75 kDa), 3 mg/ml aldolase (158 kDa), 3 mg/ml
ferritin (440 kDa) and 3 mg/ml thyroglobulin (669 kDa). The void volume (V,) of the column

was determined with 2 mg/ml 2000 kDa Dextran Blue eluted at a 0.3 ml/min flow rate.

To determine the native oligomeric status of the affinity chromatography purified PFAdoMetDC
proteins, the SEC column was equilibrated with filtered and degassed buffer W containing 10
mM DTT and 0.02% Brij-35 and loaded with ~2 mg/ml affinity chromatography purified protein
and eluted at a 0.3 ml/min flow rate. Protein containing fractions were collected and analysed
by reducing SDS-PAGE as described above. Fractions of the monomeric protein peak were
pooled and concentrated with an Ultracel 3K Amicon® filter (MWCO 3000, Millipore) and the

concentration determined with the Bradford method (234).

2.2.4 PfAdoMetDC activity determination

The specific activities of the various affinity chromatography purified PfAdoMetDC proteins
were determined with a ['“C]-AdoMet bioassay as described previously (151, 195, 237).
Reactions were performed in duplicate with 5 pg protein in assay buffer consisting of 10 mM
EDTA, 10 mM DTT, 500 uM S-(5’-adenosyl)-L-methionine chloride (Sigma-Aldrich) and 50 nCi
["*C]-AdoMet [S-(5'-adenosyl-[carboxy-'4C]-L-methionine (55 mCi/mmol, ARC, Amersham
Biosciences) adjusted to a final volume of 250 pl with 50 mM KH2POs, pH 7.5. The reactions

were incubated for 30 min at 37°C with agitation in order to capture released “CO. produced
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during the catalytic reaction on hyamine hydroxide soaked Whatman® filter paper. The
reactions were terminated by precipitating the protein with 500 ul of a 5% (w/v) trichloroacetic
acid solution. Captured '“CO,was quantified with a Tri-carb series TR liquid scintillation fluid
counter (PE Applied biosystems), with a 60 min count time or count termination at 10 000
counts per minute (cpm; 6 Sigma with 1% Relative standard deviation (RSD)). The results
represent three independent experiments performed in duplicate and expressed in

nmoles/min/mg for each independent PfAdoMetDC protein.

2.2.5 Analysis of mutated PfAdoMetDC secondary structure content with far-UV Circular

Dichroism Spectroscopy

The influence of deletion mutagenesis on the secondary structure composition of the SEC-
purified AA3 PfAdoMetDC deletion mutant was determined by far-UV CD. The C505S mutant
was used a control since previous far-UV CD results of this mutant compared to human
AdoMetDC, showed that the proteins had similar secondary structure content. Following SEC,
PfAdoMetDC fractions were pooled and dialysed overnight into a phosphate buffer (10 mM
KH2PO4 pH 7.7, 50 mM NaF) at 4°C with Slide-A-Lyzer® mini dialysis units (3.5 kDa MM cut-
off, Thermo Scientific) to remove ClI ions, which have optical activity in far-UV spectra (238).
Following dialysis the proteins were concentrated to 0.5 mg/ml with an Ultracel 3K Amicon®
filter. Far-UV spectra was determined at a wavelength range of 190 to 250 nm at 20°C with
0.5 nm intervals and a bandwidth of 1 nm at a scanning speed of 20 nm/min with a Jasco J815
CD instrument using a 0.1 cm? curvette. Absorbance readings were taken in duplicate and
the background readings were subtracted from these average readings. Data points indicating

the protein’s molar ellipticity ([0]w) were analysed in deg.cm?.dmol (793).

2.2.6 Analysis of PFAdoMetDC protein flexibility with small angle X-ray scattering

Small angle X-ray scattering (SAXS) of the AA3 mutagenic PFAdoMetDC was performed and
compared to the C505S mutant to determine whether the predicted intrinsically unstructured
regions (IURs) influenced the proteins flexibility. Following SEC-purification, PfAdoMetDC
fractions were pooled and concentrated with an Ultracel 3K Amicon®filter to 1, 2.5, 5 and 7.5
mg/ml. For each concentration a 1:1, 1:10, 1:25, 1:50, and 1:100 dilution with a 10 mM Co?*
buffered solution was prepared. Measurements were taken at the Synchrotron facility at
Hamburg University, Germany and data analysis were performed by Janina Sprenger (Lund
University, Sweden, unpublished work) as previously described (239). Briefly, the

dimensionless Kratky plot was transformed with Guinier parameters, which is the relation
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between scattering intensities (I(8)) and the level of gyration (Rg), to derive the Porod-Debye
graph using structural parameters of the Porod-Debye law. The law is an approximation
occurring within a limited range of scattering angles suggesting decay of a particle as indicated

in the equation below:

21
1(q) =~ Ap? X F X S

Porod-Debye law, where I(q) determines the volume of the scattering particle (Porod volume,
Vp), S is the surface area of the scattering particle Ap concentration of the scattering particle,
and q is the normalising value.

2.2.7 Determination of the polydispersity index of SEC purified proteins with Dynamic Light

Scattering

Dynamic light scattering (DLS) was performed to determine the hydrodynamic radius (R+) and
polydispersity index (PDI) of SEC purified PFAdoMetDC proteins after deletion mutagenesis of
specific regions of PFAdoMetDC. Pooled SEC-purified fractions were concentrated with an
Ultracel 3K Amicon® filter to ~1 mg/ml and centrifuged at 10 000g for 10 min at 4°C to remove
any protein aggregates. Prior to measurements protein samples were either incubated with 5
mM TCEP (tris-2(carboxyethyl phosphine), 10 mM DTT or 0.02% Brij-35 and kept on ice for
30 min. Measurements were obtained with a Zetasizer Nano S instrument (Malvern
instruments) at default settings with a 3 mm precision cell curvette (Hellma). The PDI was

calculated using Zetasizer Nano Software Version 6.01.

2.2.8 Determination of optimal protein crystallisation conditions with differential scanning

fluorimetry

Prior to crystallisation trials of PfAdoMetDC, differential scanning fluorimetry (DSF) was
performed to determine the optimal buffering condition in which the protein was the most
stable. DSF relies on the binding of SYPRO orange dye to the hydrophobic regions of the
target protein as the protein denatures and unfolds during increases in the temperature.
Therefore, the lowest absorbance readings at the highest temperatures yields a Tn, value
corresponding to the equilibrium between folded and unfolded protein (240). Fractions of
SEC-purified PFAdoMetDC were pooled and concentrated to 1 mg/ml in 20 mM Tis-HCI buffer,
pH 8 (without 10 mM DTT and 0.02% Brij-35) with an Ultracel 3K Amicon® filter. A buffer
screen was set-up as described by Niesen et al. (241). Briefly, concentrated PfAdoMetDC
was diluted 10-fold in 20 mM Tris-HCI buffer, pH 8, which also contained 1000-fold diluted
SYPRO orange (Sigma-Aldrich). A screen of 24 buffers were aliquoted (8 pl) in duplicate in a
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96-well ABgene® PCR plate (Thermo Scientific) and 24 pl of the protein solution was added
in a 3:1 protein to buffer ratio. Two additional buffers were also screened: 1) 150 mM Tris-
HCI, pH 8 and 2) 150 mM Tris-HCI, pH 8, 0.02% Brij-35, 10 mM DTT. Protein stability was
assayed using the Mx3005P gPCR system (Stratagene) with a temperature range from 25-
95°C. Fluorescence readings were taken at 1 min intervals with excitation and emission
wavelengths of 492 nm and 610 nm, respectively, and data were analysed with MXPro
Software (241).

2.2.9 AA3 PfAdoMetDC crystallisation trials

Affinity chromatography purified PFAdoMetDC was further purified by SEC under two different
reducing buffering conditions providing the highest protein stability as identified by DSF: 1)
buffer W, with 10 mM DTT and 0.02% Brij-35 and 2) 100 mM HEPES, pH 7.4, 150 mM NacCl,
1mMEDTA, 10 mM DTT and 0.02% Brij-35. Fractions of the monomeric peak under reducing
SEC conditions for each buffering condition were pooled and concentrated with an Ultracel 3K
Amicon® filter to 3-7 mg/ml. The concentrated proteins were centrifuged for 10 min at 10 000g
at 4°C to remove protein aggregates. Protein crystallisation screens were performed either
with the Apo-form of AA3 PfAdoMetDC or after pre-incubation with 250 uM of the AdoMetDC
specific inhibitor, MDL73811 (10-fold higher than the protein molar concentration), for 30 min
at 4°C. Initially, a manual sparse-matrix crystal screen was set up with a Hampton Research
crystal screen HR 2-110 kit (Hampton Research, USA) using the hanging drop vapour
diffusion method and incubation at 4°C and 20°C. Additionally, high-throughput crystallisation
screens (HTS) were performed at the Max-Lab crystallisation facility (Lund University,
Sweden) using the vapour diffusion method with a Mosquito MD11-11 robotics system
(LabTech). Four independent crystallisation screens were performed: PACTpremier™ MD1-
29, JCSG-plus™ MD1-37, ProPlex™ HT-96 and the Structure screen I+l HT96 MD1-30
(Molecular Dimensions). Plates were incubated at 20°C and crystals analysed under
polarising light to determine birefringence with a CrystalPro™ 2 microscope and
CrystalLIME™ (TriTek) software.

2.2.10 Statistical analyses

All data are representative of at least three independent biological experiments (n > 3), each
performed in duplicate. Data were analysed using GraphPad Prism 5.0. Statistical analyses

were performed using the unpaired Student’s {-test at a least 95% confidence level.
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2.3 Results

2.3.1 In silico analysis of PfAdoMetDC reveals unique sequence characteristics of the A3

parasite-specific insert and the C-terminal hinge region

A homology model for monofunctional PfAdoMetDC, based on human (277) and plant (242)
templates shows that the protein contains two central $-sheets of eight antiparallel $-sheets,
flanked by several 310 a-helices, conforming to the appa-fold observed for plant and human
PfAdoMetDC (Figure 2.1) (194). However, structural characteristics of the A2 and A3 parasite-
specific inserts were not modelled due low sequence homology with template models (794).
Secondary structure prediction (Figure 2.4) showed no structures for the A1 and A2 inserts
but the A3 insert was shown to contain five (B-sheets. In addition, secondary structure
prediction of the C-terminal hinge region of PfAdoMetDC (residues 487-572) showed a -
sheet and two a-helices (Figure 2.4). These a-helices correspond to previously predicted

secondary structures within the hinge region (796).

Analysis of the sequence characteristics of the A3 insert with the Seg algorithm complexity
plot (Appendix 5, Figure 5) identified four LCRs, which did not overlap with the predicted 3-
sheets (Figure 2.4). Protein unstructured regions were also predicted with the IUPred server
(Appendix 5, Figure 8) of which five regions were identified. Interestingly, most of these
overlapped with predicted LCRs (Figure 2.4). Furthermore, within the predicted LCRs and
unstructured regions, five sequences of two to three tandem Asn repeats were identified
(Figure 2.4) indicating selective bias for this residue in the A3 parasite-specific insert
(Appendix 5, Figure 5) (243, 244). The Asn repeats along with the high content of polar and
charged residues such as Thr, His, Arg and Ser are highly abundant in the A3 insert compared,
to the rest of the conserved PfAdoMetDC sequence. The low content of hydrophobic and
aromatic residues such as Leu, Met and Phe (confirmed by Kyte and Doolittle hydrophobicity
plot analysis; Appendix 5, Figure 6) substantiates the hydrophilic nature of the A3 insert,
similar to other parasite-specific inserts in proteins of Plasmodium parasites (799). Although
not characterised as a parasite-specific insert, the hinge region also resembles the sequence
specific characteristics of the A3 insert since it contains two tandem Asn repeats as well as a
high content of hydrophilic residues (Kyte and Doolittle hydrophobicity plot; Appendix 5, Figure
6).
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1TMNGIFEGIEKRVVI !LKESFFKGNRNVNSFLD | PKELWEEKL!Y IGCSIVSEISEDK

Insert 1
(residue 57-63) ™ 60|RRGHRCRVYLLSESSLY IFDDSLFIKTCGKTRVLFFIPFVVDLLIYHMDNVGI IEKNCV

Insert 2

(residue 110137) — 119|YDETF IENEKFHN | AEF|IKEHFLYCFFTHMNYRNKTKDGYFEQEYPHKSLEDEKKFFEF

178 FFKNVQMYNTHLPMEKMHY | F!YSSDDVHMTD IASTFKFCSE IHLFGINKYNEKNQFHD

Insert3 ey 937 AYLNNKSLNLFTRVHEDNLKLYDSSDADKEﬁTRGTYEDTGMVNCVDU I'YKNES
(residue 259-408)

296[TLLNANNIEN IPS | ENKESNNNSRCC YSGSCMPSER HVHHARH](EDT

355|UNRSN 1 SAEDNNRNAQPEKEKD EDVRRDDE]:NKVL I KMI DTNLYEC[I NYNKESFLYNEF

414$TPCGYSCNV8EKNNY FC!HYSPEDSVSYVSVEVSSNLSCDRFLDF IHKQLNFYNGKY

]

Hinge region -~ ., MFMINYVFCEESB&SKMVPDD@YSSGKSCVY!QDLNKKEKEEYYRLNKKL

(residue 529-572)
532\ NSKQFYELHTFTERT‘.‘GFMRVQYFVY!LRDVVKCVE KET

Figure 2.4: Secondary structure prediction of PfAdoMetDC. Blue arrows indicate a- helices and red arrows indicate B-sheets. The secondary structure
prediction without the A2 and A3 inserts as well as that of the hinge is similar to that of the homology model of PfAdoMetDC (7194) with the exception of three
B-sheets and two a-helices. The secondary structures of the parasite-specific inserts (A1, A2 and A3) are indicated in green boxes and the hinge region as a
black box. For insert A3, five tandem Asn repeats were identified (red boxes), which overlapped with four LCRs (yellow boxes) and five unstructured regions

(purple boxes).
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LCRs and disordered regions have been shown tointerfere with protein crystallisation
strategies (245). In this study, the A3 parasite-specific insert was partially deleted due to its
large size, the predicted non-essential role in protein structure and function (794) and the high
abundance of hydrophilic residues. (194) Furthermore, the C-terminal hinge region was also
a truncated based on similar considerations and presently unknown structural and functional

role in monofunctional PfAdoMetDC.

2.3.2 Expression and purification of deletion constructs reveals unique characteristics of the

A3 insert and the hinge region for monofunctional PfAdoMetDC

2.3.2.1 Deletion of the A3 insert improves heterologous expression of monofunctional
PfAdoMetDC

The specific structural and functional features of the A3 insert and the hinge region on
dimerisation and oligomerisation of monofunctional PFAdoMetDC needed to be identified and
understood. Three deletion mutants, AA3, AH and AA3AH, were constructed from a codon
harmonised version of wild-type pfadometdc. The A3 insert contains 149 amino residues
(794) but only the central 100 residues (residues 264-364) were removed and is referred to
as the AA3 mutant in this study. For the AH mutant, the 85 residues of the hinge region at the
C-terminal were removed, which left only the core catalytic domain of PfAdoMetDC (487
residues) (152). In order to increase the sequence homology of PfAdoMetDC to human
AdoMetDC, a third deletion mutant was constructed containing both the AA3 and AH deletions
and named the AA3AH double mutant. Protein constructs were expressed from the pASK-
IBA3 expression vector with a C-terminal Strep-tag Il, as with the wild-type and C505S mutants
(204). The amino acid sequence alignments of these constructs are shown in Figure 2.5
(Plasmid maps; Appendix 1, restriction enzyme mapping; Appendix 3, Sanger dideoxy

sequencing results, Appendix 4).
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Figure 2.5: Amino acid sequence alignments of wild-type, C505S, AA3, AH and AA3AH
PfAdoMetDC. Sequence alignments were performed with UniProt. * indicate sequence identity for all
5 sequences; — indicate the gaps created via deletion mutagenesis, for the AA3 (indicated in green,
with the remaining flanking residues of the A3 insert indicated in blue) and AH mutants (indicated in

purple). The position of the C505S point mutation is indicated in red.
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Soluble protein yield was determined by the Bradford method (Figure 2.6A), following
heterologous expression in E. coli BL21 Star™ cells and purification of the cell lysates by
Strep-tag Il affinity chromatography. Wild-type and C505S PfAdoMetDC showed similar yields
(1.83 £ 0.20 mg/L and 2.33 + 0.48 mg/L culture, compared to a significant increase observed
for the AA3 mutant (3.13 £ 0.52 mg/L (n=6, P=0.04, unpaired student t-test)) (Figure 2.6B). In
contrast to the AA3 mutant, negligible protein yields were obtained for the AH and AA3AH
mutants (0.02 + 0.004 mg/L for both AH and AA3AH PfAdoMetDC (n=3, P<0.01, unpaired
students t-test)) (Figure 2.6B).
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Figure 2.6: Protein concentration and yield determination of soluble protein from wild-type and
mutant (C505S, AA3, AH and AA3AH) PfAdoMetDC. (A) Standard curve for quantifying protein
concentration with the Bradford method. (B) Mean protein concentration in ug/ml of wild-type, C505S,
AA3, AH and AA3AH heterologous PfAdoMetDC. Protein yield per L of culture of the deletion mutants
were compared to wild-type and C505S PfAdoMetDC. Data are representative of six independent
experiments performed in duplicate (n = 6 for harmonised, C505S and AA3 and n=3 for AH and AA3AH,
*P<0.05 and **P<0.01, error bars indicate + SEM). Where not shown, error bars fall within the symbols.

Reducing SDS-PAGE of affinity chromatography purified wild-type and C505S PfAdoMetDC
showed the processed monomeric a-subunit as the major band at ~60 kDa and the dissociated
B-subunit at ~9 kDa (792) (Figure 2.7). Due to removal of the A3 insert residues, the
processed monomeric a-subunit for AA3 PfAdoMetDC was present at ~50 kDa with the
dissociated B-subunit at ~9 kDa (Figure 2.7). For the wild-type, C505S and AA3 PfAdoMetDC
proteins, minor bands of the unprocessed forms of the protein, previously identified by LC-
MS/MS (207), were observed at ~69 and ~59 kDa, respectively (Figure 2.7). The presence
of unprocessed proteins in the soluble fractions of wild-type, C505S and AA3 PfAdoMetDC
indicated incomplete post-translational processing for the heterologous protein. The E. coli
heat shock protein 70 (Hsp70), previously identified with LC-MS/MS (207), also co-eluted with
the AA3 mutant and as minor contaminant of the wild-type and C505S mutants. Furthermore,

a ~100 kDa band co-eluted with the AA3 mutant and is presumed to be a homodimer of this

47

© University of Pretoria



protein (Figure 2.7). Since no dimerisation of the wild-type or C505S mutants were observed
under these conditions, it may indicate that the AA3 mutant has a dimerisation mechanism
independent of the C505S residue or hydrophobic based interactions (792). Therefore,
although the soluble protein yield of the AA3 mutant was improved the sample homogeneity
of the affinity chromatography purified protein was not improved due to co-elution of the
unprocessed monomer and E. coli Hsp70 contaminant as well as the formation of a ~100 kDa

dimer.

