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Summary

Malaria is prevalent in over 100 countries which is populated by half of the world’s population
and culminates in approximately one million deaths per annum, 85% of which occurs in sub-
Saharan Africa. The combined resistance of the mosquitoes and parasites to the currently
available pesticides and antimalarial chemotherapeutic agents requires the concerted effort of
scientists in the malaria field to identify and develop novel mechanisms to curb this deadly

disease.

In this study, a thorough understanding of the role players in the polyamine pathway of the
parasite was obtained, which could aid future studies in the development of novel inhibitory
compounds against these validated drug targets. The uniquely bifunctional S-adenosylmethionine
decarboxylase/ornithine decarboxylase (AdoMetDC/ODC) of Plasmodium falciparum forms an
important controlling node between the polyamine and methionine metabolic pathways. It has
been speculated that the unique bifunctional association of the rate-limiting enzymes allows for
the concerted regulation of the respective enzyme activities resulting in polyamine synthesis as
per requirement for the rapidly proliferating parasite while the methionine levels are strictly
controlled for their role in the methylation status. The results of this study showed that the
enzyme activities of the bifunctional complex are indeed coordinated and subtle conformational
changes induced by complex formation is suggested to result in these altered kinetics of the
individual AdoMetDC and ODC domains. Studies also showed that the identification of the
interaction sites between the domains, which allows for communication across the complex, may
be targeted for specific interference with the enzyme activities. Furthermore, these studies
showed that the current knowledge on the different subclasses of the AdoMetDC family should
be re-evaluated since P. falciparum AdoMetDC shows diverse properties from orthologues and
therefore points towards a novel grouping of the plasmodial protein. The extensive biochemical
and biophysical studies on AdoMetDC has also provided important avenues for the
crystallisation and solving of this protein’s 3D structure for subsequent structure-based

identification of drug-like lead compounds against AdoMetDC activity.

The application of structure-based drug design on malarial proteins was additionally investigated
and consequently proved that the rational design of lead inhibitory compounds can provide
important scaffold structures for the identification of the key aspects that are required for the
successful inhibition of a specific drug target. Spermidine synthase, with its intricate catalytic

mechanism involving two substrate binding sites for the products of the reactions catalysed by
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AdoMetDC/ODC, was used to computationally identify compounds that could bind within its
active site. Subsequent testing of the compounds identified with a dynamic receptor-based
pharmacophore model showed promising inhibitory results on both recombinant protein and in
vitro parasite levels. The confirmation of the predicted interaction sites and identification of
aspects to improve inhibitor interaction was subsequently investigated at atomic resolution with

X-ray protein crystallography.

The outcome of this doctoral study shows the benefit in applying a multidisciplinary and
multinational approach for studying drug targets within the malaria parasite, which has led to a
thorough understanding of the targets on both biochemical and structural levels for future drug

design studies.
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Chapter 1

Introduction

1.1.Malaria

The first decade of the 21% century has been met with many successes as well as disappointments
in the area of malaria control. From a scientific research perspective the achievements have been
extraordinary and include developments such as 1) the sequencing of the Plasmodium
falciparum (causative parasite) [1] and Anopheles gambiae (insect vector) [2] genomes; which
has resulted in 2) the development of vast, freely available databases such as PlasmoDB [3]; 3)
the release of the transcriptomic [4-7], proteomic [8,9] and metabolomic [10] profiles of the
intra-erythrocytic infectious stages of the parasite within the human host; and 4) the promising
results of the RTS,S/AS vaccine against falciparum malaria, which is currently in phase III
clinical trials [11]. In terms of vector control, the WHO has revised the use of DDT (bis(4-
chlorophenyl)-1,1,1-trichloroethane) in 2006 as a means to control the transmission of malaria
by mosquitoes (http://www.who.int/whopes/), despite the resistance met from environmental
protection agencies [12]. The creation of transgenic mosquitoes has also received attention in the

scientific community to reduce the capacity of parasites to infect humans [13].

The 2010 World Malaria Report (WHO 2010) stated that nearly 289 million insecticide-treated
mosquito nets (ITNs) were delivered to sub-Saharan Africa between 2008 and 2010, which
conferred malaria transmission protection to 578 million people, including children and pregnant
women (http://www.who.int/malaria/world malaria report 2010/). In 2009, 75 million Africans
were also protected by indoor residual spraying (IRS) and these preventative efforts have
resulted in measurable effects on public health as follows: 1) the number of malaria cases
decreased from 244 million in 2005 to 225 million in 2009 (~7%); 2) the number of deaths
decreased from 985 000 in 2000 to 781 000 in 2009 (~20%); 3) the number of countries that
have reduced their malaria burden by 50% over the past decade continues to rise resulting in
fewer countries that are endemic for malaria; and 4) in 2009 not a single case of cerebral malaria
was reported in the WHO European Region. The decrease in malaria deaths can be attributed to
improved access to treatment, vector control measures and diagnostic testing, which is reflected
in the fact that most cases of fever in Africa are no longer due to malaria infection and the
availability of inexpensive, easy-to-use, quality-assured rapid diagnostic tests for this disease
(WHO 2010). Despite these successes, malaria resurgence is still observed in some African

countries and even though funding for malaria control has increased dramatically in recent years
1
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(from $592 million in 2006 to over $1 billion in 2008, and $1.7 billion in 2009). The Roll Back
Malaria Partnership estimates that $5.2-6 billion is required per annum in order to achieve the
targets by 2015 that have been set by the Global Malaria Action Plan. Furthermore, the current
global economic recession is likely to decrease aid as reflected by the 5-10% cut in the USA

science and technology budget for 2011 and 2012, which makes malaria funding uncertain.