ProtParam sequence analysis predicted the sizes of processed forms of AH and AA3AH to be
~50 and ~39 kDa, respectively. However, reducing SDS-PAGE showed these proteins were
unprocessed, due to band sizes corresponding to ~59 and ~48 kDa and absence of the
dissociated ~9 kDa B-subunits (Figure 2.7). In addition, Hsp70 identified by LC-MS/MS (207),
co-eluted with AH and AA3AH in higher amounts compared to the other PfAdoMetDC
constructs (Figure 2.7). Furthermore, an unidentified ~18 kDa protein was associated with the
AH and the AA3AH mutants that was not observed for the wild-type, C505S or AA3
PfAdoMetDC proteins.

MM wt C505S AA3 AH AA3AH

120 kDa
100 kDa
85 kDa
70 kDa
60 kDa

50 kDa
40 kDa

30 kDa

25 kDa
20 kDa

15 kDa

10 kDa

Figure 2.7: Reducing SDS-PAGE of 5 ug affinity chromatography purified wild-type, C505S, AA3,
AH and AA3AH PfAdoMetDC. MM: unstained protein marker; lane 2: soluble wild-type (wt)
PfAdoMetDC; lane 3: soluble C505S PfAdoMetDC; lane 4: soluble AA3 PfAdoMetDC; lane 5: soluble
AH PfAdoMetDC and lane 6: soluble AASBAH PfAdoMetDC. Processed and unprocessed a-subunits
are indicated at ~60 and ~69 kDa for wild-type and C505S PfAdoMetDC (numbers 1, 2, 3 and 4,
respectively) and unprocessed and processed proteins at ~59 and ~50 kDa for AA3 PfAdoMetDC
(numbers 5 and 6, respectively). The ~100 kDa AA3 PfAdoMetDC homodimer is represented by
number 11. Processed 3-subunits are indicated at ~9 kDa (number 7). Monomeric AH and AA3AH are
indicated at ~50 kDa and ~40 kDa (numbers 9 and 10), respectively, and E. coli Hsp70 at ~70 kDa
(number 8).
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Analysis by reducing PAGE of wild-type PfAdoMetDC showed no significant quantities of the
monomeric PAdoMetDC protein in the insoluble fractions and cell lysates (Figure 2.8A). The
C505S mutant presented a similar profile compared to the wild-type protein (therefore not
included in Figure 2.8). Interestingly, although the AA3 mutant showed a higher soluble
protein yield, a substantial amount of the processed monomer was also present in the
insoluble inclusion body fraction (Figure 2.8B). This may be attributable to nutrient depletion
in E. coli due to the high expression levels of the AA3 mutant that could lead to aggregation
of the proteins into inclusion bodies (246). Both AH mutants (Figure 2.8C and D) showed
unprocessed monomers aggregated in inclusion bodies but significantly lower soluble protein
yields were observed compared to the AA3 mutant. This also explains the increased amount
of co-eluted Hsp70 into the soluble fraction, as inclusion bodies are substrates for E. coli
Hsp70 (246, 247).

(A) wild-type
MM 1 2 3

(B)

200 kDa
150 kDa
120 kDa
100 kDa
85 kDa

200 kDa
150 kDa
120 kDa
100 kDa

5 kDa
70 kDa
70 kDa 60 kDa
60 kDa
50 kDa 50 kDa
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(C) AH (D) AA3AH
MM 1 2 3
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85 kDa
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30kDa
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Figure 2.8: Reducing SDS-PAGE analysis of PfAdoMetDC cell lysates, soluble and insoluble
fractions. (A) Wild-type PfAdoMetDC. Due to the similar purification profiles between the wild-type
protein and the C505S mutant, the C505S mutant protein was not included in the figure. (B) AA3
PfAdoMetDC, (C) AH PfAdoMetDC and (D) AA3AH PfAdoMetDC. MM: unstained protein marker, lane
1: pellet of lysed cells (10 x dilution), lane 2: cell lysate 10 x dilution, lane 3: 5 pg purified PfAdoMetDC.
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The specific activities of wild-type and C505S PfAdoMetDC (58.53 + 2.89 and 55.29 + 2.86
nmol/min/mg, respectively, n=3) were significantly lower than that of AA3 PfAdoMetDC (95.06
+ 1.16 nmol/min/mg, n=3, P<0.01, unpaired student t-test) (Figure 2.9). Thus, removal of the
A3 insert from wild-type PfAdoMetDC resulted in conformational changes that positively

affected the active site and turnover rate of PfAdoMetDC.

The specific activities of AH (0.15 + 0.15 nmol/min/mg, n=4) and AA3AH (0.67 + 0.25
nmol/min/mg, n=4) were marginal in comparison to specific activities of wild-type, C505S and
AA3 PfAdoMetDC (n=4, P<0.01, unpaired students t-test, Figure 2.9). Therefore, deletion of
the 85 C-terminal hinge region residues were not only detrimental to soluble protein
expression and post-translational processing, but also resulted in an essentially inactive
enzyme. Thus, based on the unfolded, unprocessed oligomeric status of the AH mutants,

these proteins were not further investigated as candidates for protein crystallisation trials.
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Figure 2.9: Specific activities of soluble wild-type, C505S, AA3, AH and AA3AH PfAdoMetDC.
Data are representative of three or four independent experiments performed in duplicate. Error bars
indicate SEM, **=P<0.01, unpaired t-test. Where not observed error bars fall within symbols.

The presence of the monomeric and dimeric forms observed for soluble AA3 PfAdoMetDC
was confirmed in subsequent studies. Western immunodetection of 5 ug Strep-tag Il bound
AA3 PfAdoMetDC (Figure 2.10) following reducing SDS-PAGE analysis, identified the ~59
unprocessed and ~50 kDa processed monomeric protein bands. A third band at ~100 kDa
indicated the homodimeric form. The ~9 kDa B-subunit was not visible on the immunoblot,
due to the Strep-tag Il being covalently bound to the C-terminus of the a-subunit of
PfAdoMetDC.
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Figure 2.10: Detection of AA3 PfAdoMetDC homodimer observed by reducing SDS-PAGE
through Western immunodetection. (A) Western immunoblot of 5 ug soluble affinity chromatography
purified AA3 PfAdoMetDC. MM: unstained protein marker; lane 2: Soluble AA3 PfAdoMetDC (~ 5 ug).
(1) Processed ~50 kDa monomer, (2) Unprocessed ~60 kDa monomer and (3) ~100 kDa homodimer.

Furthermore, MALDI-TOF MS performed on the most prevalent bands of a Coomassie stained
reducing SDS-PAGE of ~50 ug AA3 PfAdoMetDC confirmed the results observed by Western
immunodetection (Table 2.1) (Appendix 10). The faint ~70 kDa band co-purified with
PfAdoMetDC was previously identified by LC-MS MS as E. coli DnaK (Hsp70) (Table 2.1) to
(192).

Table 2.1: MALDI-TOF MS analysis of ~50 pg affinity chromatography purified soluble AA3
PfAdoMetDC. MALDI-TOF MS of the ~50, ~59, ~70 and ~100 kDa peptide sequences (depicted in
figure below table) using the MASCOT search engine identified P. falciparum AdoMetDC/ODC and
E.coli DnaK proteins.

MM AA3 No. Band Accession Description MASCOT %
Score Coverage
— 1 60 PF10_0322 P. falciparum AdoMetDC/ODC 11806.48 19.87
120 kDa D (Pf3D7_10:1324130-1328434(-))
100KDa e 4 a
85 kDa
wwdil 3 2 50 PF10_0322 P. falciparum AdoMetDC/ODC  4647.56 15.20
50kDa (Pf3D7_10:1324130-1328434(-))
50 kDa 2 kDa
40kDa 1 3 70 A7ZHA4 Chaperone protein DnaK 2237.87 31.97
kD (OS=Escherichia coli 0139:H28)
20kDa W a
10 KD 4 100 PF10_0322 P. falciparum AdoMetDC/ODC  5833.12 11.99
kDa (Pf3D7_10:1324130-1328434(-))
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3.3.2.2 The oligomeric status and sample homogeneity of monofunctional
PfAdoMetDC

The sample homogeneity and oligomeric status of wild-type, C505S and AA3 PfAdoMetDC
was also determined by SEC under reducing conditions. A linear regression standard curve
using the V. of HMW proteins (Figure 2.11A) with a regression coefficient of R? = 0.98, was

used to determine the MM of protein samples (Figure 2.11B).

(A) (B)

300

200 1 Thyroglobulin 669 kDa

2 Ferritin 440 kDa

3 Aldolase 158 kDa s 559
4 Conalbumin 75 kDa

5

Ovalbumin 44 kDa o

y=-0.61x +4.75

Absorbance (Ay)

100

o

Figure 2.11: HMW standard curve for analytical SEC (44-669 kDa). Analytical SEC was performed
with a Superdex 75 10/300 200 GL column. (A) Chromatogram of 2mg/ml dextran blue (2000 kDa)
depicting the void volume (V,, dotted line) at 8.255ml () and the elution volumes (Ve, solid line) of the
HMW markers (44 -699 kDa). (B) Standard curve obtained by plotting the Log molecular mass values
of HMW proteins against the Vo/V, values.

Following column equilibration with buffer W under reducing conditions (10 mM DTT and
0.02% Brij-35) ~2 mg affinity chromatography purified PfAdoMetDC was loaded for SEC
analysis. These reducing and detergent conditions were included based on a previous study
that showed that the sample homogeneity of monomeric PFAdoMetDC decreased as a result
of dimerisation via disulphide bond formation and oligomerisation via hydrophobic interactions
(207). Under these conditions ~2 mg wild-type (Ve/V, = 1.56) and C505S PfAdoMetDC (V&/V,
= 1.59) appeared as single peaks of the a-monomers at ~69 kDa (Figure 2.12A). In a
previous study these proteins loaded at ~1 mg eluted as tetrameric, dimeric and monomeric
forms (792). However, although not apparent on the chromatograms, collected peak fractions
of wild-type and C505S PfAdoMetDC analysed by reducing SDS-PAGE, showed the
processed and unprocessed aB-monomers at ~60 and ~69 kDa, as well as faint bands that
correspond to the homodimer of wild-type PfAdoMetDC and the heterotetrameric forms of
wild-type and C505S PfAdoMetDC (Figure 2.12B) (7192). The presence of these bands were
however, only detected at protein concentrations higher than 5 pg, and were not resolved in
the presence of 0.02% Brij-35 that was included to prevent hydrophobic interactions and

oligomerisation.
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The AA3 mutant primarily eluted as the a3-monomer at ~59 kDa (V/V, = 1.88), however, a
pre-eluted shoulder was detected that corresponds to a dimeric form at ~100 kDa, not
observed for wild-type or C505S PfAdoMetDC (Figure 2.12A). Reducing SDS-PAGE of the
collected peak fraction confirmed the presence of the ~100 kDa dimer co-eluting with the
monomer (Figure 2.12B) also shown by Western immunoblotting and MADLI-TOF MS. Since
SEC was performed under reducing conditions, the dimerisation observed could be due to
non-obligatory isologous disulphide bonds, not completely reduced by DTT or hydrophobic
interactions, not prevented by Brij-35. However, the absence of homotetrameric complexes
for AA3 PfAdoMetDC indicated that protein oligomerisation of wild-type and C505S
PfAdoMetDC, seen in Figure 2.12B, may have been caused by interdomain protein-protein
interactions mediated by the A3 parasite-specific insert. Separation of the oligomeric and
dimeric complexes for wild-type, C505S and AA3 PfAdoMetDC was not achieved with SEC

due to poor column resolution at the flow-rate used to elute proteins.
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Figure 2.12: Analytical SEC purification under reducing conditions followed by reducing SDS-
PAGE of collected peak fractions of wild-type, C505S and AA3 PfAdoMetDC. (A) Comparative
chromatogram of affinity purified wild-type, C505S and AA3 PfAdoMetDC analysed by SEC.
PfAdoMetDC proteins (~2 mg) were analysed in buffer W under reducing conditions (10 mM DTT and
0.02% Brij-35). Wild-type and C505S PfAdoMetDC eluted at ~69 kDa, and the AA3 mutant eluted at
~59 kDa with pre-eluting shoulder indicated by the black arrow. (B) Reducing SDS-PAGE of collected
peak fractions following reducing SEC. The molecular markers are indicated in lane 1 and analysed
wild-type, C505S and AA3 PfAdoMetDC peak fractions in lane 2. The processed (1), unprocessed (2),
dimeric (3) and heterotetrameric (4) forms of the protein are indicated.
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To establish the mechanism of dimerisation of the AA3 mutant and if this dimerisation was
concentration dependent, the protein was further analysed by SEC under both reducing
(Buffer W, 10 mM DTT and 0.02% Brij-35) and non-reducing conditions (Buffer W, no DTT or
Brij-35 added) at a higher concentration (~4 mg compared to ~2 mg in Figure 2.12A) (Figure
2.13). At the increased concentration and under reducing conditions, a single peak
representing the a-monomer at ~59 kDa was obtained. However, under non-reducing
conditions a shoulder correlating to the ~100 kDa homodimer was observed, suggesting that
dimerisation is due to disulphide bridge formation between surface cysteine residues C505
and C566 at the proposed dimerisation interface and/or other unknown interactions. However,
since the C-terminal truncation, which included these residues, resulted in insoluble
PfAdoMetDC expression, the role of these residues in dimerisation of the AA3 mutant could
not be verified by this mutation. Although the level of dimerisation increased under non-
reducing conditions, the increase in protein concentration to ~4 mg did not result in a shift from
the monomeric form to the dimeric form, unlike that observed for wild-type and C505S
PfAdoMetDC (792). This indicates that AA3 PfAdoMetDC has a lower propensity to dimerise

compared to these proteins.
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Figure 2.13: Analytical SEC of affinity chromatography purified AA3 PfAdoMetDC under
reducing and non-reducing conditions. The protein (~4 mg) was analysed in buffer W under
reducing (10 mM DTT and 0.02% Brij-35) and non-reducing conditions (without DTT and Brij-35). The
proteins eluted at ~59 kDa with pre-eluting shoulder indicated by the black arrow.

The decreased propensity of the AA3 mutant to oligomerise or dimerise seems related to the
removal of the disordered regions and LCRs contained within the A3 the insert. This may

indicate that the oligomeric association of monofunctional wild-type and C505S PfAdoMetDC
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(leading to tetrameric complexes) is mediated by the A3 insert and is independent of the
disulphide bond created by the C505 residue. The increased yield, purity and sample
homogeneity observed for the mutant, while maintaining activity makes it amenable for protein

crystallisation trials and was therefore, studied in subsequent experiments.

2.3.3 Analysis of AA3 PfAdoMetDC reveals novel structural characteristics of the parasite-

specific insert

2.3.3.1 Deletion of the A3 insert does not influence PfAdoMetDC structural integrity

Following dialysis into a phosphate buffer, far-UV CD analysis performed on SEC purified AA3
PfAdoMetDC in comparison to the C505S mutant revealed a similar secondary structure
profile and fold for both mutants (Figure 2.14). This suggests that removal of the A3 insert did
not induce gross changes in the secondary structure of PFAdoMetDC. The only difference in
the protein spectra was observed between 195-200 nm, possibly due to removal of the three
B-sheets predicted in the A3 insert (Figure 2.4), although detections at these low wavelengths

are notoriously unreliable.
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Figure 2.14: Far-UV CD analysis of C505S and AA3 PfAdoMetDC. Far-UV CD analysis at 195-250
nm against the mean molar ellipticity per residue for C505S and AA3 PfAdoMetDC.

The role of the A3 insert on protein flexibility and shape composition was determined with
SAXS measurements. The plateau of the Kratky graph following an initial parabolic peak
represents random coil movement of particles (Figure 2.15A). The low level baseline detected
for C505S and AA3 PfAdoMetDC indicated low protein flexibility and, stable protein structures

for both proteins.
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A transformed Kratky plot using Guinier parameters (Ry) produced the Porod-Debye plot
(Figure 2.15B) in which the plateau, referred to as the Porod-plateau observed for the BSA
control, is an indication of the folded conformational states of a protein. The level of each
plateau is specific to the conformation of the protein (248). The observed Porod-plateaus for
C505S and AA3 PfAdoMetDC indicate comprehensively folded conformational states when
compared to the completely folded BSA control (Figure 2.15B). As previously shown for
parasite-specific inserts, the A3 insert was predicted to be a hydrophilic non-globular loop on
the protein surface (7195) and its presence or absence as expected does not appear to affect
protein flexibility or the native protein fold, indicating that it does not interact with the protein

core (200, 202).
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Figure 2.15: SAXS analysis of C505S and AA3 PfAdoMetDC. (A) Kratky plot of the C505S and the
AA3 mutant. The scattering angle (q) and radius of gyration using Guinier parameters (Rg) is plotted
against the particle volumes detected as derived from resolution (gn2.In(q)). (B) The Porod-Debye plot
transformed from the Kratky plot by the Porod-Debye law, of the C505S and the AA3 mutants, with a
BSA control. The plot is derived by transformation of the scattering data g*.1(q) against g*, where 1(q)
represents the association between q and resolution (248).
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3.3.4 Deletion of residues of the A3 parasite-specific insert aids in protein crystal formation

For optimal crystallisation conditions a protein sample should preferably be
monodisperse(249). Previously, DLS analysis of of wild-type and C505S PfAdoMetDC
showed that they were polydisperse (192). The Ry for AA3 PfAdoMetDC was lower compared
to that of the C505S mutant, which is attributable to the smaller hydrodynamic size of the
protein. However, the Pdl was nearly 2-fold lower that the C505S mutant indicating that the
AA3 mutant is more monodisperse (Table 2.2). Despite the AA3 PfAdoMetDC showing a
lower propensity to dimerise, the mutant was however still polydisperse as determined by DLS
(Table 2.2).

Dimerisation of the AA3 mutant was still detectable following SEC under reducing conditions
and the presence of Brij-35. Under non-reducing conditions and in the absence of Brij-35,
however, there was an increased propensity of the protein to dimerise as shown by SEC,
possibly either through disulphide bonds or hydrophobic interactions or both. Therefore, for
comparative purposes the C505S and AA3 mutants were incubated with a stronger reducing
agent, TCEP, to establish whether sample monodispersity could be further improved. The
stronger reducing action of TCEP is due to its higher resistance to oxidation and thus higher
stability under oxidising conditions compared to DTT (250). With this reducing agent the
C505S mutant showed a ~2-fold increase in the Ry of the protein and the ~3-fold increase in
the sample polydispersity as indicated (Table 2.2). This suggests that this reducing agent
may have disrupted internal disulphide links, which led to conformational changes in protein
structural integrity (257). The AA3 mutant in contrast showed an insignificant deviation in its
R# value but a ~2-fold increase its polydispersity index in the presence of TCEP. These results
suggest that AA3 mutant has a more stable and robust native fold than the C505S mutant that
is not as easily disrupted. The effect of DTT on the Ry or Pdl of C505S and AA3 PfAdoMetDC
was similar but much less substantial than TCEP. No significant deviation was observed in
either the Ry of PDI in the presence or absence of 0.02% Brij-35 (Table 2.2) for either protein.
Although the presence of 10 mM DTT slightly increased the polydispersity index of the AA3
mutant, it was included in crystallisation trials since it decreased protein dimerisation

propensity as shown by reducing SEC.
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Table 2.2: Protein hydrodynamic radii (Ru4) and polydispersity index (Pdl) determined under
reducing conditions for C505S and AA3 PfAdoMetDC. Sample monodispersity, in terms of Ry and
the Pdl with SEC purified C505S and AA3 PfAdoMetDC under reducing conditions was analysed by
DLS, following pre-incubation with reducing agents (DTT and TCEP) and the non-ionic detergent, Brij-
35.

Sample Conditions [Protein] Ru (¥SD) Pdi Estimated MM Peak
(mg/ml) (nm) (¥SD) (kDa) Polydispersity

C505S PfAdoMetDC 1.6 6.2 029 238+127.5 Polydisperse
C505S PfAdoMetDC 5 mM TCEP 1.6 14.2 0.90 1660+1.6x 103 Polydisperse
C505S PfAdoMetDC 0.02% Brij-35 1.6 6.0 027 226+117.4 Polydisperse
C505S PfAdoMetDC 10 mM DTT 1.6 6.7 0.35 319+188.8 Polydisperse
AA3 PfAdoMetDC 1.6 4.7 0.17 127+52.8 Polydisperse
AA3 PfAdoMetDC 5 mM TCEP 1.6 5.7 0.35 194 +114.9 Polydisperse
AA3 PfAdoMetDC 0.0% Brij-35 1.6 4.7 0.17 1261521 Polydisperse
AA3 PfAdoMetDC 10 mM DTT 1.6 5.1 0.29 150%80.7 Polydisperse

DSF performed on wild-type PfAdoMetDC showed that it is most stable (Tm of 61°C) when
buffered with Buffer W (207). However, the internal stability of the AA3 mutant was higher at
a Tm of 65.3°C than wild-type PfAdoMetDC under the same buffering condition (0.1 mg/ml).
The same Tm (65.3°C) was obtained with 0.1 mg/ml AA3 PfAdoMetDC in a HEPES buffer
(100 mM HEPES, pH 7.4, 150 mM NaCl) in the absence of DTT and Brij-35 (Figure 2.16).
Under reducing conditions (10 mM DTT and 0.02% Brij-35) however, the Tm of the AA3
mutant decreased to 60°C (10 mM DTT, 0.02% Brij-35) (Figure 2.16), which may be due to
the reduction of the additional surface covalent disulphide bonds by DTT (compared to slight
changes in values in Table 2.2), resulting in a more temperature sensitive protein. Based on
the internal stability under both the HEPES and reduced buffer W buffering conditions, AA3

PfAdoMetDC was pre-incubated in both buffers prior to protein crystallisation trials.
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Figure 2.16: Differential scanning fluorimetry (DSF) of SEC purified AA3 PfAdoMetDC under
different buffering conditions. The highest Tm observed for the protein was for Buffer W (purple line,
50 mM Tris-HCI, pH 8.0, 150 mM NaCl) and HEPES buffer (green line, 100 mM HEPES-NaOH, pH 7.4,

150 mM NacCl). Addition of 10 mM DTT and 0.02% Brij-35 to Buffer W decreased Tm to 60°C (blue
line).

Prior to protein crystallisation trials, the AA3 PfAdoMetDC mutant was purified by reducing
SEC in either Buffer W or HEPES buffer (identified by DSF) (Figure 2.17A). An elution rate of
0.1 ml/min was used and fractions containing the monofunctional from of the protein, e.g.,
fractions collected after fraction 30 (Figure 2.17B) were pooled and concentrated to ~4.6 - 17

mg/ml aliquots and screened for crystal formation, either in the Apo-form or co-incubated with
MDL73811.
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Figure 2.17: Reducing SEC of ~4 mg AA3 PfAdoMetDC with buffer W and HEPES buffer. (A)
Reducing SEC-purification of affinity chromatography purified AA3 PfAdoMetDC under reducing
conditions with either buffer W (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 10 mM DTT and 0.02% Brij-35)
or HEPES buffer (100 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM DTT and 0.02% Brij-35). (B)
Reducing SDS-PAGE of collected peak fractions following reducing SEC. Fractions after fraction 30
contained the monomeric form of AA3 PfAdoMetDC. Similar results were obtained with either buffer W
or HEPES buffered conditions.

In total, six crystallisation conditions all yielded birefringent protein crystals all presenting a
needle cluster morphology (Figure 2.18). The crystals all developed under similar Tris and
sodium citrate buffered crystallisation conditions with a pH range of 6-8.5 with corresponding
sulphate and acetate salts and a high percentage of PEG polymers over periods from 24 h to
2 weeks at 20°C (Table 2.3). However, although these were birefringent protein crystals, no
x-ray diffraction data were obtained. Interestingly, the 0.1 M Tris pH 8.5, 8% w/v PEG 8000
condition producing the needle clusters is the same crystallisation condition that produced
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human AdoMetDC crystals (277). This may indicate a correlation between the structural
homology of the human and P. falciparum protein, although the human protein crystallises as
a dimer (252, 253).

Figure 2.18: AA3 PfAdoMetDC needle clusters. Birefringent needle clusters of AA3 PfAdoMetDC
obtained by the hanging drop vapour diffusion method. All crystals obtained in conditions described in
Table 2.3, bear this morphology.

Table 2.3: Protein crystallisation conditions for AA3 PfAdoMetDC. Protein crystallisation trials with
various crystal screen kits were set up with SEC purified AA3 PfAdoMetDC in either HEPES buffer or
Buffer W. Protein crystals with needle cluster morphology were obtained in concentration ranging from
4.6 — 17 mg/ml in six different crystallisation conditions.

Protein Crystal screen kit Final [protein] Crystallisation condition

buffer (mg/ml)

Buffer W  Hampton Research 17 mg/ml 0.1 M Tris, pH 8.5, 8% w/v PEG 8000

crystal screen HR-2-110  1:1 drop volume ratio

Buffer W  Proplex Screen 6.2 mg/ml 0.2 M Li2SO4, 0.1 M MES pH 6.0, 20% w/v
1:1 drop volume ratio PEG 4000

Buffer W Proplex Screen 4.6 and 7.0 mg/ml 0.1 M MgClz, 0.1 M MES pH 6.0, 8% w/v
1:1 drop volume ratio PEG 4000

HEPES JCSG-1 Screen 4.6 and 7.0 mg/ml 0.2 M MgClz, 0.1M Tris, pH 7.0, 10% w/v
1:1 drop volume ratio PEG 8000

HEPES PACT Screen 4.6 and 7.0 mg/ml 0.2 M NazSOg4, 0.1 M Bis-Tris propane, pH
1:1 drop volume ratio 7.5, 20% w/v PEG 3350

HEPES Proplex Screen 6.2 mg/ml 0.2 M CH3COONa, 0.1 M Sodium citrate, pH

1:1 drop volume ratio

5.5, 10% w/v PEG 4000

Optimisation of these crystallisation conditions to produce more planar crystals was attempted
by varying protein concentrations, precipitant concentration, crystallisation buffer; pH and
concentration and temperature as well as seeding experiments of crushed needle clusters.
However, following up to 2 months incubation no optimised planar crystal formation was
detected possibly due to the crystals presenting distinct biochemical signatures resulting in

highly polymorphic formations (210).
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2.4 Discussion

The bifunctional organisation of PFAdoMetDC/ODC not only uniquely distinguishes this protein
complex structurally, but also functionally from the homologous human proteins. As
PfAdoMetDC activity is not regulated by putrescine, unlike the human homologue (794), the
bifunctional assembly induces inter- and intradomain interactions and associated
conformational changes, which indirectly modulates the independent decarboxylase activities
on the respective protein domains (795). The development of homology models and the
functional characterisation of both bifunctional PfAdoMetDC/ODC and monofunctional
PfAdoMetDC have provided limited insight into the structural and functional characteristics of
this enzyme complex. However, in order to develop novel highly unambiguous and
pharmacokinetically favourable compounds specifically targeting PfAdoMetDC, the crystal
structure and functional characteristics must be determined. However, PfAdoMetDC
structural determination has been challenged due to the poor heterologous expression levels
of bifunctional PFAdoMetDC/ODC (206), co-purification of contaminanting E. coli proteins and
unstable truncated forms of the protein. Subsequently, heterologous expression of
monofunctional PfAdoMetDC showed improved purity and yield with gene codon
harmonisation, however, low sample homogeneity was still a limiting factor in attempts to

crystallise the monofunctional form of PFAdoMetDC.

Homology modelling and sequence analysis identified three parasite-specific inserts for
PfAdoMetDC (194). These parasite-specific inserts not only resemble LCRs found in many
eukaryotic proteins (200), but they also have sequence characteristics similar to other types
of protein inserts, for example, intrinsically unstructured regions (IURs) (223, 254) and
intrinsically disordered regions (IDPs) (255). As a result of these similar sequence specific
features, these regions have been found to sometimes overlap in Plasmodium parasite-
specific inserts (256) as shown for the A3 insert in this chapter. Parasite-specific inserts are
hydrophilic, non-globular domains proposed to extend away from the protein surface as non-
globular unstructured loops (203, 243, 257, 258). The inserts are highly divergent (259) and
usually consist of tandem amino acid (TAAs) repeats (243) of hydrophilic residues with a bias
towards Asn and Lys (243, 244, 255), also observed for the A3 insert. Interestingly, similar to
the A3 insert, the hinge region contains some LCRs sequence characteristics, with several
tandem Asn repeats with a bias towards hydrophilic residues (796). Due to the unique side
chain properties of Lys and Asn residues, their high abundance results in low steric hindrance
with increased rotation around the phi- and psi-angles of the peptide bonds, contributing to

the increased flexibility and unstructured nature associated with these inserts (260). Due to
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the hydrophilic nature, increased flexibility as well as their surface localisation, parasite-
specific inserts are not expected to be involved in the functional folding of the protein core
(261), as observed for other Plasmodium parasite-specific inserts in bifunctional PDHFR-TS
(202). Instead, similarly to PDHFR/TS (202), these inserts have been shown to mediate long-
range intra- and interdomain interactions to stabilise the formation of the bifunctional
PfAdoMetDC/ODC complex (7195, 209, 260, 262).

Parasite-specific inserts A3 and O1 have been shown to stabilise interdomain interactions in
the bifunctional complex (795) and monofunctional PFODC (207), since their deletion showed
significant decreases in protein activity across both domains. However, the structural and
functional roles of the A3 parasite-specific insert remains unknown for monofunctional
PfAdoMetDC. In addition, the hinge region covalently linking the N-terminal AdoMetDC
domain to the C-terminal ODC domain is also proposed to be essential for interdomain
interactions for stabilising the bifunctional complex in forming active enzymes (152, 174), since
deletion of the central hinge in bifunctional Pf/AdoMetDC/ODC also influenced the protein
activities of both domains (795). However, in the absence of the correct binding site i.e. the
PfODC domain, these surface localised hydrophilic inserts and C-terminal hinge region can
mediate intra- and interdomain interactions for heterologously expressed monofunctional
PfAdoMetDC. These non-obligatory interactions can result in non-obligatory protein complex
formation of monomeric subunits for monofunctional PfAdoMetDC into dimeric or
heterotetrameric complexes. Such non-specific protein oligomerisation leads to low sample
heterogeneity and polydispersity, making protein structural studies increasingly difficult (249,
263-265). Therefore, this study not only focussed on characterising the structural and
functional role of parasite-specific inserts and the hinge region for monofunctional
PfAdoMetDC but also determined their influence on heterologous protein purify and

homogeneity.

The three-dimensional structure of full-length bifunctional PIDHFR-TS was obtained after
removal of non-essential residues within the junction region of this protein (202). In addition,
several studies on Plasmodium proteins have shown that truncating non-homologous N- or C-
termini, considerably improves heterologous protein expression (102, 249). In a previous
study on monofunctional PfAdoMetDC it was shown that truncation of 87 residues of the C-
terminal hinge region of PfAdoMetDC (residues 660-572) resulted in increased protein activity,
purity and yield (752, 192). Therefore, in an attempt to improve the heterologous expression
and sample homogeneity of PfAdoMetDC for crystallisation studies a similar strategy was
followed in this study. However, in this study deletion of the entire C-terminal hinge region

(residues 487-572) resulted in the low-level expression of insoluble, inactive, unfolded
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monofunctional PfAdoMetDC unable to undergo post-translational autocatalytic serinolysis,
identifying an essential structure-function role for the hinge region in monofunctional
PfAdoMetDC.

Apart from the annotated B15- and B16-sheets (194), secondary structure predictions for the
deleted hinge region identified two non-annotated a-helices and a B-sheet. In a previous study
disruption of these secondary structures in the bifunctional complex influenced PfODC activity
more substantially in comparison to PfAdoMetDC (7196), showing that PfODC is more
dependent on the hinge region for structural integrity and activity (774). Intra- and interdomain
interactions mediated through secondary structures within junction/hinge regions have been
shown to be imperative for the stabilisation of other P. falciparum bifunctional proteins, e.g.
the cross-over helix in the hinge junction region for PIODHFR/TS (266) and PPPPK/DHPS
(262). Therefore, the secondary structures present within the hinge region may resemble such
conserved cross-over linking regions required for intradomain interactions to stabilise not only
monofunctional PfAdoMetDC, but also bifunctional PF/AdoMetDC/ODC. Future studies should
include sectional truncations or deletions of these secondary structures within the C-terminal
hinge region in order to derive their structural and functional role for monofunctional
PfAdoMetDC.

Heterologous expression and purification of AA3 PfAdoMetDC in comparison to wild-type,
C505S and AH PfAdoMetDC, showed a discernible increase in soluble protein yield, purity,
stability and activity. Furthermore, as shown with the far-UV CD analysis, the overall
secondary structure conformation of the protein remained grossly similar to the C505S
construct, proposing that it may essentially be a non-globular domain (795). However, the
positive conformational changes resulting in the ~2-fold increase in protein activity compared
to wild-type PfAdoMetDC observed with the AA3 mutant indicates that this parasite-specific
insert mediates intradomain protein-protein interactions fundamental to protein structure and
activity. Kinetic analysis of bifunctional PfAdoMetDC/ODC showed that PfODC in the
bifunctional complex with PFAdoMetDC limits the latter’s activity as evidenced by the 3-fold
higher specific activity observed for monofunctional PFAdoMetDC (792). This observation in
combination with the study performed by Birkholtz et al. 2004 (195), showing that deletion of
parasite-specific inserts influenced the activity of opposing domains, suggests that the A3
parasite-specific insert is most likely involved with inter- and intradomain interactions between
PfAdoMetDC and PfODC, co-ordinately regulating PfAdoMetDC and possibly PfODC
activities (795).
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Deletion of the A3 parasite-specific insert showed improved monofunctional PFAdoMetDC
sample homogeneity due to the absence of the heterotetrameric complex observed for the
wild-type protein. However, the sample showed heterogeneity due to the low level formation
of the ~100 kDa homodimer. Human AdoMetDC is an obligate dimer with two monomeric
domains associating via edge-on interactions, mediated by mainchain-mainchain and
sidechain-sidechain hydrogen bonds between the 37 and 315 sheets (277). PfAdoMetDC has
been proposed to dimerise via the same edge-on interaction (792), also mediated by these -
sheets. However, the GIn311 residue in the human AdoMetDC dimer interface, which may
mediate hydrogen bonding, is replaced by a Cys505 residue in PfAdoMetDC. Therefore,
PfAdoMetDC dimerisation may instead be mediated by disulphide bridge formation at the
dimer interface, as shown by the shift to the monomeric form in the monomer-dimer equilibrium
for the C505S mutant under reducing conditions (792). The dimer observed with the AA3
mutant was more abundant under non-reducing conditions, indicating that dimerisation is inter
alia mediated by disulphide bridge formation by oxidised surface Cys residues for example,
that of the C505 residue. Interestingly, C481 on a-helix 10 and C454 on a-helix 9 are also
replaced by GIn residues in human AdoMetDC (794). These three Cys residues (C481, C454
and C505) are on the same plane as the proposed PfAdoMetDC dimerisation site and could
thus form part of a cysteine-rich interdomain region, a highly polymorphic site responsible for

mediating protein oligomerisation (267).

However, apart from C505, carbamidomethyl-modified surface Cys residues showed that
these residues were not alkylated under reducing conditions upon MS analysis of the
monomeric band of monofunctional PfAdoMetDC (792), indicating that they may form internal
rather than surface mediated disulphide bonds. The only other surface Cys residues, that
were not carbamidomethyl-modified, which may mediate dimerisation via disulphide bridge
formation for of the AA3 mutant is the C566 residue in the hinge region or the C399 residue
present within the residual residues of the A3 insert. This site could also have accounted for
the residual dimerisation observed with the C505S mutant shown previously (792). In the
bifunctional conformation, C566 and C399 may form essential disulphide bonds for intra- and
interdomain interactions between the PfAdoMetDC and PfODC domains or may mediate
dimerisation of PfAdoMetDC into its obligate homodimer. However, in obtaining a
homogenous monomeric protein sample these residues may thus contribute to formation of
the ~100 kDa dimer producing a heterogeneous protein sample. Residues C505 and C566
residues were removed with deletion of the hinge region, however, due to the low-level
insoluble expression of these mutants it could not be verified whether these residues play a
role in dimerisation of monofunctional PFAdoMetDC. Therefore, future studies should not only

incorporate the C505S mutation in combination with the AA3 mutant, but also that of the other
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proposed surface Cys residues in an aim to improve sample homogeneity for protein structural
studies. However, other non-specific protein-protein interactions mediated by the A1, A2, and

the ~50 remaining residues of the A3 insert cannot be excluded.