The chief disappointment with regards to malaria control remains the ongoing development of
parasite resistance, which has rendered several antimalarial medicines ineffective especially in
the parts of the world where malaria remains cataclysmic. The most dreadful being the resistance
threats of the most promising and highly effective artemisinin derivatives, which was confirmed
at the Cambodia-Thailand border in 2009 [14]. However, despite the observed changes in
parasite sensitivity to artemisinins, ACT (artemisinin-based combination therapy) remains in
effect and has been combined with efforts to limit the spread of resistant parasites. Another
alarming event observed in the last decade was the inclusion of P. knowlesi, common in macaque

monkeys, as the fifth species than can cause malaria in humans [15].

More than 40% of the world’s population reside in areas where they are at risk of malaria
transmission (Figure 1.1, upper panel). Most deaths due to malaria occur in Africa, which is also
one of the poorest regions of the world (Figure 1.1, lower panel). The disease contributes to poor
economic growth, which has a further negative impact on malaria treatment and prevention.
Malaria is a complicated disease and its spread may be attributable to a variety of factors such as
ecological and socio-economic conditions, displacement of large population groups, agricultural
malpractices causing an increase in vector breeding, global warming, parasite resistance to

antimalarial drugs and vector resistance to insecticides.

A number of promising antimalarial drug and vaccine discovery projects have been launched.
This includes the Medicines for Malaria Venture (MMYV, http://www.mmv.org/) funded by a
number of organisations including the Bill and Melinda Gates Foundation
(http://www.gatesfoundatiojn.org/) for the development of novel antimalarials. The identification
of new drug targets for malaria chemotherapeutic development is an ongoing process and is
dependent on the study of disease pathology, parasite invasion and immune defence strategies,

parasite transmission as well as parasite growth and development.
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Figure 1.1: The worldwide distribution of malaria and its association with economic growth.

Maps were obtained from (http://www.worldmapper.org/). The world’s population data is from 2002, malaria
cases are from data reported between 2000 and 2003 and malaria deaths are from data reported between 1998
and 2003. Gross national income (all income and profits received in a territory) was derived from the World
Bank’s 2003 World Development Indicators given as data in USD using an average exchange rate over three

years.

1.1.1. The P. falciparum life cycle

Malaria is caused by an infection from the intracellular apicomplexan parasites of the

Plasmodium genus. The genus consists of unicellular, eukaryotic protozoan parasites with four

major species (and one minor, P. knowlesi) affecting humans including P. falciparum (the most

severe form), P. malariae, P. vivax and P. ovale [16]. The parasites of the apicomplexan phylum

have complex life cycles and are characterised by the presence of a special apical complex,

which is involved in host-cell invasion and includes the microneme, dense granules and rhoptries

(Figure 1.2) [17].
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Figure 1.2: A P. falciparum merozoite showing the apical complex and other major cellular organelles and
structures.
The apical complex is shaded. Adapted from [17].

P. falciparum invades host cells to acquire a rich source of nutrients and at the same time, these
cells protect the parasites from host immune responses. The parasites are transmitted by the
female A. gambiae and A. funestus (southern Africa) mosquitoes, which serve as vectors for the
sexual reproduction of the parasites while the mammalian host provides the parasites with a
niche for asexual development. During a blood meal the mosquitoes inject a sporozoite form of
the parasites into the subcutaneous layer of the host skin. The sporozoites rapidly move to the
liver where they infect the hepatocytes and differentiate into thousands of merozoites. P. vivax
and P. ovale have a dormant stage which persists in the liver and cause relapses by invading the
bloodstream sometime thereafter (Figure 1.3A). Merozoites are subsequently released into the
bloodstream where they invade erythrocytes. This invasion characterises the onset of the intra-
erythrocytic asexual blood stage of the parasitic life cycle. The parasite cycles through ring,
trophozoite and schizont stages and in so doing produce between 16 and 32 daughter merozoites
per erythrocyte egression, which is accompanied by the characteristic bursts of fever and
anaemia associated with the disease, occurring every 24 hours. The daughter merozoites repeat

the asexual cycle by invading free erythrocytes (Figure 1.3B) [18].

Some ring stage parasites develop into male or female gametocytes that are ingested by the
mosquito during its next blood meal. These develop into male and female gametes inside the
mosquito’s gut where they fuse to form diploid zygotes. The zygotes differentiate into ookinetes
that subsequently cross the midgut and develop into oocysts from which sporozoites are released.
These sporozoites are stored in the salivary glands and are injected into the human host by the
mosquito to repeat the parasitic life cycle resulting in its successful transmission (Figure 1.3C)

[18].
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Figure 1.3: The asexual and sexual life cycles of the malaria parasite.

(1A) During a blood meal the malaria-infected female Anopheles mosquito injects sporozoites into the human
host where they are transported to the liver cells (2A) and mature into schizonts (3A). The schizonts rupture and
release merozoites (4A), which infect red blood cells (intra-erythrocytic asexual blood stage) (5B). The
trophozoites mature into schizonts, which once again rupture to release merozoites (6B). Some parasites
differentiate into sexual erythrocytic stages (7B) or gametocytes, which are ingested by another mosquito during
a blood meal (8C). The male and female gametocytes fuse to form zygotes (9C), which differentiate into motile
and elongated ookinetes (10C) that invade the midgut wall where they develop into oocysts (11C). These then
grow and rupture to release sporozoites (12C), which move to the mosquito's salivary glands in order to be
injected into a new human host during the next blood meal (1A). Obtained from
http://www.cdc.gov/malaria/about/biology/.

1.2.Treating malaria
The areas where malaria prevalence is at epidemic proportions are mostly devoid of trained
physicians and health workers who possess the skills necessary for the early diagnosis of the
disease as well as its efficient treatment. Novel antimalarials must therefore adhere to several
pre-requisites such as oral bio-availability, since diseased individuals mostly do not have access
to healthcare facilities, a short treatment period to reduce the risks associated with parasite

resistance development and the drugs must be inexpensive with extended shelf lives [19].

1.2.1. Vector control

Strategies to reduce the prevalence of malaria include the use of ITNs and reduction of the vector
population with IRS. DDT remains the most powerful and successful pesticide to date and is
responsible for the eradication of malaria from both the North American and European

continents. In South Africa, the discontinued use of DDT in the 1990s resulted in the worst
5
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malaria epidemic this country has experienced since the introduction of IRS in the 1950s. The
subsequent re-introduction of DDT spraying in 2000 once again resulted in an overall decrease
in the number of malaria cases by approximately 50% [20]. DDT is not only effective against
malaria vectors but is equally potent at alleviating various other arthropod-borne diseases such as
yellow fever, African sleeping sickness, dengue fever and typhus. However, DDT was also used
extensively in agriculture during which enormous quantities were aerially sprayed onto crops to
curb pests. This widespread and uncontrolled use of DDT raised concerns amongst
environmentalists in the 1960s who described possible catastrophic consequences for both the
environment and humans, ultimately leading to the ban of DDT in the 1980s [21]. However, the
controlled use of DDT at the low concentrations required for malaria vector control [22] as well
as the combined efforts of several public health officials and malaria experts, have resulted in the
approval of restricted use of DDT for malaria control by the WHO Pesticide Evaluation Scheme
(WHOPES) (http://www.who.int/whopes/).

Malaria parasite transmission can also be prevented by blockage of the sexual development of
the parasites within the mosquito host. Coleman ez al. tested the effect of 8-aminoquinolines on
the sexual development of P. berghei and P. falciparum parasites in A. stephensi mosquitoes and
showed that the drug-fed mosquitoes produced fewer oocysts than the control-fed group, and the
sporozoites that did manage to develop from the oocysts could not enter the salivary glands [23].
The antifolate drugs proguanil and pyrimethamine have also been shown to be sporontocidal by
causing a reduction in oocysts in drug sensitive strains while pyrimethamine directly damages
ookinetes [24]. DL-a-difluoromethylornithine (DFMO), a polyamine pathway inhibitor, also

interferes with P. berghei sporozoite development in 4. stephensi mosquitoes [25].

A more recent development to control malaria transmission is the radical concept of rendering
mosquitoes refractory to Plasmodium infection by creating transgenic mosquitoes. This can be
obtained by either altering the lifespan of the female mosquitoes so that they cannot transmit the
parasite or to introduce an agent into the mosquito that kills the parasite and thereafter becomes
hereditary. Malaria transmitting mosquitoes are harmless for the first two weeks and only a small
proportion of the female population actually live long enough to transmit parasites. Additionally,
a problem that contributed to the rapid development of insecticide resistance was the
instantaneous killing of the mosquitoes, which placed large resistance pressure on the
mosquitoes to combat the insecticide. If the lifespan of the females could therefore be shortened
by a few days, the transmission capacity would be reduced tremendously while the development

of insecticide resistance would also be delayed [26]. Transgenic mosquitoes can be created by
6
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using an antimalarial fungus, such as Metarhizium anisopliae that naturally infects mosquitoes,
and inserting a gene for e.g. a human antibody into it, which is then transferred to the mosquito
during the fungal infection. The mosquitoes are then sprayed with the transgenic fungus soon
after being infected by the malaria parasite [27]. In addition, it has also been shown that fungus
infection actually increases the susceptibility of resistant mosquitoes to the insecticide for which

they have developed resistance [28].

1.2.2. Vaccine development

Some malaria experts are of the opinion that vaccination represents the most valuable strategy to
reduce the mortality associated with malaria [29]. This is due to the fact that people residing in
malaria endemic areas do eventually develop low levels of protective immunity against P.
falciparum infection but this immunity is never complete and seems to be specific for the
parasite strain residing in a specific area. Protective immunity is therefore lost once the host
moves into an area where a different strain resides and also once the host is no longer chronically

infected [30].

The complex life cycle of the malaria parasite, which allows it to co-exist with the host immune
response, is largely responsible for the lack of a successful vaccine [31]. Current vaccine
development strategies focus on different protein antigens that are expressed during particular
stages of the life cycle, namely the pre-erythrocytic (sporozoite and schizont-infected hepatic
cells), the asexual intra-erythrocytic (merozoite-infected erythrocytes) and sexual exo-
erythrocytic (gametocyte) stages (Figure 1.4) [31]. An ideal vaccine against plasmodial infection
should therefore induce a multistage, multivalent and multi-immune response for it to be

successful in the treatment of malaria [32].

Antibodies directed against antigens on the surface of extracellular sporozoites e.g.
circumsporozoite protein (CSP) would result in the neutralisation of sporozoite infectivity in the
bloodstream. Preliminary studies of the RTS,S/AS malaria vaccine (GlaxoSmithKline
Biologicals) in African infants showed that the vaccine is safe, well-tolerated and reduces
parasite infection and clinical illness related to malaria. The vaccine consists of two
polypeptides; RTS corresponds to CSP residues 207-395 of P. falciparum 3D7 fused to the N-
terminus of the hepatitis B surface antigen (HBsAg) and S consists of 226 residues of HBsAg
[33]. Testing of the vaccine in Phase II, or mid-stage, clinical trials showed a 53% reduction of

clinical malarial episodes in young children administered over a period of eight months. A



Chapter 1: Introduction

success rate of 80% is expected and combined with vector control strategies and antimalarials
the vaccine is predicted to be extremely effective in reducing malaria infections. Currently, the

vaccine has entered pivotal Phase III trials and, if approved, is expected to be available by 2015

[11].
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Figure 1.4: Selected malaria vaccines targeting different antigens in specific stages of the parasite life
cycle.