Williams et al. 2011 (192) showed that both wild-type and C505S PfAdoMetDC oligomerised
into dimers and tetramers in a concentration-dependent monomer-dimer equilibrium.
However, these heterogeneous SEC elution profiles could not be reproduced in this study,
analysis of SEC purified PfAdoMetDC with SDS-PAGE confirmed the presence of
homodimers. The formation of these protein complexes was proposed to be due to the
exposed hydrophobic interaction site of PFODC (792). However, no homotetrameric
complexes were observed for the AA3 mutant. This indicated that in addition to hydrophobic
interactions, non-specific protein-protein interactions resulting in homotetrameric complex
formation are also partially mediated A3 insert. These results indicate that the A3 insert may
form part of an interdomain interaction with the PFODC domain, similar to that observed for

insert 1 of PMDHFR interacting with the PfTS domain in bifunctional complex formation (202).

Despite the presence of the ~100 kDa homodimer producing a polydisperse protein sample,
crystallisation trials showed the formation of birefringent protein needle clusters, the first ever
hit conditions obtained for a domain from the PfAdoMetDC/ODC complex. Therefore, deletion
of parasite-specific inserts may provide a viable strategy in aiding the structural determination

of Plasmodium proteins.
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2.5 Conclusion

This study focussed on determining the structural and functional characteristics of
monofunctional PfAdoMetDC. Truncation of the C-terminal hinge region resulted in an
unfolded, inactive protein indicating that this region mediates essential structural and
functional roles for monofunctional PFAdoMetDC. On the other hand, deletion of one of the
largest of the parasite-specific inserts, the A3 insert, did not influence the structural integrity
or functionality of the enzyme, but improved the heterologous yield and homogeneity of the
protein. This led to the formation of protein crystals, indicating that deletion of parasite-specific
inserts provides a unique strategy in obtaining the crystal structure of PfAdoMetDC for
structure-based drug design of novel PFAdoMetDC inhibitors.
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Chapter 3

Novel S-adenosyl-L-methionine decarboxylase inhibitors
as potent antiproliferative agents against intra-erythrocytic

Plasmodium falciparum parasites

The work in this chapter has been published as follows:

Dina le Roux, Pieter Burger, Jandeli Niemand, Robert Barker, Anne Grobler, Patricia Urban,
Xavier Fernandez-Busquets, Abraham |. Louw, Lyn-Marie Birkholtz. (2014) Novel derivatives
of MDL 73811 inhibit Plasmodium falciparum S-adenosyl-L-methionine decarboxylase.

International Journal for Parasitology: Drugs and Drug resistance, 4, 28-36

3.1 Introduction

Polyamines (putrescine, spermidine and spermine) are critical components of cell growth and
division, particularly in rapidly proliferating cells that include cancerous cells and numerous
parasites (7174, 116). A number of enzymes in the biosynthesis of polyamines have been
validated as suitable drug targets including ornithine decarboxylase (ODC) (747) and S-
adenosyl-L-methionine decarboxylase (AdoMetDC) (7142) as the two major enzymatic
activities. Protozoan infections resulting in human parasitic diseases such as African sleeping
sickness (caused by subspecies of Trypanosoma brucei), Chagas disease (Trypanosoma
cruzi), leishmaniasis (Leishmania spp) and malaria (Plasmodium spp) are highly reliant on
substantial amounts of polyamines for development and proliferation (7177, 144). Of these
diseases, malaria has a high disease incidence in most tropical regions of the world, with

Plasmodium falciparum parasites being the most lethal.

AdoMetDC catalyses a chokepoint reaction to produce decarboxylated S-adenosyl-L-
methionine (dcAdoMet) that is exclusively used for polyamine biosynthesis. The irreversible
AdoMetDC inhibitor, 5'-{[(Z)-4-amino-2-butenyllmethylamino}-5'-deoxyadenosine
(MDL73811), is 100-fold more effective than the ODC inhibitor, DL-a-difluoromethylornithine
(DFMO), in curing murine T. b. brucei and T. b. rhodesiense infections. Treatment of T. brucei
parasites with MDL73811 causes an intracellular hypermethylated state due to accumulation
of S-adenosyl-L-methionine (268) in addition to the detrimental depletion of trypanothione (the

principal polyamine-dependent thiol in trypanosomes) (269, 270). AdoMetDC is considered
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an attractive drug target in P. falciparum parasites due to its unique association with ODC in
a heterotetrameric bifunctional protein complex, PfAdoMetDC/ODC (744, 160, 192).
MDL73811 inhibits in vitro intra-erythrocytic P. falciparum parasite proliferation (162, 177),
however, this does not result in a hypermethylated state but only depletes intracellular

polyamine levels, leading to cellular cytostasis (144, 160, 271).

MDL73811, however, is not clinically useful against parasitic infectious due to poor blood brain
barrier penetration, a short plasma half-life, poor oral bioavailability and limited metabolic
activity (162, 177, 272). Structure-guided design of MDL73811 derivatives, modified on the
ribose and purine moieties through addition of halogens and methyl groups, resulted in a
series of compounds with improved ADME toxicity profiles. These included improved aqueous
solubility, decreased rates of hepatocyte and microsome clearance, minimal CYP inhibition
and half the plasma protein binding capacity compared to MDL73811 (272-274). Methylation
of position 8 of the adenine group resulting in 8-methyl-5-{[(Z)-4-aminobut-2-
enyllmethylamino}-5'-deoxyadenosine (Genz-644131) displayed an increased inhibitory
potency against heterologous TbAdoMetDC. This compound showed improved cellular
toxicity against different T. brucei parasite strains, with a longer plasma half-life and improved
blood brain barrier penetration in in vivo mice (272, 273). Here, the MDL73811 derivatives
were assessed for inhibitory activity against heterologous PfAdoMetDC as well as for inhibition

of intra-erythrocytic P. falciparum parasite proliferation in vitro.
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3.2 Methods and materials
3.2.1 MDL73811 and derivatives

MDL73811 (5-{[(Z)-4-amino-2-butenyllmethylamino}-5'-deoxyadenosine), Genz-644131 (8-
methyl-5'-{[(Z)-4-amino-2-butenyl]methylamino}-5'-deoxyadenosine), Genz-644043 (2'-fluoro-
5'-{[(Z)-4-amino-2-butenyl]methylamino}-5'-deoxyadenosine), and Genz-644053 (2-chloro-5'-
{[(Z2)-4-amino-2-butenylmethylamino}-5'-deoxyadenosine) (Table 3.1) were synthesised by

the Genzyme Corporation (www.genzyme.com, 2013; (274)).

3.2.2 Recombinant PfAdoMetDC enzyme inhibition assays

The monofunctional form of wild-type PfAdoMetDC (from a harmonised gene construct,
described in chapter 2) as well as bifunctional PfAdoMetDC/ODC were heterologously
expressed in Escherichia coli BL21 Star™ (DE3) cells and purified via Strep-tag Il affinity
chromatography as previously described (744, 192). To determine the enzyme inhibition
activity of the MDL73811 derivatives, an isotope-based bioassay that measures the release
of radiolabeled CO2 (744, 192) was performed with 5 ug of either monofunctional PFAdoMetDC
or bifunctional PFAdoMetDC/ODC in the presence of 1 uM of each derivative. Results were
normalised to the specific activity (nmol/min/mg) of an uninhibited control to determine %

inhibition.

3.2.3 Determination of the inhibition constant of Genz-644131 against PfAdoMetDC

The apparent inhibition constant (Kiapp) of Genz-644131 was determined with Kitz and Wilson
time dependent enzyme kinetics for irreversible inhibitors as described (275). Using the
isotope-based bioassay described above (chapter 2 section 2.2.4), residual enzyme activity
was measured following pre-incubation (37°C) at fixed time intervals (2, 4 and 6 min) with
varying inhibitor concentrations (0.02, 0.05 and 0.1 yM) and 1 ug of either monofunctional
PfAdoMetDC or bifunctional PFAdoMetDC/ODC, each in duplicate. The reciprocal of the slope
in the primary graph (kapp) Was plotted against the reciprocal of the inhibitor concentrations to

yield the secondary plot, from which the kinact and the Kiapp values were derived.

3.2.4 Homology modelling and conformational analysis

P. falciparum and T. brucei homology models were generated using the human AdoMetDC

crystal structure (PDBid 3DZ2) as template similar to a previously described model (794).
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Molecular shape-based alignment between MDL73811 derivatives and the homology model
was performed with vVROCS (v3.1.0 OpenEyeScientific Software, Inc., Santa Fe, NM, USA,
www.eyesopen.com, 2010) (Appendix 7; Supplemental data; Fig S1 and Table S1).
Conformational analysis was performed using Conformation Search and the Minimisation
module of Discovery Studio 3.0 suite (Accelrys, Inc.). Detailed methods for homology
modelling, molecular shape based alignment and conformational analysis are provided in

Supplemental data, S1.

3.2.5 In vitro cultivation of intra-erythrocytic P. falciparum parasites and ICso determination of
MDL73811 derivatives

Intra-erythrocytic P. falciparum parasites (strain 3D7; chloroquine sensitive) were maintained
in P. falciparum culture media as described (276). Intra-erythrocytic parasites were
synchronised to a 95% ring stage population with a 5% sorbitol solution. The effect of
MDL73811 derivatives on the proliferation of intra-erythrocytic P. falciparum parasites at 37°C
for 96 h was determined using a SYBR Green I-based fluorescence assay as described (276).
MDL73811 and Genz-644131 were dissolved in 1XxPBS and Genz-644043 and Genz-644053
in DMSO and incubated with ring stage intra-erythrocytic P. falciparum parasites (1%
parasitaemia, 1% haematocrit) at specific concentrations, serially diluted 2-fold in culture
medium (final 0.1% (v/v)) non-lethal DMSO concentration (277). Sigmoidal dose—response
curves were fitted to the data using SigmaPlot 11.0 with non-linear regression yielding the 1Cso

values (concentration at which 50% inhibition of parasite proliferation was observed).

3.2.6 Determining parasite recovery following Genz-644131 inhibition

The ability of the products of polyamine metabolism to rescue parasites from the inhibitory
effect of Genz-644131 was determined. Ring stage intra-erythrocytic P. falciparum parasites
(1% parasitaemia 1% haematocrit) were treated with Genz-644131 (2xICsp) in the presence
of exogenous spermidine trichloride (non-toxic concentration, 250 pM, results not shown) and
500 uM of the polyamine oxidase inhibitor, aminoguanidine (278), for 96 h at 37°C. Parasite
proliferation determined with a SYBR Green |-based assay (279, 280).

Subsequently, to determine the ability of ring stage intra-erythrocytic P. falciparum parasites
(1% parasitaemia, 1% haematocrit) to recover after Genz-644131 treatment, the latter was
withdrawn following 24 h incubation at 37°C at 2xICs, the parasites were washed and

subsequently resuspended in normal culture media. Samples were removed at 12 h intervals
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over 96 h and DNA content was determined for the treated, untreated and the Genz-644131

withdrawn parasite populations using a SYBR Green I-based assay.

3.2.7 Spermidine uptake in intra-erythrocytic P. falciparum parasites

Intra-erythrocytic P. falciparum parasites were purified to > 95% parasitaemia with magnetic
separation (281, 282). [*H]spermidine uptake was initiated by combining equal volumes of
cell suspension and radiolabelled solution (1 uCi/ml [*H]spermidine at 5 nm extracellular
concentration, PerkinElmer, in 125 mM NaCl, 5 mM KCI, 20 mM glucose, 25 mM HEPES and
1 mM MgCly, pH 7.1). At predetermined time intervals following incubation at 37°C, the
reactions were terminated by dibutyl phthalate sedimentation. A 10 pl sample of the aqueous
phase was transferred to a scintillation vial to determine the extracellular concentration of
[*H]spermidine. The remaining cell pellet was lysed with 0.1% (v/v) Triton X-100, the proteins
precipitated with 5% wi/v trichloroacetic acid and cell debris (including membrane fractions)
removed with centrifugation before measuring the radioactivity present in the aqueous
supernatant. The rapid initial association of radiolabel with the cells, due to polyamines
trapped in the extracellular space as well as adhering to the cell surface was determined and
subtracted from the total measured radioactivity (cmps) to determine the intracellular
concentration of polyamines. The data are given as a distribution ratio of intracellular to

extracellular spermidine (283).

3.2.8 Comparative ICsy determination of Genz-644131 incorporated with Pheriod® technology

A micellular formulation of a nanoparticle structure, Pheroid®, consisting mainly of 43.8% plant
and essential ethylated and PEGylated polyunsaturated fatty acids, was prepared in
incomplete RPMI 1640 medium as described (284, 285). The suspension was subsequently
filtered (0.22 ym), diluted 50x with sterile water and homogenised with Genz-644131 powder
to yield an encapsulated suspension with a final compound concentration of 23.75 mM. The
encapsulation efficiency of Pheroid® was analysed with confocal laser scanning microscopy
(Appendix 10) (286). Subsequently, ring stage intra-erythrocytic P. falciparum parasites (1%
parasitaemia, 1% haematocrit) were treated with Genz-644131 encapsulated Pheroid® at a
20-fold dilution (24 uM initial starting concentration) and incubated for 96 h at 37 C. Parasite
proliferation of cell suspensions treated with Genz-644131 encapsulated into Pheroid® was
determined, and normalised against non Genz-644131 encapsulating Pheroid® suspension in

order to derive the ICso value using the SYBR Green |-based assay.
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3.2.9 Comparative ICsy determination of Genz-644131 with immunoliposomes

Immunoliposomes were prepared by the lipid film hydration method (287) and covalently
functionalised with IgG antibody fragments prepared specifically for intra-erythrocytic P.
falciparum parasites (288). For encapsulation of Genz-644131, 1.74 mg of the compound was
incorporated into a 1.5 ml immunoliposome suspension to give a final concentration of
encapsulated Genz-6644131 at 30 uM (10% encapsulation efficiency). Ring stage intra-
erythrocytic P. falciparum parasites (1% parasitaemia, 1% haematocrit) were treated with
Genz-644131 encapsulated immunoliposomes at a 50-fold dilution (0.6 pM starting
concentration) and incubated for 96 h at 37°C. Parasite proliferation of cell suspensions
treated with Genz-644131 encapsulated into immunoliposomes was determined as described

above.

3.2.10 Statistical analyses

All data are representative of at least three independent biological experiments (n > 3), each
performed in triplicate. Statistical analysis was performed using either paired or unpaired

Student’s t-tests. Data were analysed using GraphPad Prism 5.0 or SigmaPlot 11.0.
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3.3. Results

3.3.1 Inhibitory effect of MDL73811 derivatives on heterologous monofunctional PFAdoMetDC
and bifunctional PFAdoMetDC/ODC

In Chapter 2, structure-activity analyses of various deletion mutants of monofunctional
PrAdoMetDC indicated the essential nature of the hinge region, but that the A3 insert could
be removed without obvious impacts on the proteins activity. However, in the absence of an
atomic resolution crystal structure of this mutant form of PfAdoMetDC, it was decided not to
use the A3 deletion mutant for the work presented here. Rather wild-type monofunctional

PrAdoMetDC was compared to the protein in its bifunctional association with PFODC.

MDL73811 and Genz-644131 showed the highest percentage inhibition of monofunctional
PfAdoMetDC at 98% and 100%, respectively (n = 3, P < 0.01, paired Student’s t-test) (Figure
3.1). The inhibition of the PfAdoMetDC domain of heterologous bifunctional
PfAdoMetDC/ODC was similar at 96% and 98%, respectively (n =3, P < 0.01, paired Student’s
t-test) (Figure 3.1). By contrast, Genz-644043 only inhibited monofunctional PfAdoMetDC by
57% (n =3, P = 0.14, paired Student’s t-test) whereas Genz-644053 had no inhibitory effect
(Figure 3.1).
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Figure 3.1: The inhibitory activities of MDL73811 derivatives against monofunctional
PfAdoMetDC (grey) and the PfAdoMetDC domain of bifunctional PfAdoMetDC/ODC (black).
MDL73811 and the three derivatives (1 puM) were incubated with either 5ug monofunctional
PfAdoMetDC or bifunctional P/AdoMetDC/ODC for 30 min at 37°C. Specific activity (nmol/min/mg) of
the monofunctional and bifunctional P/AdoMetDC domains were normalised against the uninhibited
enzymes. Data are representative of three independent experiments performed in triplicate, +tSEM. **P
< 0.01, paired Student’s t-test. Where not shown, the error bars fall within the symbols.
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The activity of PfAdoMetDC decreased in a concentration dependent manner following pre-
incubation with Genz-644131 for both monofunctional and bifunctional forms of the protein
(Figure 3.2A and C). A non-significant increase in the Kiapp value of 0.36 £ 0.10 uM (n = 3,
P > 0.05, unpaired Student’s t-test) was determined for Genz-644131 on monofunctional
PfAdoMetDC (Figure 3.2B) compared to 0.22 + 0.09 pyM for MDL73811 (n=2, Appendix 8).
However, there was a significant difference in the inhibition of bifunctional PFAdoMetDC/ODC
by Genz-644131 (Kiapp at 0.18 £ 0.02 uM (Figure 3.2D) compared to MDL73811 (0.53 + 0.09
MM, n=2, Appendix 8) (n = 3, P = 0.02, unpaired Student’s {-test).
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Figure 3.2: Enzyme kinetics of Genz-644131 against monofunctional and bifunctional
PfAdoMetDC. Kitz-Wilson inhibition kinetics was used to determine the Kiapp for Genz-644131 against
monofunctional (A and B) and bifunctional PFAdoMetDC (C and D). Percentage activity was determined
from residual enzyme activity, following pre-incubation with Genz-644131 at 0.02 (circles), 0.05
(squares) or 0.1 uM (triangles) concentrations ([l]) at specific time intervals (0—6 min) (Et). The In(Ed/Eo)
of the activity at a specific inhibitor concentration was plotted against the pre-incubation time points
using non-linear regression. The reciprocal of the slopes (1/kapp) of the primary plots (A and C) was
plotted against the reciprocal of the specific inhibitor concentrations using non-linear regression (B and
D), from which the kinact (inverse of the y-intercept) and the Kiapp (slope multiplied by kinact) were derived
(275). Data are representative of three independent experiments performed in triplicate, +SEM and all
values fell into the 95% confidence interval of the mean. Where not shown, the error bars fall within the
symbols.
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The efficiency of inactivation (depicted by the kinaci/Kiapp ratio) of MDL73811 compared to
Genz-644131 against monofunctional PfAdoMetDC was not significantly different at 1.91 and
1.17 uM'min™", respectively. However, the inactivation efficiency for Genz-644131 against
the PfAdoMetDC domain of bifunctional PFAdoMetDC/ODC is 1.6-fold higher (Kinac/ Kiapp =
3.50 uM~"min") compared to MDL73811 (kinac/ Kiapp = 2.19 uM~"min~"). Moreover, there was
a ~3-fold increase in the inactivation efficiency of Genz-644131 against bifunctional
PfAdoMetDC/ODC compared to monofunctional PFAdoMetDC (Kinact/ Kiapp ratios of 3.50 vs.
1.17 uM~'min™"), respectively. Genz-644131 seems to therefore be a more effective inhibitor
of PfAdoMetDC compared to MDL73811, with marked preference for the protein when found

in its native conformation in bifunctional PfAdoMetDC/ODC.