(1) Pre-erythrocytic stage vaccines prevent host parasitic infection and disease development; (2) asexual
erythrocytic stage vaccines block the multiplication of daughter merozoites; and (3) sexual stage vaccines
prevent parasite transmission [12,31]. Abbreviations: AdHu35, human adenovirus serotype 35; AMA-1, apical
membrane antigen 1; CSP, circumsporozoite protein; FMP-1, falciparum merozoite protein-1; FP, fowl pox;
GLURP, glutamine-rich protein; LSA-1, liver stage antigen 1; ME-TRAP, multi-epitope thrombospondin-related
adhesive protein; MSP, merozoite surface protein; MVA, modified vaccinia virus Ankara; PfCp2.9, P.
falciparum chimeric protein 2.9; Pfs, P. falciparum surface antigens. Figure adapted from [17].

Extensive research is also being conducted on antibodies raised to antigens on the erythrocyte
plasma membrane (e.g. P. falciparum erythrocyte membrane protein 1, P/EMP1) as this would
result in the destruction of the infected erythrocyte or prevent the cytoadherence of these infected
cells [32,33] . Blood-stage vaccines are, however, limited by the polymorphic character of the
antigens, which creates diversity and restricts the efficacy of the vaccine representative of a

particular genotype [34].

1.2.3. Current antimalarials

Various drugs have been developed and used in the fight against malaria. As with malaria
vaccines, antimalarials target different stages of the parasite life cycle within the human host and
specifically interfere with processes that are essential to parasite survival. Figure 1.5 shows the
different stages of the parasite life cycle and current drugs that specifically target these stages of
parasite development. Eradication of malaria with the use of antimalarials is continuously
compromised by the increased prevalence of parasite resistance to the small number of available

commercial drugs.
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Figure 1.5: A schematic diagram of the P. falciparum life cycle within the human host showing the targets
of different antimalarials during the developmental stages.

The pre-erythrocytic, asexual intra-erythrocytic and sexual exo-erythrocytic stages as well as the different intra-
erythrocytic phases of malaria parasite development are shown. Examples of drugs that have been used at each
stage are listed in the dashed boxes [35-37].

1.2.3.1.  Quinolines

The bark of the Cinchona tree has been used for centuries to treat fever associated with malaria
from which the active ingredient is quinine [38]. It remained the antimalarial of choice until the
1940s, where after it was replaced by the chloroquine derivative. Quinine is, however, still used
today to treat clinical malaria. Chloroquine is a 4-aminoquinoline derivative of quinine and for
many years it was the main antimalarial drug used in malaria treatment caused by P. falciparum
until parasite resistance developed in the 1950s (Table 1.1). However, it remains the most
popular antimalarial developed to date due to its safety, low cost and efficacy [39,40]. Currently,
the widespread resistance to the drug has rendered its use as a therapeutic agent useless, but it is
still used to treat falciparum malaria in certain critical situations and shows some efficacy against

the other Plasmodium spp (WHO 2010) [41].

Despite more than three decades of research, the exact molecular mechanism of chloroquine
action remains controversial. It is believed that the weak-base drug accumulates in the acidic
food vacuole of the parasite where it prevents haem detoxification [43]. Chloroquine resistance
in malaria parasites has been attributed to reduced concentrations of the drug in the food vacuole
possibly due to drug efflux, pH modification in the vacuole, the role of a Na'/H" exchanger and
transporters [43-45]. Two genes have been implicated in this resistance, namely Pfndrl and
Pfcrt, which encode P-glycoprotein homologue 1 (Pghl) and P. falciparum chloroquine
transporter (PfCRT), respectively [45,46]. Both these proteins are localised to the food vacuole
membrane. Mutations in these genes could lead to small increases in the food vacuole pH thus

reducing chloroquine accumulation [47]. Alternatively, PfCRT may increase the efflux of
9
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chloroquine by directly interacting with the drug [48]. Resistance is associated with several

mutations in the PfCRT protein, while the loss of Lys76 has been shown as the critical mutation

that renders the P. falciparum parasites resistant to the drug [49].

Table 1.1: Antimalarial drug classes

Stage Drug class Drug compounds Mechanism of action
E Aminoquinolines Primaquine (and gametocytocidal) Unknown
% fi Interferes with
& © | Hydroxynaphthoquinone Atovaquone (and sporontocidal) cytochrome electron
& transport
Ami ol Chloroquine (and gametocytocidal) Inhibits haem
fHNOqUIROTRes Quinine (and gametocytocidal) detoxification
9 Sulphonamides Sulphadoxine Inhibits DHPS
g‘ Sulphones Dapsone Inhibits DHPS
= Proguanil (active as cycloguanil, also
E> Amidines active against pre-erythrocytic forms Inhibits DHFR
z and sporontocidal)
h . . .
E o Pyrimethamine (also sporontocidal and Inhlbl.ts D'HFR.(used n
= Pyrimidines . . . combination with
= interferes with sexual reproduction) .
= sulphadoxine or dapsone)
2 L . Inhibits haem
< 4-Methanolquinoline Mefloquine detoxification
. Artemisinin and derivatives (and
Sesquiterpene lactone sametocytocidal) Unknown
- Tetracycline (and active against intra- Inhibitors of aminoacyl-
2 € Antibiotics erythrocytic forms) (RNA binding during
s g . . o g during
=25 Doxycycline (and active against intra- . .
5 . protein synthesis
erythrocytic forms)

Abbreviations: DHFR, dihydrofolate reductase; DHPS, dihydropteroate synthase. Compiled from WHO 2005 and
[35,37].

A number of related aminoquinolines have been developed (Table 1.1) and are clinically applied
including: Amodiaquine, Atovaquone (used in combination with proguanil, Malarone®),
Lumefantrine (highly effective against multi-drug resistant P. falciparum when co-formulated
with artemether, Co-Artem™), Halofantrine (Halfan), Mefloquine (Lariam®), and Primaquine

(WHO 2005 and [42]). Mutations in the Pfimdrl gene have also been associated with resistance

to these derivatives including quinine, Mefloquine and Halofantrine [43].

1.2.3.2. Antifolates

The antifolates are some of the most widely used antimalarials but their role in malaria
prevention is increasingly hampered by the rapid emergence of resistance once the parasites are

placed under drug pressure. The direct effect of folate biosynthesis inhibition is a reduction in
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the synthesis of serine, methionine and pyrimidines, which leads to decreased DNA synthesis

(Table 1.1) [37].

The antifolates can generally be divided into two classes; the type-1 antifolates mimic the p-
aminobenzoic acid (pABA) substrate of dihydropteroate synthase (DHPS) and include the
sulphonamides (sulphadoxine) and sulphones (dapsone), while the type-2 antifolates
(pyrimethamine and cycloguanil, the active metabolite of the prodrug proguanil) inhibit
dihydrofolate reductase (DHFR) (Table 1.1) [37]. Interestingly both of these classes of target
proteins are arranged on separate bifunctional enzymes; hydroxymethyldihydropterin
pyrophosphokinase/DHPS (PPPK/DHPS) and DHFR/thymidylate synthase (DHFR/TS) [44]. In
addition, malaria parasites are capable of in vivo folate salvage from the extracellular
environment as well as de novo synthesis of folate derivatives from simple precursors. The
mechanism of exogenous folate uptake by a carrier-mediated process has important implications

in the sensitivity of the antifolate inhibitors and is being investigated as a novel drug target [45].

Pyrimethamine is a diaminopyrimidine and is mostly used in combination with sulphadoxine
(Fansidar™) or dapsone leading to the simultaneous inhibition of DHFR and DHPS (Table 1.1).
Pyrimethamine crosses the blood-brain barrier and the placenta. Resistance to sulphadoxine-
pyrimethamine combination therapy emerged rapidly due to the appearance of point mutations in
the active sites of the target enzymes resulting in reduced drug binding capacity [46,47]. The
Ser108 (AGC) to Asn (AAC) mutation is present in all pyrimethamine-resistant parasites and
mutations of Asn51 to Ile, Cys59 to Arg and Ile164 to Leu confer additional resistance [48-50].
In addition, the DHFR and TS activities were found to be up-regulated upon challenge with
antifolate drugs, independent of the mutational status of the gene [51]. Quantitative trait locus
analysis on the rodent parasite P. chabaudi, of a genetic cross between clones with different
resistance patterns to pyrimethamine, sulphadoxine and a combination thereof also showed the
influence of one or more genes other than dhfr and dhps on the observed levels of resistance in
the cross progeny [52]. A new combination of antifolates, chlorproguanil and dapsone
(LapDap™), with shorter half-lives than pyrimethamine and sulphadoxine, were subsequently
investigated as a means to delay drug resistance and was shown to clear Fansidar™-resistant

parasites [53], but was later discontinued (see below) [54].

1.2.3.3. Artemisinins

Artemisinin is a sesquiterpene lactone extracted from the leaves of Artemisia annua and is a
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potent, fast acting blood schizontocide that shows efficacy against all Plasmodium spp. Its
efficacy is especially broad and shows activity against all the asexual stages of the parasites
including the gametocytes, which results in reduced transmission potential (Figure 1.5) [55]. The
exact mechanism of action of artemisinin remains vague and different studies have produced
contradicting results (reviewed in [56,57]). Evidence to suggest that the primary activator of
artemisinin is an iron source and protein alkylation due to artemisinin treatment is well
established but a single molecular target that has a direct role in cell death due to artemisinin has
not been identified. The multi-faceted nature of the plasmodial cellular response to artemisinin
may explain the use of this drug against multi-drug resistant strains of P. falciparum and its

effect on practically all stages of the parasite life cycle (Figure 1.5) [56].

The low aqueous solubility of artemisinin resulting in poor absorption upon oral administration
has led to the development of several artemisinin derivatives including dihydroartemisinin,
artesunate and artemether [58]. Despite the appearance of artemisinin resistance [14], the WHO
still recommends ACTs as the first-line treatment against malaria infections where resistance to
other antimalarials is prevalent (WHO 2010). One of the obvious disadvantages of using ACT
for malaria case management in Africa is the increased costs involved in combining therapies,
but several reasons exist for combining antimalarials with an artemisinin derivative, namely: 1)
the increase in the efficacy of the antimalarials involved; 2) the decrease in the duration of

treatment; and 3) the reduced risk of resistant parasites arising through mutation [59].

Originally, the appearance of parasite resistance to artemisinin was thought to be unlikely or at
least delayed for several reasons, including 1) the short exposure of the parasites to the drug due
its short half-life; 2) the gametocytocidal effect of artemisinin, which reduces the transmission
potential and therefore spread of the parasite; and 3) the frequent use of ACTs was specifically
introduced to delay the onset of resistance [60]. The appearance of artemether resistance in field
isolates from French Guiana in 2005 resulted in increased inhibitory concentrations and was
attributed to inappropriate drug use that exerted selection pressures, favouring the emergence of
parasites with an artemether-resistant in vitro profile [61]. Even though reduced in vitro drug
susceptibility is not tantamount to diminished therapeutic effectiveness, it could lead to complete
resistance and thus called for the rapid deployment of drug combinations [61]. Lapdap™, a
combination of chlorproguanil (targeting DHFR), dapsone (targeting DHPS) and the artemisinin
derivative artesunate (Table 1.1), was introduced in 2003 as malaria therapeutic to replace
sulphadoxine-pyrimethamine treatment in Africa [62]. However, resistance to artesunate

monotherapy appeared on the Thai-Cambodian border in 2009 and it was also discontinued due
12
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to significant haemoglobin reductions in patients with glucose 6-phosphate dehydrogenase

(G6PD) deficiency [63].