Due to the observed differences in the inhibition of MDL73811 and its derivatives against
PfAdoMetDC, the binding capacity of these compounds to PfAdoMetDC was analysed in
silico. A new homology model was prepared to enable accurate binding pose analyses.
Previously, it was shown that purine nucleoside AdoMetDC inhibitors adopt unusual syn
conformations and that modification of these inhibitors does not only affect protein ligand
interactions but also alter conformational preferences (289) (Appendix 7; Supplemental data
S1). MDL73811 has an energy difference of 7.6 kcal/mol between the lowest energy
conformation and its bioactive syn conformation (Table 3.1). However, the 8-methyl
substitution on the purine ring of MDL73811, yielding Genz-644131, increases the
conformational preference for the bioactive syn conformation of the latter (energy difference
equal to 2.2 kcal/mol, Table 1). By contrast, the energy differences for both the halogen
substituted Genz-644043 and Genz-644053 derivatives were higher, with the latter also
showing a distorted N-(Z)-4-aminobutenyl-N-methyl tail conformation due to interference of

the chlorine substitution at position 2 of the purine ring (Appendix 7;Supplemental data S1).
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Table 3.1: Conformational search analysis of MDL73811

and its derivatives.

Lowest overall Lowest syn Number of Bioactive syn
energy energy conformations conformational
conformation* conformation” generated” number**
NH
MDL73811 </ )
N Z
5'-{[(Z)-4-amino-2- o N -131.6 -124.0 200 22
butenyllmethylamino}-5'- N =
deoxyadenosine R S
HO OH
NH2
Genz-644131 4" J \)N
N N~
8-methyl-5"-{[(Z)-4-amino-2- o w//""* -132.9 -130.7 207 7
butenyl]methylamino}-5'- N =
deoxyadenosine S|
HO OH
NH,
Genz-644043 a hj
NN\
2-fluoro-5"-{[(Z)-4-amino-2- o JNH: -131.0 -117.8 193 106
butenyl]methylamino}-5'- N =
deoxyadenosine o
F OoH
NHz
Genz-644053 (“ﬁ
NN g
2-chloro-5'-{[(Z)-4-amino-2- 209 64

butenyl]methylamino}-5’-
deoxyadenosine

NHz -136.0 -127.8
0.
b“y“/r
W' oH

# All energies are given in kcal/mol.

* Generated conformations were ranked from the lowest to highest energy i.e. the bioactive syn
conformation of Genz-644131 was ranked the 7t lowest energy conformation from 207 conformations
generated.

The selected binding pose of Genz-644131 (Figure 3.3A) shows similar interactions to other
AdoMetDC substrate analogues (Figure 3.3B) (290). Moreover, conformational search
analysis of the N-(Z)-4-aminobutenyl-N-methyl tail of Genz-644131 showed that the lowest
absolute energy of the Genz-644131 syn conformation is reached when the tail assumes the
predicted binding conformation (-126.9 kcal/mol) (Figure 3.3C). Notably, the 8-methyl
substitution on the purine ring does not show any steric hindrance within the protein active site

and therefore would not negatively affect ligand binding.
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Figure 3.3: A predicted binding pose for Genz-644131 to PfAdoMetDC highlighting conserved
residues with T. brucei and human protein equivalents. (A) A homology model of PfAdoMetDC
bound with Genz-644131 in the active site. The ribbon representing the B-chain is coloured either bright
blue or red indicating conserved and non-conserved residues. Likewise, the a-chain ribbon is coloured
in a lighter shade. (B) The interacting residues between PfAdoMetDC and Genz-644131. Green lines
represent hydrogen bonds formed between the protein and ligand. (C) Representation of the systematic
conformational search of the [(Z)-4-amino-2-butenyl] methylamino tail with the lowest energy
conformations in yellow. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article: http://dx.doi.org/10.1016/j.ijpddr.2013.11.003)

Y Conserved residues
B Non-conserved residues

3.3.2 Genz-644131 is active against in vitro intra-erythrocytic P. falciparum parasites

The 1Cso of the MDL73811 derivatives was determined on intra-erythrocytic P. falciparum
parasites in vitro (96 h incubation at 37°C) (dose response curves; Appendix 9). Treatment
of intra-erythrocytic P. falciparum parasites with Genz-644131 resulted in a significant, 2-fold
decrease in the ICso compared to MDL73811 (ICso= 0.97 + 0.06 uM vs. 2.21 + 0.07 uM, n =
5, P < 0.01, unpaired Student’s t-test). The ICso values of Genz-644043 and Genz-644053
against intra-erythrocytic P. falciparum parasites were significantly higher (25.6 + 8.4 and 22.4
£ 7.5 uM; n = 4, P > 0.05, unpaired Student’s t-test) than that of the parent compound,
MDL73811 (dose-response ICso curves, Appendix 9).

The ability of exogenous polyamines to rescue the inhibitory effect of Genz-644131 on intra-
erythrocytic P. falciparum parasites was established by determining the ICso of Genz-644131

in the presence and absence of exogenous spermidine (250 uM). No significant change in
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the I1Cso value of Genz-644131 in the presence (ICso= 0.94 + 0.03 uM) or absence (ICso= 0.97
1 0.06 uM) of spermidine (n = 3, P =0.89, paired Student’s t-test) was observed (Figure 3.4A),
indicating that spermidine could not antagonise the inhibitory effect of Genz-644131.
However, P. falciparum infected erythrocytes are capable of taking up exogenous spermidine,
with [*H]spermidine reaching a distribution ratio of 1.4 + 0.4 (n = 6) following 60 min incubation
(Figure 3.4B).

The recovery of intra-erythrocytic P. falciparum parasites (1% parasitaemia, 1% haematocrit)
after limited exposure to Genz-644131 (2x I1Cso) for 24 h was determined after washing out
the compound, followed by additional incubation of parasite cultures for a further 96 h before
measuring DNA content as an indicator of parasite proliferation. There was a significant
increase in DNA levels observed for untreated parasites over the two life cycles analysed
(Figure 3.4C). Genz-644131 treated ring-stage intra-erythrocytic P. falciparum parasites (2x
ICs0) were able to recover after 24 h of drug pressure and continue to proliferate following drug
removal (Figure 3.4C). However, continuous exposure of intra-erythrocytic P. falciparum
parasites to Genz-644131 (2x ICsp) for 96 h resulted in a stage-specific inhibition of parasite
proliferation, with parasites arrested in the trophozoite stage (~24 h post-invasion) within the

first life cycle (Figure 3.4D).
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Figure 3.4: Uptake of [*H]spermidine, with rescue and reversibility of Genz-644131 inhibited
intra-erythrocytic P. falciparum parasites in vitro. (A) Initial ring stage intra-erythrocytic P.
falciparum parasites were treated with Genz-644131 (serial dilution) alone (squares) or in the presence
of 250 uM spermidine (circles, 0.5 uM aminoguanidine present) for 96 h at 37°C. Parasite proliferation
is expressed as a percentage of untreated parasite proliferation at 100%. Data are representative of n
> 3 independent experiments performed in triplicate, £ SEM. (B) Time course for the uptake of
[®H]spermidine (5 nM extracellular concentration) into intra-erythrocytic P. falciparum parasites (circles)
at 37°C over 60 min averaged from five independent experiments and shown + SEM. A distribution
ratio of 1.4 + 0.4 was obtained, where a ratio of 1 indicates that the radiolabelled polyamine has
equilibrated to levels equal to the extracellular levels. (C) Initial ring stage intra-erythrocytic P.
falciparum parasites were either treated with Genz-644131 (2 x ICso, squares) for 96 h at 37°C or treated
with Genz-644131 (2 x ICso, triangles) for 24 h at 37°C before replacing the culture media thereby
removing the Genz-644131 before incubating the parasites for a further 96 h at 37°C. Untreated initial
ring stage intra-erythrocytic P. falciparum parasites (circles) incubated at 37°C for 96 h was included as
a positive control for parasite proliferation. Samples were taken every 12 h and DNA content was
measured as relative fluorescence units using SYBR Green |-based assay. Data are representative of
n > 3 independent experiments performed in triplicate, £SEM. Where not shown, the error bars fall
within the symbol. (D) Morphological monitoring of the stage specificity of parasites treated with Genz-
644131 (2 % ICs0), analysing percentage distribution in each life cycle stage. Treated parasites indicated
that Genz-644131 arrested parasite development during the trophozoite stage compared to untreated
parasites.
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3.3.3. Effect of Genz-644131 encapsulated in nanovectors on in vitro antiplasmodial activity

To improve membrane translocation of Genz-644131 and possibly the in vitro activity against
intra-erythrocytic P. falciparum parasites, Genz-644131 was encapsulated into two types of
nanovectors, a submicron micellular emulsion formulation, Pheroid® (284), and a parasite
targeting immunoliposome system (288). The compound encapsulated into Pheroid® did not
show a significant decrease in the in vitro 1Cso (0.97 + 0.06 yM compared to 0.67 + 0.29 uM;
n=4, P>0.05, unpaired Student’s t-test; Figure 5A). By contrast, Genz-644131 encapsulated
immunoliposomes showed a significant 32-fold decrease in the in vitro ICso compared to non-
encapsulated Genz-644131 (0.97 £ 0.06 uM vs. 0.031 = 0.004 uM; n = 3, P < 0.01, unpaired
Student’s t-test) (Figure 5B).
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Figure 3.5: The effect of encapsulation of Genz-644131 in different nanovectors on its in vitro
anti-plasmodial activity. Parasite proliferation of ring stage intra-erythrocytic P. falciparum parasites
was monitored with a SYBR Green |-based assay over 96 h at 37°C and ICso determined from dilution
series. Dose-response curves for Genz-644131 alone (squares) compared to incorporated into (A)
Pheroid® or (B) immunoliposomes (circles). Data are representative in each instance of three
independent experiments performed in triplicate or quadruplicate, +£SEM. Where not shown, the error
bars fall within the symbols.
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3.4 Discussion

Polyamine biosynthesis enzymes have been the target of various parasitic disease
intervention strategies (744) as highlighted by the clinical treatment of T. brucei infections
through DFMO inhibition of ODC activity (764). Of the other enzymatic activities associated
with polyamine biosynthesis, inhibition of AdoMetDC shows promise as a therapeutic target
in P. falciparum, with MDL73811 being a 1000-fold more potent against intra-erythrocytic P.
falciparum parasites compared to DFMO (777). Although MDL73811 is an irreversible
inhibitor of AdoMetDC activity, it has poor drug-like characteristics for Plasmodium (177) and
Trypanosoma parasites (272), which led to the synthesis of pharmacokinetically amenable
derivatives. These derivatives of MDL73811 were used here to determine (1) their efficacy in
inhibiting the PfAdoMetDC protein and (2) their antiproliferative activity against intra-

erythrocytic P. falciparum parasites in vitro.

Several comparisons can be drawn between the treatment of P. falciparum and T. brucei
parasites with the lead derivative, Genz-644131. Firstly, the AdoMetDC protein from both
these parasites responds similarly to Genz-644131 treatment. PfAdoMetDC has a near
conserved active site compared to AdoMetDC homologues from human and T. brucei
parasites, despite an overall low sequence identity (21% and 23%, respectively (194)). As a
result, MDL73811 inhibits AdoMetDC from both P. falciparum and T. brucei parasites at
comparable levels and in a similar manner as indicated by their respective micromolar Kiapp
values (162, 192, 291). However, Genz-644131 potently inhibits monofunctional and
bifunctional PFAdoMetDC similarly to TbAdoMetDC (272) with Kiapp values in the nanomolar
range (272).

The 1.6-fold decrease in Kapp between MDL73811 and Genz-644131 observed for the
bifunctional PFAdoMetDC/ODC is explained by the 8-methyl substitution on the purine ring of
Genz-644131, which promotes the preferred bioactive syn conformation (742). However,
Genz-644131 is ~7-fold less effective in inhibiting monofunctional PfAdoMetDC compared to
the T. brucei enzyme (kinact/Kiapp ratios of 1.17 yM™" min™" for PfAdoMetDC compared to
7.78 uM™" min~" for TbAdoMetDC (272)). The association of PfAdoMetDC with ODC in the
biologically relevant bifunctional protein, PFAdoMetDC/ODC, has been shown to result in the
modulation of plasmodial AdoMetDC activity (744, 192). Rate-limiting and equimolar
synthesis of putrescine and dcAdoMet by the ODC and AdoMetDC activities is enabled by a
decrease in AdoMetDC activity when associated in the bifunctional complex with ODC in
comparison to its monofunctional PfAdoMetDC form, respectively (792). Here, although

comparative inactivation efficiencies are seen for Genz-644131 for the monofunctional and

84

© University of Pretoria



bifunctional proteins, this inhibitor shows a ~3-fold increase in specificity and rate of inhibition
of the AdoMetDC domain of the bifunctional protein. This can be attributed to the lower
substrate Kmn of PfAdoMetDC in the bifunctional protein compared to the monofunctional
protein, which probably reflects differences between active site conformations of these two
proteins and consequently, their binding affinities for Genz-644131 (192). Interestingly, the
simultaneous inhibition of both activities of the bifunctional PFAdoMetDC/ODC with Genz-
644131 and DFMO is additive as was also shown for MDL73811 and DFMO on in vitro P.
falciparum parasites (160, 177) (Appendix 7; Supplemental data S2).

In contrast to the marked improvement (>10-fold) in the in vitro antiproliferative efficacy of T.
brucei parasites treated with Genz-644131 compared to MDL73811 (272), Genz-644131 only
shows marginal (2-fold) improvement in the in vitro ICso against intra-erythrocytic P. falciparum
parasites. The antiproliferative effect observed with Genz-644131 was not plasmodicidal to
the parasite, similar to treatment with MDL73811 and DFMO, with parasite proliferation
recovering after limited Genz-644131 exposure (24 h at 2x |Csp). Both MDL73811 and DFMO
treatment result in a cytostatic effect since inhibition is negated by the uptake of exogenous
polyamines (762, 168). Co-treatment of parasites with MDL73811 and exogenous spermidine
did not abolish the inhibitory effect of MDL73811 on parasite proliferation, and it was previously
suggested that intra-erythrocytic P. falciparum parasites are incapable of spermidine uptake,
since exogenously supplied putrescine, but not spermidine, was capable of overcoming
biosynthesis inhibition caused by a variety of inhibitors (162, 168). Likewise, co-treatment of
parasites with Genz-644131 and exogenous spermidine also did not abolish the inhibitory
effect of Genz-644131 on parasite proliferation. However, recent work clearly indicates that
exogenous spermidine is taken up by isolated P. falciparum trophozoite-stage parasites (154).
Once inside the infected erythrocyte unit, the parasite is able to efficiently take up spermidine
across the plasma membrane in a concentration dependent manner, mediated by an
electrogenic process energised by the parasite’s membrane potential (754). In addition, here
we report that exogenous spermidine is taken up by P. falciparum infected erythrocytes.
Therefore, the inability of spermidine to abolish Genz-644131 inhibition does not appear to be
due to the inability of the parasite to take up spermidine. Genz-644131 shows improved in
vivo cellular toxicity against different T. brucei parasite strains (272, 273). When this
compound was tested in a murine malaria model for in vivo antimalarial activity, Genz-644131
significantly (P < 0.001) reduced P. berghei parasitaemia by 89% when dosed in the Peters
model for 4 days at 100 mg/kg/day. Animals dosed with 20 mg/kg/day showed a 37% (P =
0.002) reduction. However, in no case was there sterile cure, as all animals had detectable
parasitaemia levels on day 4 (Appendix 7; Supplemental data S3). This may be due to the

cytostatic effect described above.
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The evidence provided does however not exclude the possibility of off target effects of Genz-
644131 on P. falciparum parasites including its binding to purine deaminases and polyamine
oxidases as observed for MDL73811 (274), particularly to P. falciparum adenosine
deaminases (292) and erythrocytic polyamine oxidases (268). However, Genz-644131 (at 2x
ICs0) arrested parasite development in a stage-specific manner during the trophozoite stages
(18-26 h post invasion), as previously described for MDL73811 (177). This corresponds to
the requirement of polyamines due to the stage-specific expression of PFAdoMetDC/ODC (18—
30 h post-invasion) during the trophozoite stage of the asexual cycle (160). The parasite
arrested temporal phenotype induced by Genz-644131 therefore corresponds to the

expression profile of PFAdoMetDC in the parasite as the target for this compound.