Currently the WHO recommends the following ACTs for malaria treatment, which should be
combined with a single dose of primaquine as gametocytocidal (provided the risks of haemolysis
in patients with G6PD deficiency have been established) and should be combined with
knowledge on the efficacy of the specific combination therapy in the area of use: 1) artemether +
lumefantrine (Co-Artem™); 2) artesunate + amodiaquine (ASAQ); 3) artesunate + mefloquine;
4) artesunate + sulphadoxine-pyrimethamine; and 5) dihydroartemisinin + the quinoline-based

drug piperaquine (Artekin™) (WHO 2010 and [64]).

1.2.3.4. Antibiotics

Several antibiotics such as tetracycline, doxycycline and minocycline are active against the exo-
erythrocytic as well as the asexual blood stages of the P. falciparum parasite. Tetracycline was
originally derived from Streptomyces species, but is now synthetically prepared. They interfere
with aminoacyl-tRNA binding and therefore inhibit protein synthesis in the parasite’s apicoplast
and additionally have been shown to block apicoplast genome replication [65]. This is due to the
presence of a genome in the apicoplast that encodes prokaryote-like ribosomal RNAs, tRNAs
and various proteins [66]. Doxycycline is a synthetic tetracycline derivative with a longer half-
life than tetracycline, but shows a disadvantageous property in that it causes photosensitivity,

which is an obvious drawback for tourists entering malaria areas (WHO 2005).

1.3.Novel antimalarial targets

Despite the availability of various antimalarials and attempts aimed at preventing parasite
infection with the use of suitable vaccines, high malaria mortality continues to persist in endemic
areas. The identification of novel drug targets that can reduce the prevalence of malaria without
inducing rapid resistance thus remains imperative and a major challenge for researchers in the
field of infectious diseases. A good starting point for the identification of drug targets is to
pinpoint differences between essential metabolic pathways of the host and parasite, which are
more easily identified once the parasite physiology and host-parasite relationships are better
understood. The presence or absence of specific essential pathway enzymes and special features
thereof can subsequently be identified and investigated in possible chemotherapeutic

intervention strategies.
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1.3.1. Polyamine biosynthesis as a drug target

Several studies have investigated the importance of polyamines and their involvement in various
processes within the cell. In most organisms, the polyamine pathway has been fully elucidated
and extensive research has resulted in major advances in our understanding of polyamine
biosynthesis in the malaria-causing parasite. Previous studies have shown that interruption of
polyamine biosynthesis hampers the development of disease-causing Trypanosoma brucei
gambiense and P. falciparum parasites [67,68]. Further studies have identified unique parasite-
specific properties in the P. falciparum polyamine pathway, which present possible targets for
chemotherapeutic intervention [69-71]. A sensible approach is thus the structural and functional
characterisation of the pathway’s constituent enzymes for rational drug development strategies.
The polyamine biosynthesis pathway as drug target in P. falciparum will thus be the main focus

of this study.

1.3.2. Polyamines

The physiologically important polyamines putrescine, spermidine and spermine are found in all
living organisms except the Methano- and Halobacteriales [72]. The widespread prevalence of
these polyamines signifies its considerable contribution to the survival of living cells and as such
they have been implicated in many growth processes such as cell differentiation and proliferation
[73-76]. This is reflected by the general abundance of polyamines and increased activities of its
biosynthetic enzymes during stages of rapid growth [67,77]. Polyamine levels are thus controlled
by tight regulation of its synthesis, degradation, uptake and secretion as their depletion may lead
to growth arrest and aberrant embryonic development while their accumulation may cause

apoptosis [78-80].

Electrostatic associations between polyamines and DNA result in the stabilisation of these
nucleic acids, which often promotes DNA bending and facilitates binding of gene regulatory
elements thereby indirectly influencing DNA transcription [81-84]. Polyamines additionally
influence transcription by modifying chromatin structure via the stimulation of histone
acetyltransferase [85]. One of the most unique post-translational protein modifications is the
spermidine-dependent hypusinilation of eukaryotic translation initiation factor (eIF-5A) of which
the function is not entirely understood but it appears to be essential for cell proliferation since its
depletion arrests yeast cells in the G1 stage of the cell cycle [86,87]. Cells therefore maintain
optimal levels of polyamines as they play paradoxical roles in the prevention as well as in the

stimulation of cell death; increased levels protect cells by steering them into the proliferative
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pathway and away from cell death [88]. However, the accumulation of excess intracellular
putrescine has been shown to trigger apoptosis possibly as a result of an imbalance in
intracellular positive and negative charges as well as decreased formation of modified elF-5A

[80,89].

The importance of the naturally occurring polyamines as well as their regulation by various
biosynthetic and catabolic enzymes has led to the identification of various enzymes in the
polyamine pathway as drug targets for the treatment of cancer and parasitic diseases [90-92]. The
limited success, however, in finding an anti-tumour drug specifically targeting the polyamine
pathway in humans has opened new possibilities in finding a drug against rapidly proliferating
parasites [93] such as P. falciparum (malaria), 7. brucei (African trypanosomiasis), 7. cruzi
(Chagas’ disease) and Leishmania donovani (leishmaniasis) [91,92]. An overview of the
polyamine biosynthetic pathways within these organisms as compared to the human host is

shown in Figure 1.6 (Birkholtz ef al., Biochemical Journal, in press).

Polyamines are synthesised via the decarboxylation of L-ornithine to putrescine by the enzyme
ornithine decarboxylase (ODC). This enzyme catalyses the first and rate-limiting step of the
polyamine biosynthetic pathway and an increased growth rate of rapidly proliferating cells is
observed when this enzyme is over-expressed [84,101]. The diamine putrescine then acts as the
precursor of spermidine and spermine synthesis. Another decarboxylation enzyme, S-
adenosylmethionine decarboxylase (AdoMetDC), synthesises decarboxylated S-adenosyl-L-
methionine (dcAdoMet), which serves as a donor of aminopropyl moieties to putrescine for the
synthesis of spermidine and spermine (Figure 1.6). The latter reactions are catalysed by

spermidine synthase (SpdS) and spermine synthase (SpmS), respectively [77].
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Figure 1.6: Polyamine biosynthetic pathways of various parasites compared with that of the human host.
The parasites and their vectors are shown. 7. brucei is transmitted by tsetse flies while 7. cruzi is transmitted by
kissing bugs resulting in sleeping sickness and Chagas’ disease within the human host, respectively. Leishmania
spp are transmitted by sand flies and malaria-causing Plasmodium parasites are transmitted by Anopheles
mosquitoes. Abbreviations: AdoMet, S-adenosyl-L-methionine; AdoMetDC, AdoMet decarboxylase; cad,
cadaverine; dcAdoMet, decarboxylated AdoMet; homoT(SH),, homotrypanothione; MTA, 5’-
methylthioadenosine; ODC, L-ornithine decarboxylase; put, putrescine; ROS, reactive oxygen species; spd,
spermidine; SpdS, spermidine synthase; spm, spermine; TryS, trypanothione synthetase; TryR, trypanothione
reductase; TS,, oxidised trypanothione; T(SH),, reduced trypanothione. Taken from Birkholtz er al.
(Biochemical Journal, in press).

Mammalian cells can also interconvert polyamines for the production of spermidine from
spermine and putrescine from spermidine, which is successively catabolised by
spermidine/spermine-N'-acetyltransferase and polyamine oxidase [94]. 7. brucei and other
trypanosomatids are uniquely capable of synthesising a conjugate between glutathione and
spermidine called trypanothione [N',N® -bis(glutathionyl)spermidine] by trypanothione
synthetase, which is involved in the parasite’s redox metabolism (Figure 1.6) [95]. T. cruzi lacks
ODC and is therefore auxotrophic for putrescine, which is taken up from the host and converted
into spermidine by AdoMetDC and SpdS [96]. Furthermore, similar to Thermotoga maritima
SpdS, it appears that 7. cruzi SpdS activity may be promiscuous since the active site can
accommodate both putrescine and spermidine to synthesise spermidine and spermine,

respectively [97]. Leishmania parasites possess a complete intact polyamine biosynthetic
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pathway and are capable of synthesising putrescine and spermidine as well as trypanothione for

redox control. As in prokaryotes, SpmS is absent in Trypanosoma spp, L. donovani and P.

falciparum (Figure 1.6) [98,99].

1.3.3. Polyamine metabolism in P. falciparum

Human erythrocytes contain trace amounts of polyamines and lack the necessary enzymes for
active polyamine biosynthesis. However, in P. falciparum-infected erythrocytes there is a
significant increase in polyamine levels during the trophozoite and schizonts stages of parasitic
infection, with large variation in the spermidine and to a lesser extent putrescine levels. In
contrast, it was found that spermine levels are only slightly elevated in the parasitised cells
(Figure 1.7). In general, polyamine synthesis increases from the ring to the schizont stages
during intra-erythrocytic parasite infection with spermidine being the major polyamine present at
all stages. These increases in polyamine levels were found to be proportional to the parasitaemia,
the activities of the polyamine biosynthetic enzymes as well as the biosynthetic activities of the

parasite such as macromolecular synthesis and replication (Figure 1.7) [67,100].
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Figure 1.7: Polyamine levels during the intra-erythrocytic developmental cycle of P. falciparum.

The levels of the three polyamines (structures on the right) are shown together with the transcript abundance of
the polyamine biosynthetic genes (PfAdometdc/Odc and PfSpds) [4] during the asexual intra-erythrocytic stages
of P. falciparum. The polyamine levels within uninfected erythrocytes are also shown. Taken from [101].

The P. falciparum parasite polyamine pathway is distinctly different from that of the human
host, which means that interference with the parasite’s polyamine biosynthetic pathway could
have more severe consequences on the parasite than its host [92]. Obvious differences between

the pathways and the main polyamine biosynthetic enzymes between the two organisms are
highlighted in Figure 1.8.
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In P. falciparum, a single open reading frame encoding a bifunctional protein with both
PfAdoMetDC and PfODC activities uniquely facilitates polyamine synthesis [70]. In contrast to
the short half-lives (~15 min) of the monofunctional mammalian AdoMetDC and ODC enzymes,
PfAdoMetDC/ODC has a half-life of more than two hours [92]. The short half-live of human
ODC is due to the polyamine-dependant effect of antizyme and recruitment of the 26S
proteasome [77,102]. While mammalian ODC is barely inhibited by putrescine, PAODC activity
i1s susceptible to feedback inhibition by putrescine [103] and PfAdoMetDC activity is not
stimulated by putrescine [71]. In contrast to the mammalian pathway, the SpmS enzyme [98] and
a retro-conversion pathway [92] have not been identified in P. falciparum. In the absence of
SpmS, PfSpdS has been shown to be capable of synthesising low levels of spermine [98].
Mammalian cells are not only capable of synthesising and interconverting polyamines, but can
also take up polyamines from their environment via a poorly understood transport system [104].
These differences may provide possible drug target development opportunities for the treatment

of parasitic infectious diseases.
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Figure 1.8: Summary of the polyamine metabolic pathways in the human host and P. falciparum parasite.
Transporters or channels are shown as blue circles. Intermediates and reaction products are written in plain text
while the enzymes producing these are given in green (human host) and purple (parasite) boxes. Abbreviations:
AdoMet, S-adenosyl-L-methionine; AdoMetDC, AdoMet decarboxylase; Arg, arginine; AZ, antizyme;
dcAdoMet, decarboxylated AdoMet; Met, methionine; N-AcSpd and N-AcSpm, N'-acetylated spermidine and
spermine; ODC, ornithine decarboxylase; PAO, polyamine oxidase; put, putrescine; spd, spermidine; SpdS,
spermidine synthase; spm, spermine; SpmS, spermine synthase; SSAT, spermidine/spermine-N'-
acetyltransferase. Adapted from [92].