Another explanation for the relatively poor activity of Genz-644131 against intra-erythrocytic
P. falciparum parasites may be due to the poor membrane permeability of the compound itself,
as low membrane permeability was previously shown to be the only inferior in vitro ADME
characteristic of the MDL73811 derivatives (272). Additionally, for any compound to access
the intra-erythrocytic P. falciparum parasites, they would need to cross the parasite plasma
membrane (PPM), parasitophorous vacuolar membrane (PVM) and erythrocyte membrane
(293). Extracellular T. brucei parasites are surrounded by only a single plasma membrane
(294, 295) and cannot synthesise purines de novo, and therefore have to acquire host purines
(296). Adenosine, of which MDL73811 is a structural analogue, is actively transported into T.
brucei parasites by the T. brucei nucleotide transporter 1 (TbNT1) (297) and the T. brucei
aminopurine transporter (TbAT1 or P2). The latter transporter has been confirmed to actively
transport MDL73811 (298, 299), which could explain the low nanomolar in vitro ICso values of
MDL73811 in these parasites. As in T. brucei, Plasmodium parasites also do not synthesise
purines de novo and has to recruit exogenous purines from the host (300). In contrast to T.
brucei, multiple transport mechanisms enable the uptake of purines into intra-erythrocytic P.
falciparum parasites including host purine transporters (307) as well as parasite derived
transporters, PINT1 and PMNT4 localised in the PPM (302, 303). Although the latter are low-
affinity transporters (300), their ability to transport MDL73811 and derivatives needs further

investigation.

The development of novel lipid based nanovectors provides a solution for the challenges
facing malaria chemotherapeutics, since it has the potential to mediate sustained, targeted
drug release thereby increasing the drug plasma half-life, lowering dosage requirements and
reducing drug toxicity (304). Additionally, lipid-based nanovectors has been shown to
eliminate off-target effects by delivery to specific targeted cells, thereby improving the

therapeutic efficacy of the compound (305). This makes lipid-based nanovector drug delivery
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systems ideal for treatment of intracellular pathogens (304, 306, 307). Previous
encapsulations of chloroquine (288) and fosmidomycin (308) resulted in a 10- and 7.5-fold

decrease in the in vitro ICso values of these compounds.

To investigate possible enhancement of the uptake of Genz-644131 into intra-erythrocytic P.
falciparum parasites, the compound was incorporated into two nanovector drug delivery
systems: Pheroid® and immunoliposomes (285, 288). The Pheroid® system is a nanovector
carrier developed from a submicron micellular emulsion formulation, typically ranging in size
from 80 to 300 nm (285). These micellular structures can be manipulated in terms of structure,
size and morphology to enhance the solubility properties of intended compounds, by
entrapment and delivery of compounds across cellular membranes (285). Liposomes are
synthetic lipid bilayers of up to 200 nm that have the ability to increase drug bioavailability by
encapsulating compounds into the hydrophilic core of the lipid bilayer system. Moreover, the
liposomal preparations were orientated with half anti-glycophorin A antibodies, specific for
intra-erythrocytic P. falciparum parasites, enhancing the selectivity of Genz-644131 to the
parasite (288). Here, the 32-fold decrease observed in the in vitro ICsy of immunoliposome
encapsulated Genz-644131 against intra-erythrocytic P. falciparum parasites suggests that
the uptake of Genz-644131 by itself into intracellular P. falciparum parasites is restricted.
However, the activity of compounds can be improved by either enhancing the chemical
pharmacokinetic properties through medicinal chemistry, or encapsulating the compound into
drug delivery systems. Although the Genz-644131 immunoliposome combination has not
been tested in vivo, other immunoliposomal drug suspensions tested against murine mice
infections improved the pharmacokinetic profiles of the drugs tested (309, 370). Encapsulation
of Genz-644131 with immunoliposomes may also reduce non-specific off-target effects and in

a sustainable release of the drug to prolong its plasma half-life.

The combination of Genz-644131 with a novel nanovector drug delivery system therefore
provides the most promising result obtained thus far with this nanovector delivery system
against intra-erythrocytic P. falciparum parasites in vitro, and could be evaluated in novel

antimalarial drug development.
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Chapter 4

Concluding discussion

Effective malaria elimination and eradication requires the implementation of both disease
prevention and treatment strategies (7). However, vector resistance formation to current IRS
and the lack of safe and efficient vaccines consequently places a high dependency on drug
prophylaxis and treatment as a final resolution to malaria control (32). Despite the collection
of available of antimalarials, the parasite is acquiring resistance towards drugs targeted
against it at an alarmingly high rate (78). This creates a pressing need to identify and
characterise novel drug targets for drug development to expand the near-depleted supply of

current antimalarials.

Based on the parasite’s dependency on polyamines for cellular proliferation during the IDC
(774) and the unique distinctions in polyamine metabolism and the polyamine biosynthetic
enzymes between the human host and the parasite (744), polyamine biosynthesis has been
identified and validated as a possible drug target in P. falciparum parasites (117, 311).
Although a wide variety of inhibitors targeting polyamine biosynthetic enzymes has been
developed, no compound has produced a sterile cure in murine mice models(744). One of
the most effective inhibitors targeting polyamine biosynthesis in P. falciparum parasites is
MDL73811, a substrate analogue targeting PF/AdoMetDC, which showed a 1000-fold improved
potency compared to parasite proliferation inhibition with DFMO (7162). The improved efficacy
of this compound as well as the catalysis of a chokepoint reaction by this enzyme (86) makes
PfAdoMetDC a promising drug target in P. falciparum parasites. However, regardless of the
in vitro potency of AdoMetDC inhibitors, additional research is required to identify an
antimalarial compound, which can effectively inhibit polyamine biosynthesis. This study
focused on the characterisation of PfAdoMetDC as a drug target in P. falciparum parasites by
dissecting the structure-function paradigm of monofunctional PfAdoMetDC as well as
identifying novel pharmakokinetically favourable MDL73811 derivatives as potent inhibitors of

the protein in developing a potential antimalarial therapeutic strategy.

Heterologous expression of active monofunctional PfAdoMetDC enabled determination of
unique structural and functional characteristics of the enzyme, such as the autocatalytic
processing mechanism, activity regulation through complex formation with the PFODC domain
independent of allosteric putrescine binding as well as its classification into a novel class of

adenosyl decarboxylases (192, 194). However, the structural and functional role of the large
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A3 parasite-specific insert and the C-terminal hinge region for monofunctional PfAdoMetDC
was unknown (792, 194). Deletion mutagenesis of residues within the A3 insert showed no
gross influence on the structural integrity, however, indicated positive conformational changes
to enzyme functionality for monofunctional PFAdoMetDC. In a similar study performed on
bifunctional PfAdoMetDC/ODC, deletion of a similar region concerning a parasite-specific
insert in PFAdoMetDC showed a significant decrease in both PFAdoMetDC and PfODC activity.
Thus, indicating that the A3 insert may be a surface localised domain that does not influence
functional folding of the core PfAdoMetDC domain (795), but rather mediates long-range intra-
and interdomain interactions between PfAdoMetDC and PfODC to stabilise the bifunctional
complex essential for the coordinated regulation of the enzyme activities (795) (Figure 4.1).
This is similarly to the first parasite-specific insert in bifunctional PMDHFR/TS is not involved in
functional folding of the PMHFR core structure, but in mediating the PMHFR interdomain

interactions with the PfTS domain in stabilising the bifunctional complex (202).

In contrast to results obtained with the A3 parasite-specific insert, the hinge region is essential
for the structural and functional integrity of monofunctional PfAdoMetDC as observed with
deletion of this region. More specifically, the functional role of this section of the hinge could
be attributed to one of the a-helices or B-sheets predicted to be present within this region.
This assumption is based on the role of a-helices present in the junction regions of various P.
falciparum bifunctional proteins such as PMDHFR/TS and PPPPK/DHPS, which have been
shown to mediate critical interdomain interactions in bifunctional complex assembly and
activity (262, 266). Due to the essentiality indicated with these structures in the hinge region
in maintaining the conformational stability and activity of monofunctional PfAdoMetDC
,disruption of the protein-protein interactions mediated by these secondary structures may
thus be a more ideal and unique target, than PfAdoMetDC activity (372) (Figure 4.1).
Disruption of such important and specific protein-protein interactions within a protein have
been proposed to be an ideal therapeutic intervention strategy, and is a new field being

intensively investigated in Biochemistry (313).

However, in order to investigate such protein-protein interactions and develop new novel
compounds specific to PfAdoMetDC, through structure based drug design strategies, the
crystal structure of this protein is required. This has been challenging for PF/AdoMetDC due
low level heterologous expression and poor sample homogeneity. Deletion of the A3 insert
was shown to improve sample homogeneity since it may have prevented the formation of the
non-obligatory protein-protein interactions leading to heterologous protein complex formation
of a heterotetrameric complex. This improved heterologous protein stability and sample

homogeneity resulted in protein crystallisation of the AA3 mutant, the first ever hit conditions
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identified for this protein domain. Therefore, truncation of such low complexity regions in
PfAdoMetDC may provide an ideal strategy in determining the crystal structure of the
monofunctional domain (249), and may thus be a key strategy to be implemented in structural

studies for the complete bifunctional complex or other Plasmodium parasite proteins.

Solving the structure of monofunctional PFAdoMetDC will provide a starting point for designing
of inhibitors targeting PfAdoMetDC. However, other drug development strategies has also
been followed for the development of AdoMetDC inhibitors, such as rational analogue-based
drug design approach. This strategy produced effective substrate analogue inhibitors for
AdoMetDC such as, CGP4866A, MDL73811 and the most recent and potent Genz-644131.
The in vitro and in vivo potency of Genz-644131 against TbAdoMetDC and T. rhodesiense

parasites leadto the first ever clinical trials in development of an AdoMetDC drug (273).

Based on the specificity and activity observed with this compound, the chemical scaffold may
be used as a starting point in developing more potent PfAdoMetDC inhibitors, upon
determination of the three-dimensional protein crystal structure. This combinatory strategy
will provide a novel approach to develop specific PfAdoMetDC inhibitors. The high rate of
parasite resistance formation of malaria parasites is apparent through derivative based drug
design strategies that have been applied in the development of antimalarial drugs (700).
Therefore, the introduction of a unique chemical scaffold developed against a validated drug
target through rational structure-based drug design, may delay parasite resistance formation

extending antimalarial life span.

The comparative study performed with Genz-644131 between P. falciparum and T. brucei
parasites revealed unique antiparasitic activity characteristics between these protozoans. The
similar enzyme specificities for Genz-644131 against the target enzymes of both parasites
were contradicted by the >1000-fold lower in vitro activity of Genz-644131 against P.
falciparum parasites. This observation indicated that antimalarial compounds have an intrinsic
challenge in reaching their intracellular target due to poor membrane permeability into infected
erythrocytes (294, 295). However, the encapsulation of Genz-644131 into the
immunoliposomal based drug delivery system significantly increased the antiplasmodial
activity of Genz-644131, making this the most effective compound targeting P. falciparum
polyamine biosynthesis in vitro to date. This drug delivery system provides targeted drug
release against P. falciparum infected erythrocytes, avoiding host AdoMetDC assimilation,
improving drug plasma half-life and lowering dosage requirements (288, 308), which is
required for antimalarials as stipulated by the Medicines for Malaria Venture (www.mmv.org).

Although the in vivo activity of Genz-644131 encapsulated with immunoliposomes remains to
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be determined, this study confirmed that the use of nanotechnology drug delivery systems
might be an ideal tool for antimalarial drug development (57, 305). The improved potency of
Genz-644131 observed in this study, against recombinant PfAdoMetDC and P. falciparum
parasites validated the enzyme as a drug target. Furthermore, it iterated that polyamine

biosynthesis, through targeting PfAdoMetDC, is a viable antimalarial strategy.

In conclusion, this study has validated PfAdoMetDC as a potential drug target in P. falciparum
parasites through the identification of novel inhibitors as well the validation of a novel
therapeutic strategy with an immunoliposomal drug delivery system. However, additional
research is required to identify compounds that may serve as specific PFAdoMetDC inhibitors.
For structure-based drug discovery, the structural and functional characteristics of bifunctional
PfAdoMetDC/ODC remains to be determined. This study identified various unique protein
specific properties of monofunctional PFAdoMetDC, which may give insight into the essential
regions of this domain required for interdomain interactions and modulation in the bifunctional
heterotetrameric complex as shown in Figure 4.1. The PFODC domains of two heterodimeric
PfAdoMetDC/ODC polypeptides interact to form the basis of the bifunctional complex (203).
The PfAdoMetDC domains are also proposed to form a homodimer mediated by disulphide
bridge formation at the proposed dimer interface (792). The A3 parasite-specific insert
interacts with the PFODC domain, indirectly linking the PfAdoMetDC domain to the PFODC
domain. The hinge regions of the polypeptides stabilises the complex trough protein-protein
interactions mediated by conserved a-helices or B-sheets. Furthermore, the characterisation
of these protein specific properties not only gave rise to strategies in obtaining the protein
crystal structure, but also identified peptide regions forming essential interactions for protein
structural integrity. The disruption of such interactions, for example with a small molecule
specific to the interaction site, it may inhibit the bifunctional complex assembly thereby
affecting both decarboxylase activities. This would result in a unique exploitation of the
bifunctional nature of PFAdoMetDC/ODC to effect inhibition through targeting protein-protein

interactions, an application not yet observed in targeting malaria parasites.
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Figure 4.1: The proposed spatial organisation of heterotetrameric bifunctional
PfAdoMetDC/ODC. The diagram depicts two heterodimeric PfAdoMetDC/ODC polypeptides that
interacts directly via the PFODC domain (orange). The hinge region (yellow) connects the PfODC
domain to the PfAdoMetDC domain, stabilising the complex via a-helices or B-sheets (green).
PfAoMetDC (a-subunit, blue and B-subunit, purple) forms a homodimer via disulphide bridges at the
proposed dimer interface, while indirectly interacting with the PfODC domain via protein-protein
interactions mediated by the A3 parasite-specific insert (grey).

Based on the observations in this study, future studies should include the structural and
functional characterisation of the A3 parasite-specific insert in context of the bifunctional
complex. Moreover, since deletion of the A3 parasite-specific insert has shown to improve
heterologous protein expression, further optimisation and deletion mutagenesis of parasite-
specific inserts should be applied to optimise the expression of not only monofunctional
PfAdoMetDC, but also bifunctional PFAdoMetDC/ODC. In addition, the presence of an a-
helixs essential to bifunctional complex stabilisation through interdomain interactions should
be validated and characterised for P/AdoMetDC/ODC, as it may provide a novel drug target
site for this protein. Lastly, with the in vitro success achieved with Genz-644131 encapsulated
with immunoliposomes the validation of this nanotechnology drug delivery system in vivo can

lead to the development of a potential antimalarial chemotherapeutic strategy.
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Appendices

Appendix 1
Plasmid maps of wild-type, C505S, AA3, AH and AA3AH PfAdoMetDC.
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Figure 1: Plasmid maps of codon wild-type PfAdoMetDC constructs used for recombinant
expression in the pASK-IBA3 expression vector. (A) Wild-type PfAdoMetDC (572 aa) cloned into
pASK-IBA3 with C-terminal Strep-tag Il. (B) C505S PfAdoMetDC (572 aa) cloned into pASK-IBA3 with
C-terminal Strep-tag Il. (C) AA3 PfAdoMetDC (472 aa) cloned into pASK-IBA3 with C-terminal Strep-
tag Il. (D) AH PfAdoMetDC (487 aa) cloned into pASK-IBA3 with C-terminal Strep-tag Il. (E) AASAH
PfAdoMetDC (387 aa) cloned into pASK-IBA3 with C-terminal Strep-tag II.
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PCR products of AH and AA3AH PfAdoMetDC recombinant cloning.

Appendix 2

For recombinant cloning of AH and AA3AH, PfAdoMetDC the PCR reaction was performed

as described in section 2.2.1. In Figure 2, the respective bands of the PCR products of AH
(~1.5 kb) and AA3AH PfAdoMetDC (~1.2 kb) observed. The correct-sized bands were cut
from the gel and the PCR product purified using the Wizard® SV Gel and PCR Clean-up system

kit (Promega) and used in subsequent cloning reactions. Following identification of positive

clones, the constructs were restriction enzyme mapped and sequenced, as described in

Appendix 3 and 4.

10 000 bp
8 000 bp
& 000 bp
5000 bp
4000 bp
2 500 bp

3 000 bp
2500 bp
2000 bp

1500 bp

1000 bp

750 bp

500 bp

250 bp

10 000 bp|
8000 bp
6000 bp
5000 bp
4000 bp
3 500 bp
3000 bp
2500bp
2000bp

1500 bp

1000 bp

750 bp

500 bp

250 bp

Figure 2: Optimised PCR amplification of AH and AA3AH PfAdoMetDC fragments for

recombinant cloning into pASK-IBA3. MM: O’'Generuler 1 kbp DNA ladder.

Lane 1:

~1461 bp

amplified AH PfAdoMetDC. Lane 2: ~1161 bp amplified AA3AH PfAdoMetDC. Bands were analysed
on a 1% agarose gel and visualised with GelRed™.
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Appendix 3

Restriction enzyme mapping of wild-type, C505S, AA3, AH and AA3AH PfAdoMetDC.

The five codon wild-type PfAdoMetDC constructs in the pASK-IBA3 vector were transformed
into heat shock competent E. coli DH5a cells and grown overnight at 37°C on 1% agar plates
(1% w/v LB-agar with 100 ug/ml amp). A single colony was inoculated into 5 ml LB-Ampicillin
and grown for overnight at 37°C with 200rpm rotation. Plasmids were isolated from cell
cultures with the Zyppy™ Plasmid Miniprep kit (ZymoResearch, USA), as per manufacturer’s
instructions. DNA concentration was determined by a NanoDrop® (Agilent technologies) and
stored at -20°C.

For restriction enzyme analysis of the PFAdoMetDC constructs, 1 ug of purified plasmid DNA
was 1) linearized with Hndlll (Promega) and 2) double digested with Hndlll and Xbal
(Promega) restriction enzymes in buffer C (Promega) in the presence of 10 ug/ul bovine serum
albumin (BSA). The digest reaction was incubated for 3 h at 37°C, followed by inactivation at
65°C for 15 min. According to the vector maps in Appendix 1, Hndlll and Xbal digestion
removes the full recombinant PfAdoMetDC insert to produce two fragments; one of the cut
plasmid and one of the PfAdoMetDC insert. The digested (1 pg) plasmid fragments were run
on a 1% Agarose DNA gel at 80V for 90 min Figure appendix 7A. To confirm the deletion of
the C-terminal hinge region, 1 ug of purified plasmid DNA was digested with Kpnl and EcoRl
(New England Biolabs) using NEB buffer 1. The digest reaction was incubated for 3 h at 37°C,
followed by heat inactivation at 65°C for 20 min. The digested (1 ug) plasmid fragments were

run on a 1% Agarose DNA gel at 80V for 90 min Figure 3.

Plasmid restriction enzyme mapping was performed to verify that the correct PCR products
were ligated into the recombinant site of the pASK-IBA3 vectors. Using the unique cut sites
in the plasmids Xbal and Hindlll (Appendix 1) the entire codon harmonised PfAdoMetDC gene
fragment including the C-terminal Strep-tag Il could be removed relating to the size of the
cloned product. In Figure 3A, the plasmid linearized without any fragment was observed at
3.2 kb when double digested with Xbal and Hindlll with the respective insert sizes at ~1.8 kb
for harmonised and C505S, ~1.5 kb for AA3 and AH and ~1.2 kb for AASAH PfAdoMetDC.
Furthermore, to confirm removal of the C-terminal hinge region for AH and AA3AH, the unique
cut site within this region, Kpnl, in combination with another cut site EcoRI was used. For the

wild-type, C505S and AA3 constructs the ~240 bp hinge insert was observed, however, for
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the AH and AA3AH no bands at ~240 bp was observed, confirming the removal of this insert
(Figure 3B).

(A) (B)
MM 1 2 3 456 7 8 910 MM 1 2 3 4 5

10 000 bp) P 10 000 bp
8000 bp 8000 bp
6 000 bp| €000 bp
5000 bp| 5000 bp
4000 bp| 4000 bp
3 500 bp| 3 500 bp
3000 bp| 3000 bp
2 500 bp) 2 500 bp

2000 bp| 2000 bp

1500 bp) 1500 bp

1000 bp
750 bp 750 bp

500 bp

250 bp
250 bp

Figure 3: Restriction enzyme mapping of wild-type, C505S, AA3, AH and AA3AH PfAdoMetDC
constructs in pASK-IBA3. (A) Restriction mapping with Xbal and Hndlll. Molecular marker (MM) is
a 1 kb ladder. Lane 1: Hindlll linearized harmonised PfAdoMetDC at ~4.9 kb. Lane 2: Hindlll and Xbal
digested harmonised PfAdoMetDC in pASK-IBA3 at ~3.2 kb for the plasmid and ~1.8 kb for the
harmonised PfAdoMetDC insert. Lane 3: Hindlll linearized C505S PfAdoMetDC at ~4.9 kb. Lane 4:
Hindlll and Xbal digested C505S PfAdoMetDC in pASK-IBA3 at ~3.2 kb for the plasmid and ~1.8 kb for
the C505S PfAdoMetDC insert. Lane 5: Hindlll linearized AA3 PfAdoMetDC at ~4.6 kb. Lane 6: Hindlll
and Xbal digested PfAdoMetDC in pASK-IBA3 at ~3.2 kb for the plasmid and ~1.5 kb for the AA3
PfAdoMetDC insert. Lane 7: Hindlll linearized AH PfAdoMetDC at ~4.6 kb. Lane 8: Hindlll and Xbal
digested AH PfAdoMetDC at ~3.2 kb for the plasmid and ~1.5 kb for the AH PfAdoMetDC insert. Lane
9: Hindlll linearized AA3AH PfAdoMetDC at ~4.3 kb. Lane 10: Hndlll and Xbal digested AA3AH
PfAdoMetDC at ~3.2 kb for the plasmid and ~1.2 kb for the AA3AH PfAdoMetDC insert. (B) Restriction
mapping with Kpnl and EcoRI. Molecular marker (MM) is a 1 kb ladder. Lane 1: Kpnl and EcoRI
digested harmonised PfAdoMetDC in pASK-IBA3 with a ~4.9 kb plasmid and 240 bp hinge insert. Lane
2: Kpnl and EcoRI digested C505S PfAdoMetDC in pASK-IBA3 with a ~4.9 kb plasmid and 240 bp
hinge insert. Lane 3: Kpnl and EcoRI digested AA3 PfAdoMetDC in pASK-IBA3 with a ~4.6 kb plasmid
and 240 bp hinge insert. Lane 4: Kpnl and EcoRI digested AH PfAdoMetDC in pASK-IBA3 with a ~4.6
kb linearized plasmid. Lane 5: Kpnl and EcoRI digested AASAH PfAdoMetDC in pASK-IBA3 with a
~4.3 linearized plasmid.
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Appendix 4

Automated nucleotide sequencing of AA3, AH and AA3AH PfAdoMetDC.

The AA3, AH and AA3AH PfAdoMetDC plasmids were sequenced with Sanger-dideoxy chain
terminator sequencing on a ABI 3130XL sequencer using the BigDye® terminator cycle
sequencing kit at Ingaba Biotec™, SA. The plasmids were sequenced with pASK-IBA3
sequencing primers (Invitrogen); Forward 5-GAGTTATTTTACCACTCCCT-3" and Reverse
5-CGCAGTAGCGGTAAACG-3'. The sequencing reactions were analysed using the ABI
Prism 3130® analyser and chromatograms analysed using BioEdit® sequence alignment
editor. The chromatograms for AA3, AH and AA3AH PfAdoMetDC, showing the respective
point mutations are indicated in Figure 4.

(A)

A3 insert start site (259 aa, 777 nt) A3 insert deletion recombination site

xcscrﬁ,&cmx ATAACCGTAACGCTCAGCCGGAAAAAGAA
1
f
A3 insert end site (308 aa, 924 m)

fi
| ,f\ {.
vy
CATCAACT %Ci-\C-&-\GGi

it T

AAAGGATGAAGACGTT CGTCG G+

V.FATLY
f\

(B)
AJinsert (264 aa, 792 nf)
| AAGOGAAGTTACGACGCATATATACTCTACGCGTGGGACCTACGAAGACACCGGCA TGG:C-\ACTGCG:’I
AR " hﬁ'n,\m" f f . ) ,ﬂ#' Y ] i i I‘I\ r|1 ) I|
oo WA
[EGACGTICA ACAAGAACGAATCTACCCTICCIUAACCOCAACAACATCGAAAACA CCGAGCATIGAAAACAAAGA: CITAACAACAACTICTCGTITIGCTIGCCA]
. i i
ol
A3 insert 364 aa, 1092 nt)
[CAECAACIACICIGGCICTITGCCACAACATIGICICIGI 0T T CCATCOGAACGIAACAACGACCACGITCACCATCOIFACTACGAAGA
)
,\ \[ ur\u'“.*'\ NMH /\ { ﬁu’W Aq‘ Aﬂ \HVM Nll"'l"{/h\ f\/\,\ﬂf *W'”/»M [@f\wﬂv

Hinge start site (487 aa, 1461 nt) C-terminal Strep-tag Il

CAACTACGTTTTTTOCGAGOAGTC TAATAATATOEGC GCTTGGAGE CACECOCAGTIC GAAAAATAATARGETT
hmf;,'*q' (\n" Ih ;\,M} ’ﬂ/‘ﬂwm@wﬁ\fw{\/mw M{ \A u,.‘ﬂ” i 'W'\

vi
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(€)

A3 insert deletion recombination site
GAC[EGATC TR GATCCAATAACCGTAACGCTCAGC CGOAAAAAGAAAAGGATGAAGACGTTCGTCGTGACGACGAAGAAAACAAAGTTCTCATCAAAAT

Dol (WW LAY \""wﬂ e JNAI\(VM Ul WA "\/\A'H“M\»M’\f\ ‘A)'d'ﬂﬁ wJ\“nN"/\ ‘J\”"‘f“

AJinsert end site 308 aa, 924 nt)
GATCGACACGAACCTGTATGAATGCATCAACTACA -\C-\ Gﬁamc GTACAACGAATTCTACTT CACCCCATGCGGCTACAGCTGCAACGTTAGCGAAAAAAA

J\ M ol ﬂﬂ\ N\ TN M Al

il MM M il

CAACTACTTCTGCGTTCACTACTCTCCGGAAGACAGCGTTTCGTATGTTAGCGTTGAGGTTAGCTCTAACCTCTCGTGCGACCGATTCCTGGATCTCATTCATAAGC

h.J\a'uu’\f\MN AIJ\MVL("{ {UM f\( f\ﬂ/\; | ﬂﬂ I\ “ﬂh\WM \A}”N\.\'\ JN\)\

ﬂf\[\ﬁMﬂa""ﬂmqf'uﬂj\I\f"Mf'vlrl\)”uf\} }fﬁf"".u{"hﬂfﬁ'ﬂnﬂ'-‘\f l

Hlngeslarlsrle(38? aa, 1161 nt) C-terminal Strep-tag Il
AACTTCTACAACGGCAAGTACATGTTTATGATCAACTACGTITTTITTGCGAGGAGTC TAATAATRTGRGCGCT ﬁc-xc-cr-\cccsc iGIICGAAAAATAATAAGC TT]

"WMHNM/LI {w Wil "\..m)l/wu iy "“*'1";@1&%\%\(“ vl

Figure 4: Nucleotide sequences and chromatograms of dideoxy Sanger sequencing of AA3, AH
and AA3AH PfAdoMetDC. (A) Nucleotide sequence and chromatogram of AA3 PfAdoMetDC. The

chromatogram indicates the start site of the A3 parasite-specific insert at 777 bp (259 aa) with the 1

00

aa deletion being indicated with the A3 insert deletion recombination site 792 bp (264 aa). (B)

Nucleotide sequence and chromatogram of AH PfAdoMetDC. The chromatogram indicates the 100

aa

residues removed for the AA3 mutant (792 bp, 264 aa to 1092 bp, 364 aa) and with the C-terminal
Strep-tag |l starting at 1461 bp (487 aa). (C) Nucleotide sequence and chromatogram of AA3AH

PfAdoMetDC. The chromatogram indicates the A3 insert deletion recombination site 792 bp (264 aa)

as well as the C-terminal Strep-tag |l starting at 1161 bp (387 aa).
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Appendix 5

PfAdoMetDC A3 insert amino acid sequence analysis, Kyte and Doolittle

hydrophobicity plot, complexity and disorder prediction.

20
18 - Non-polar Polar Aromatic Basic Acidic
@ 16 - m wild-type
5 14 - AA3
(]
012 A m A3 Insert
©
'S 10 -
©
2 5
g 61
L ‘ ‘ ‘ ‘ “
2 -

Ala Gly lle LeuMet Val SerAsnGInProCys Thr Trp TyrPhe His Lys Arg AspGlu

Figure 5: Amino acid content analysis of full length wild-type PfAdoMetDC, the AA3 mutant, and
the A3 insert. The % amino acid composition of full length wild-type PfAdoMetDC was compared to
the AA3 deletion mutant and the A3 insert, indicating amino acid selection bias for Asn residues and
hydrophilic residues within the parasite-specific insert.

A Kyte and Doolittle hydrophobicity plot of the 100 amino acid residues removed from the A3
insert of AA3 PfAdoMetDC was determined using CLC Bio Protein Workbench 6 (Figure 6).
The plot revealed the ratio of hydrophobic to hydrophilic amino acid residues scored for each
residue depending on the residue’s hydrophobicity (224). LCRs were predicted using the
Wootton and Federhen algorithm (SEG algorithm) (225) with the CLC Bio Protein Workbench
6 (Figure 7). Protein unstructured regions were predicted with the |IUPred server (226)
(iupred.enzim.hu/pred.php) according the algorithm described by (227) and the graph was
analysed with JpGraph software (Figure 8).

viii
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Hydrophobicity plot of A3 insert
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Figure 6: Kyte and Doolittle hydrophobicity plot of the core residues removed from the A3 insert.
The plot predicted that most of the residues present in the A3 insert had a hydrophilic nature where
hydrophobic residues have a positive value and hydrophilic residues a negative value.

Complexity plot of A3 insert
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Figure 7: Complexity plot of A3 PfAdoMetDC insert. The plot predicted low-complexity regions
(complexity 0.6-0.8) and high complexity regions (0.8-0.95) according to the Wooton and Fedheren Seg
algorithm. LCR’s were predicted for residues 39-70, 87-91, 103-106, 118-125.
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Figure 8: IUPred predicition of intrinsically unstructured regions. The plot represents the entire
wild-type PfAdoMetDC sequence. Five unstructured regions were identified in the A3 insert (values
>0.5).
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Appendix 6

MALDI-TOF MS analysis of AA3 PfAdoMetDC.

Soluble affinity chromatography purified (~50 pg) AA3 PfAdoMetDC was separated by
reducing SDS-PAGE followed by Coomassie blue staining. The major bands were analysed
by MALDI-TOF MS. The ~100 kDa band was confirmed as a homodimer of AA3 PfAdoMetDC,
and the ~59 and ~50 kDa bands as the unprocessed and processed aff monomers,
respectively. The faint ~70 kDa band was identified as the E. coli DnaK (Hsp70), previously
identified by LC-MS MS to be co-purified with PFAdoMetDC (792).
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MALDI-TOF MS of AA3 PfAdoMetDC: Sequence analysis and MASCOT data

Verification of AA3 PfAdoMetDC with MALDI —TOF MS

Easy nano-Liquid Chromatography coupled to LTQ Orbitrap Velos Mass Spectrometry at the CAF Proteomics Laboratory at Stellenbosch
University South Africa (www.sun.ac.za/saf) was used to verify the presence of C505S AA3 PfAdoMetDC bands by SDS-PAGE analysis following
SEC. Database searches of the peptide sequences were performed with PlasmoDB 7.1 using the software packages; Proteome Discover 1.2
and MASCOT.

50 kDa band MASCOT database search

. # Mw calc. - # # Coverage #PSM # Peptides
| Accession ‘ AAs ‘ [kDa] ‘ pl ‘ Description ‘ ZCoverage ‘ PSMs | Peptides ‘ Score A5 A5 ‘ A5 ‘ A5
PF10_032 1434 168.1 6.37  organism=Plasmodium_falciparum_3D7 | product=S-adenosylmethionine decarboxylase/ornithine 19.87 573 30 11806.48 19.87 573 30
2 decarboxylase

| location=Pf3D7_10:1324130-1328434(-) | length=1434

50 kDa band sequence*

MNGIFEGIEK RVVIKLKESF FEGNRNVNSF LDIPKELWEE KLKYIGCSIV SEISEDKNER RGERCRVYLL SESSLYIFDD
SLFIKTCGKT RVLFFIPFVV DLLIYHMDNV GIIEERNCVYD ETFIENEKFH NIAEFIKEHF LYCFFTHMNY RNKTKDGYFE
QEYPHKSLED ERRFFEFFFK NVQMYNTHLP MERMHYIFFY SSDDVHMTDI ASTFKFCSEI

HLFGINKYNE KNQFHDAYLN NERSLNLFTRV HEDNLKLYDS SDADKEVITH IYSTRGTYED TGMVNCVDVI YKNESTLLNR
NNIENIPSIE NKESNNNSRC CHNNNYSGSC HNIVSVVPSE RNNDHVHHRH YEDTLNRS SAEDNNRNAQ LEKEKDEDVR
RDDEENKVLI EMIDTNLYEC INYNRESFLY NEFYFTPCGY SCNVSERNNY FCVHYSPEDS

VSYVSVEVSS NLSCDRFLDF MHEKQLNFYNG KYMFMINYVF CEESNNMSEM VPDDDNNNYS SGRKSCVYYQD LNK EKEEYY
RLNEKLRNDL FINSKQFYEL HTFTERTVGF MRVQYFVYKL RDVVKCVEKE TLLARSSSCL FMFNNIKRND VHDDYVTKSS
NGGVIKQLTE RDVDDMYEYA LNFCEQNKIV VVDTNTEFFDA SKRKENLIKL EKVQTNEKDE

YEEKDEVYRR GNNELSSLDH i M YYEKNKCDII NKDDENSTIA TNNNDNNNDN NNDSSSYDKS ITISR CN
NSHLSYSSFD NNHGNEKMKD YISVDENNNN NNNNNNNNNN NNNKNNNVLL TLQRNSDDEN GKDKDNEKND VSLENNMEKN
YKEEIWNYYT KNKVEVKTLE KVLNENIDTS VVCINLQKIL AQYVRFKKNL PHVTPFYSVK

SNNDEVVIKF LYGLNCNFDC
KCSLILRINV DFENYKSY!
NFYIINLGGG YPEELEYD.

ASIGEISKVI KLLPNLSRDR IIFANTIKSI NSLIYARKEN INLCTFDNLD ELKKIYKYHP
SKYGANEYEW EEMLLYAKKH NLNIVGVSFH VGSNTKNLFD FCLAIKLCRD VFDMSSNMGF
KKHDKIHYCT LSLQEIKKDI QKFLNEETFL KTKYGYYSFE

KISLAINMSI DHYFSHMKDN LRVICEPGRY
NHNNDNNDNN DNNDNNDNNI NNNNNNQKGG
INNPNINGKE NTVDGDNINI AHKNIGNNFES

KIIGKRRPTF QG
TSTNDSTNKK
NIKKKVVNIN

) HYDPLNFAQQ ENKKQDETKI
NVSCTIRDKE GDNIKINTHT

V& YGCFS GIIFDEYNRC PIYVIKNKNN PNONFMNENL YLANVEGQSC DGLDMINSIT YLPECYINDW LLYEYAGAYT
FVSSSNFNGF KKCEKVYIFP ESKPSLKGQP NKHW

Xi
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i AR,

*Green and yellow letters indicate MS identified sequences aligned with PFAdoMetDC sequence from PlasmoDB

60 kDa band MASCOT database search

#

. Mw calc. s # # Score Coverage #PSM 3
Accession # AAs [kDa] pl Description ZCoverage PSMs Peptides A5 A5 A5 Pe[;\t;_’des
PF10_0322 1434 168.1 6.37  organism=Plasmodium_falciparum_3D7 | product=S-adenosylmethionine decarboxylase/ornithine decarboxylase 15.20 264 21 4647.56 15.20 264 21

| location=Pf3D7_10:1324130-1328434(-) | length=1434
*
60 kDa band sequence
MNGIFEGIEK RVVIKLKESF FEGNENVNSF LDIPRELWEE KLKYIGCSIV SEISEDENER RGERCRVYLL SESSLYIFDD
SLFIKTCGKT RVLEFIPFVV
DLLIYHMDNV GIIEKNCVYD ETFIENEKFH NIAEFIKEHF LYCFFTHMNY RNKTEDGYFE QEYPHKSLED EKKFFEFFFK
NVOMYNTHLP MEEMHYIFFEY
SSDDVHMTDI ASTFKFCSEI HLFGINKYNE KNQFHDAYLN NESLNLFTRV HEDNLKLYDS SDADKEVTTH IYSTRGTYED
TGMVNCVDVI YKNESTLLNR
NNIENIPSIE NEKESNNNSRC CHNNNYSGSC HNIVSVVPSE RNNDHVHHRH YEDTLNRSNI SAEDNNENAQ LEKEKDEDVR
RDDEENKVLI EKMIDTNLYEC
INYNRESFLY NEFYFTPCGY SCNVSEENNY FCVHYSPEDS VSYVSVEVSS NLSCDRFLDF MHEQLNEYNG KYMFMINYVE
CEESNNMSKM VPDDDNNNYS
SGRSCVYYQD LNRKEKEEYY RLNKKLRNDL FINSK TVGF MRVQYFVYKL RDVVECVEKE TLLARSSSC
FMENNIEKRND VHDDYVTESS
XIl
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NGGVIEQLTE
LDSKNNLIHM

NEDDENSTIA
NNNEKNNNVLL

GEDKDNEEKND
SNNDEVVIKF

ASIGEISKVI
SKYGANEYEW

ara

NLNIVGVSFH
QKFLNEETFL

KISLAINMSI
NHNNDNNDNN

NNNNNNQKGG
AHENIGNNFS

NIEKKKVVNIN
YLPECYINDW

FVSSSNENGE

RDVDDMYEYA
YYEKNKCDII

TNNNDNNNDN
TLQRNSDDEN

VSLENNMEEN
LYGLNCNFDC

KLLPNLSRDR
EEMLLYAKKH

VGSNTENLFED
KTKYGYYSFE

DHYFSHMKDN
DNNDNNDNNI

QGNIMNDLII
SSNSKLGNIT

DNRYNYFSYY
LLYEYAGAYT

KECEKKVYIFP

LNFCEQNKIV

NNDSSSYDKS

YRKEEIWNYYT

IIFANTIKSI

FCLAIKLCRD

LRVICEPGRY

TSTNDSTNKK

VSDSIYGCES

ESKPSLEKGQP

VVDTNTFFDA SKRKENLIKL EEKVQTNEKDE YEEKDEVYRR

ITISRSSSCN NSHLSYSSFD NNHGNEEMKD YISVDENNNN

ENKVEVKTLE EKVLNENIDTS VVCINLOKIL AQYVRFEKENL

NSLIYARKEN INLCTFDNLD ELEKKIYKYHP KCSLILRINV

VFDMSSNMGE NEYIINLGGG YPEELEYDNA KKHDEIHYCT

MVAASSTLAV KIIGKRRPTF QGIMLEKDLKD HYDPLNFAQQ

NDHSSSQVIQ NVSCTIRDEE GDNIKINTHT INNPNINGKE

GIIFDEYNRC PIYVIKNKNN PNQNFMNEFNL YLANVEFGQSC

NEHW

70 kDa band MASCOT database search

@ AR,

GNNELSSLDH
NNNNNNNNNN
PHVTPFYSVK
DFENYESYMS
LSLOEIKKDI
ENKKQDETKI
NTVDGDNINI

DGLDMINSIT

#

. MW calc. - # Coverage #PSM n
Accession # AAs [kDa] pl Description ZCoverage I# PSMs Peptides Score A2 A2 A2 Pep;:lzdes
P04264 644 66.0 8.12  Keratin, type Il cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 - [K2C1_HUMAN] 38.35 103 17 2879.66 38.35 103 17
A7ZHA4 638 69.1 4.97  Chaperone protein dnaK 33.39 191 18 2237.87 31.97 82 17

OS=Escherichia coli O139:H28 (strain E24377A / ETEC) GN=dnaK PE=2 SV=1

[DNAK_ECO024]
P35527 623 62.0 5.24 Keratin, type | cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 - [K1C9_HUMAN] 20.71 60 8 2741.02 20.71 60 8
P00761 231 24.4 7.18  Trypsin OS=Sus scrofa PE=1 SV=1 - [TRYP_PIG] 16.45 32 & 557.27 16.45 32 3
P13645 584 58.8 5.21  Keratin, type | cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 - [K1C10_HUMAN] 14.55 21 7 590.75 14.55 21 7
P02769 607 69.2 6.18  Serum albumin OS=Bos taurus GN=ALB PE=1 SV=4 - [ALBU_BOVIN] 14.33 16 8 256.20 14.33 16 8
P35908 639 65.4 8.00 Keratin, type Il cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 - 13.62 31 6 894.41 13.62 31 6

[K22E_HUMAN]

Xl
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100 kDa band MASCOT database search

< i

8 Sy ety

Accession

calc.

[kDa] pl

Description

ZCoverage

Z# PSMs

I# Peptides

Score A5

Coverage
A5

#PSM
A5

# Peptides
A5

PF10_0322

1434

168.1

6.37

organism=Plasmodium_falciparum_3D7

| product=S-adenosylmethionine

11.99

decarboxylase/ornithine decarboxylase | location=Pf3D7_10:1324130-1328434(-)
| length=1434

100 kDa band sequence*

MNGIFEGIEK
SLEIKTCGKT
QEYPHK

HLFGINKYNE
NNIENIPSIE
RDDEENKVLI

VSYVSVEVSS
RLNKKLRNDL
NGGVIKQLTE

YEEKDEVYRR
NSHLSYSSFD
YKEEIWNYYT

SNNDEVVIKF
KCSLILRINV
NEYIINLGGG

KISLAINMSI
NHNNDNNDNN
INNPNINGKE

VSDSIYGCFS
FVSSSNENGE

RVVIKLKESEF
RVLFFIPFVV
FFEFFFK

KNQFHDAYLN
NEKESNNNSRC
EKMIDTNLYEC

NLSCDRFLDF
FINSK
RDVDDMYEYRA

GNNELSSLDH LD

NNHGNEKMKD
ENKVEVKTLE

LYGLNCNFDC
DFKNYKSYMS
YPEELEYDNA

DHYFSHMKDN
DNNDNNDNNT
NTVDGDNINI

GITIFDEYNRC
KKCKKVYIFP

FKGNENVNSF
DLLIYHMDNV

NESLNLFTRV
CHNNNYSGSC
INYNRESFLY

MHEKQLNFYNG
TVGF
LNFCKQNKIV

SKNNLIHM
YISVDENNNN
KVLNENIDTS

ASIGEISKVI
SKYGANEYEW
KEHDKIHYCT

LRVICEPGRY
NNNNNNQKGG
AHENIGNNES

PIYVIKNENN
ESKPSLKGQP

LDIPRELWEE
GIIEKNCVYD
MHYIFFY

HEDNLKLYDS
HNIVSVVPSE
NEFYFTPCGY

KYMFMINYVFEF
MRVQYFVYKL
VVDTNTFFDA

YYEKNKCDIT
NNNNNNNNNN
VVCINLOKIL

KLLPNLSRDR
EEMLLYAKKH
LSLQEIKKDI

MVAASSTLAV
QGNIMNDLIT
SSNSKLGNIT

PNQNFMNFNL
NEHW

KLKYIGCSIV
ETFIENEKFH
SSDDVHMTDI

SDADKEVTTH
RNNDHVHHRH
SCNVSEKNNY

CEESNNMSKM
RDVVKCVEKE
SKRKENLIKL

NKDDENSTIA
NNNEKNNNVLL
AQYVRFKKNL

IIFANTIKST
NLNIVGVSFH
QKFLNEETFL

KIIGKRRPTF
TSTNDSTNKK
NIKKKVVNIN

YLANVFGQSC

SEISEDENER
NIAEFIKEHF
ASTFKFCSEI

IYSTRGTYED
YEDTLNRSNI
FCVHYSPEDS

VPDDDNNNYS
TLLARSSSCL
ERVQTNEKDE

TNNNDNNNDN
TLOQRNSDDEN
PHVTPFYSVK

NSLIYARKEN
VGSNTENLED
KTKYGYYSFE

QGIMLEDLKD
NDHSSSQVIQ
DNRYNYFSYY

DGLDMINSIT

RGERCRVYLL SESSLYIFDD
LYCFFTHMNY RNKTEDGYFE

TGMVNCVIDVI YKNESTLLNR
SAEDNNRNAQ LEKEKDEDVR

SGRSCVYYQD LNRKEKEEYY
FMFNNIKRND VHDDYVTKSS

NNDSSSYDKS ITISRSSSCN
GKDKDNEKND VSLENNMEEN

INLCTFDNLD ELKKIYKYHP
FCLAIKLCRD VFDMSSNMGE

HYDPLNFRAQQ ENKKQDETKI
NVSCTIRDKE GDNIKINTHT

YLPECYINDW LLYEYAGAYT

© Un

iversity of Pretoria

308

19

5833.12

11.99

308

19

Xiv



Appendix 7

Chapter 3: Supplemental data for novel S-adenosyl-L-methionine decarboxylase
inhibitors as potent antiproliferative agents against intra-erythrocytic Plasmodium

falciparum parasites.

S$1
Evaluation of the crystallised hAdoMetDC revealed 8 different substrate analogues, all co-
crystallised in the syn conformation within 14 different structures (www.rcsb.org). Compound
21c co-crystallised within the human hAdoMetDC (PDBID 3DZ2) were selected as the
bioactive inhibitor conformation to which the MDL73811 derivatives were aligned, since it
represents a molecular conformation similar to the conformation that will be assumed before
a Schiff base can form. Conformational search analysis of these analogues and their
comparison to compound 21c are denoted in Table S1. The best overlaying syn
conformations with compound 21c found were Genz-644131 and MDL73811, which were
ranked to be the 7" and 22" lowest conformational energies when compared to the overall
lowest energy conformation of the respective compounds. In addition, we calculated the
binding free energy for each ligand prior to Schiff base formation and their ligand energies
(Table S1). An overlay of compound 21c, MDL73811 and its derivatives after in situ

optimisation within the PfAdoMetDC structure are shown in figure S1.

Chlorine

Figure S1: The bioactive syn conformations of MDL73811 and its derivatives overlaid with
compound 21c¢ (white) post in situ optimisation. The methyl, fluorine and chlorine substitutions of
Genz-644131, Genz-644043 and Genz-644053 respectively are highlighted.
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Table S1: Conformational search analysis of the MDL73811 and its analogues.

ROCS Conformational Lowest syn Lowest overall Number of Bioactive syn  Binding Ligand
Tanimoto overlay energy energy conformations conformation free energy*!
Combo similarity conformation? conformation® generated” al number** energy*t
score
NH
N ~
/i N
Compound Nf\)
N NH, 0.97 -145.3 -148.8 215 31 -76.5 -131.6
21c o /_F
N

|

HO oM
NH,

MDL73811 N NH, 1.58 0.95 -124.0 -131.6 200 22 -101.7 -105.8
0.
b/\N/\///
Genz-644131 N N Nh, 1.81 0.96 -130.7 -132.9 207 7 -112.1 -104.1
0.
b/\N/\/I/
Genz-644043 NH, 1.56 0.95 -117.8 -131.0 193 106 -98.1 -98.0
0.
b/\"/\///
|

F OH
NH
N X
{ ﬁ
N =
Genz-644053 N cl NH, 1.46 0.96 -127.8 -136.0 209 64 -108.5 -110.1
0.
bANMf
HO oH

* Generated conformations were ranked from lowest to highest energy. i.e. The bioactive syn
conformation of Genz-644131 was the 7" lowest energy conformation

from 207 generated.
# All conformational energies are given in kcal/mol.

T Binding free energy calculations were performed prior to Schiff base formation.
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S2: Drug combination studies of Genz-644131 and other polyamine biosynthesis

inhibitors

Fixed-ratio isobole analysis (374) was performed to determine interactions between Genz-
644131 with DFMO and the Spermidine synthase (SpdS) inhibitor; Trans-4-
methylcyclohexylamine (4-MCHA). A fixed-ratio series of six drug combinations for Genz-
644131:DFMO and Genz-644131:4-MCHA was established with the ICso of an independent
drug present in the fourth serial dilution of a 96-well plate: 100% drug 1 to 0% of drug 2; 80%
drug 1 to 20% drug 2; 60% drug 1 to 40% drug 2; 40% drug 1 to 60% drug 2; 20% drug 1 to
80% drug 2 and 0% drug 1 t0100% drug 2. Ring stage intra-erythrocytic P. falciparum
parasites (1% haematocrit, 1% parasitaemia) were co-treated as such with Genz-644131 and
either DFMO or 4-MCHA for 96 h and parasite proliferation was subsequently measured using
the SYBR Green I-based assay assay. The fractionary inhibitory concentration (FIC) values
were expressed as the |Cso obtained for a drug combination compared to the 1Cso for the drug
alone. Corresponding FIC values were plotted to obtain isobolograms (374, 315) with a
straight line an additive effect, concave to the bottom drug synergism, and concave to the top
drug antagonism. The magnitude of synergism or antagonism is indicated with SFIC,
determined as the mid-point of the curve between the two drugs plotted in the isobologram; a

value of >2-4 indicates antagonism, 1 additive and <0.5 a synergistic interaction (91, 374).

Genz-644131 displays similar in vitro antiplasmodial activity compared to MDL73811
MDL73811 has shown synergistic interactions with DFMO in in vivo murine T. b. rhodesiense
infections (376). However, the compounds showed an additive interaction in in vitro intra-
erythrocytic P. falciparum parasites (SFIC=1.3, Figure S2A) (162). Additionally, Genz-644131
displayed an additive action when used in combination with either DFMO or 4-MCHA, with FIC
values of 1.2 and 1.7, respectively (Figure S2B and S2C).
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Figure S2: Isobologram analysis of Genz-644131 with the ODC inhibitor DFMO and the SpdS
inhibitor 4-MCHA. Proliferation of ring stage intra-erythrocytic P. falciparum parasites was monitored
over 96 h after initiating treatment on ring stage parasites at 37°C. (A) Isobologram of DFMO and
MDL73811, indicating an additive effect between the two compounds with FIC = ~1.3. (B) Isobologram
of DFMO and Genz-644131 indicating an additive effect between the two compounds with FIC = 0.12.
(C) Isobologram of 4-MCHA and Genz-644131 indicating an additive effect between the two compounds
with FIC = 1.7. Data are representative of three independent experiments performed in triplicate,
SEM. Where not shown, the error bars fall within the symbols.
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S3: Efficacy of Genz-644131 against P. berghei in mice

The acute P. berghei model in rodents is adapted from Peters’ 4-day suppressive test using
the P. berghei N strain. All studies were conducted under protocols approved by the IACUC
of the Medical Sciences campus, University of Puerto Rico and in accordance with the Guide
for the Care and Use of Laboratory Animals (National-Research-Council 1996. Guide for the
Care and Use of Laboratory Animals. National Academy Press, Washington, DC.). Animals
were maintained according to NIH guidelines and were allowed to acclimatise for 1 week prior
to the commencement of studies. On Day 0, groups of 4-6-week old female Swiss Albino mice
(n=5) were infected by tail vein injection with 0.2 ml heparinised blood diluted to contain 1 x
10" N-clone parasites. Genz-644131 was formulated in 15% DMSO, 25%
polyvinylpyrrolidone, 5% Tween 80 in water and was administered by oral gavage at either 20
or 100 mg/kg/day. On day 0, a single dose was given at 6 h post initial infection and over the
subsequent 3 days the dose was split and administered b.i.d., with 6 h between doses.
Animals in the Control group received vehicle alone. Dose concentration and frequency of
dosing were based upon preliminary tolerability/exposure studies. On day 4 post-infection (5™
day of assay) blood was collected by tail-nick, and thin smear microscope slides were
prepared and stained using Diff Quick®. Parasitised erythrocytes were counted and compared
with the total number of erythrocytes per microscopic field to determine the percent

parasitaemia. A minimum of 350 erythrocytes was counted.
Results (Figure S3) indicate that Genz-644131 had a significant (P<0.001) parasite-
suppressive effect at 100 mg/kg/day, reducing parasitaemia by 90% after 4 days’ dosing and

had some efficacy (P=0.002) when dosed at 20 mg/kg/day. Neither dose was curative, based

upon the observation that all fields examined contained parasites (data not shown).
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Figure S3: Efficacy of Genz-644131 against P. berghei in mice. Groups of 5 animals were infected
on Day 0 and received a single treatment (half-dose) on that day at the doses indicated. For the next
3 days, animals were dosed b.i.d. Blood smears were made on Day 4 post infection and percentage
parasitaemia was calculated based upon microscopic examination. Dark grey bars: animals received
vehicle only; light grey bars: animals received 20 or 100 mg/kg/day. Values in parentheses indicate
percentage reduction relative to vehicle-treated controls; + SEM. Where not shown, the error bars fall
within the symbols.
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Appendix 8

Kitz-Wilson enzyme kinetics analysis of MDL73811 against bifunctional and

monofunctional PfAdoMetDC
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Figure 9: Kitz-Wilson inhibition kinetics to determine the K; for MDL 73811 against
monofunctional and bifunctional PfAdoMetDC. Kitz-Wilson inhibition kinetics was used to
determine the Kijapp for MDL73811 against monofunctional (A and B) and bifunctional PfAdoMetDC (C
and D). Percentage activity was determined from residual enzyme activity, following pre-incubation with
MDL73811 at 0.02 (circles), 0.05 (squares) or 0.1 pyM (triangles) concentrations ([I]) at specific time
intervals (0—6 min) (Et). The In(E/Eo) of the activity at a specific inhibitor concentration was plotted
against the pre-incubation time points using non-linear regression. The reciprocal of the slopes (1/Kapp)
of the primary plots (A and C) was plotted against the reciprocal of the specific inhibitor concentrations
using non-linear regression (B and D), from which the kinact (inverse of the y-intercept) and the Kiapp
(slope multiplied by kinact) were derived (275). Data are representative of three independent experiments
performed in triplicate, £SEM and all values fell into the 95% confidence interval of the mean. Where
not shown, the error bars fall within the symbols.
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Appendix 9

Dose response ICsy curves of MDL73811 derivatives as determined with the SYBR

Green I-based assay
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Figure 9: Dose-response curves of MDL73811derivatives showing the inhibitory effect on the in
vitro proliferation of intra-erythrocytic P. falciparum parasites. The ICso’'s of the MDL73811
derivatives were determined using the SYBR green | based assay. (A) Dose-response curve of
MDL73811, (B) dose-response curve of Genz-644131, (C) dose-response curve of Genz-644043 and
(D) dose-response curve of Genz-644053. Parasite proliferation values are normalised to untreated
parasite proliferation at 100%. n=5, error bars indicate + SEM.
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Appendix 10

Scanning Confocal Laser Microscopy (SCLM) of Pheriods® encapsulating Genz-
644131

Figure 10: SCLM of Pheriods® encapsulating Genz-644131. Scanning Confocal Laser microscopy
was performed to establish successful encapsulation of Genz-644131 within Pheroids® as described in
(286). Red Fluorescent spheres are Pheroids® with encapsulated compound.
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