1.3.4. Polyamine transport in P. falciparum

The presence of a specific polyamine transport system in malaria parasite-infected erythrocytes
remains a controversial subject but evidence has suggested their presence based on three specific
observations: 1) parasites induce numerous biochemical, structural and functional changes in
infected erythrocytes resulting in the membrane becoming more permeable to various solutes via

new permeability pathways [105,106]; 2) evidence suggests that the replenishment of
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intracellular polyamine pools in parasites treated with polyamine biosynthesis enzyme inhibitors
is due to an influx of polyamines across the membrane [107,108]; and 3) the exogenous addition
of putrescine rescues DFMO-treated P. falciparum cultures, suggesting that the parasites are able

to internalise and metabolise putrescine for growth and macromolecular synthesis [67,109].

To date, the only polyamine transporter that has been characterised in plasmodia is the P.
knowlesi-induced putrescine-specific transporter [108], which was shown to be temperature-
dependent and competed for by both spermidine and spermine. Haider er al. showed that
parasites treated with the PfSpdS inhibitor, frans-4-methylcyclohexylamine (4MCHA), could not
be rescued with the exogenous addition of spermidine, which indicated inefficient uptake of this
polyamine by the infected erythrocytes and an apparent absence of a spermidine-specific
transporter in P. falciparum-infected erythrocytes [98]. However, since the exact targets of this
inhibitor are unknown it is possible that additional sites may be affected in P. falciparum and
thereby prevented parasite rescue [98]. PfAdoMetDC inhibition could also not be rescued with
the addition of putrescine or spermidine while the effects of PAODC inhibition with DFMO could
be reversed by putrescine supplementation, suggesting the presence of a putrescine transporter

system [100].

In a recent study it was shown that both putrescine and spermidine are indeed taken up across the
membrane of viable isolated parasites with a saturable, temperature-dependent process that
competed for different polyamines, L-ornithine and other basic amino acids [110]. Further
inhibition of polyamine biosynthesis in the isolated parasites resulted in an increased uptake of
these polyamines while the rate of uptake was shown to be independent of extracellular Na" and
K. However, uptake was shown to be dependent on the extracellular pH, which was increased
with an increase in pH; putrescine and spermidine uptake therefore decreased with membrane
depolarisation and increased with membrane hyperpolarisation [110]. In contrast to L. major and

T. cruzi, a molecular candidate of polyamine transport in P. falciparum remains to be identified.

In the process of drug discovery it is empirical to take into account the strategies that parasites
employ to counteract the depletion of an essential metabolic compound. The most effective drug
would be one that interferes with the biosynthesis of the compound, such as putrescine, and at
the same time obstructs its uptake into the P. falciparum-infected erythrocyte. Alternatively, the
putrescine and spermidine uptake systems may provide a mechanism for the selective delivery of
antimalarials via their conjugation to polyamines, which might result in improved inhibitory

activities of currently available antimalarials [111,112].
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1.3.5. The P. falciparum polyamine biosynthetic enzymes as drug targets

The importance of polyamines in parasitic growth suggests that the inhibition of the polyamine
pathway would interfere with the proliferation of the parasites [67], which can be approached by
three general routes: 1) by the application of active site-based inhibitors targeting the pathway’s
essential biosynthetic enzymes; 2) by interfering with polyamine transport; and 3) by using non-
functional polyamine structural analogues to replace functional polyamines resulting in altered

intracellular polyamine homeostasis [92].

The ability of substrate analogues to interfere with polyamine enzyme activity as well as their
effects on parasite growth has been investigated. DFMO is a well-known enzyme-activated,
irreversible inhibitor of ODC and causes the alkylation of the enzyme’s active site. Even though
its effect on P. falciparum growth is only cytostatic, it has been successfully applied in the
treatment of West African sleeping sickness caused by 7. b. gambiense [67,68]. The success of
DFMO treatment of the latter infection may be attributed to several factors including 1) the rapid
division of parasitic cells resulting in a higher polyamine requirement than the host cells; 2)
trypanosomes also use spermidine to produce trypanothione, which maintains the intracellular
redox state (Figure 1.6) [113]; 3) the trypanosomal ODC is more stable and has a longer half-life
than the host [114]; and 4) DFMO may be effectively transported into the trypanosomal parasites
since the drug does not have to cross several membranes as is the case for the intracellular

malaria parasites [71].

The ODC inhibitor 3-aminooxy-1-aminopropane (APA) and its derivatives CGP52622A and
CGP54169A as well as the AdoMetDC inhibitors CGP40215A and CGP48664A (both analogues
of methylglyoxal bis(guanylhydrazone), MGBG), severely affect Pf/AdoMetDC and PfODC
activities and result in reduced intracellular polyamine concentrations (Table 1.2) [100].
Additionally, 5'-([(Z)-4-amino-2-butenyl]methylamino)-5'-deoxyadenosine (MDL73811 or
AbeAdo) irreversibly inhibits Pf/AdoMetDC and is roughly a 1000-fold more effective than
DFMO treatment [115]. Furthermore, Bitonti et al. showed that the bis(benzyl)-polyamine
analogue, MDL27695, rapidly inhibits the in vitro growth of both chloroquine-sensitive and
resistant P. falciparum strains, and if administered in combination with DFMO, cures malaria in
P. berghei-infected mice [116]. Treatment of P. falciparum with the PfSpdS inhibitor,
dicyclohexylamine, completely arrests parasite growth of both chloroquine-sensitive and
resistant strains [117] and its derivative, 4AMCHA, results in up to 85% growth arrest within 48 h

when used in micromolar quantities (Table 1.2) [98].
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Table 1.2: Selected inhibitors of P. falciparum ODC, AdoMetDC and SpdS
The in vitro inhibitory concentrations (ICsy in uWM) of these drugs against P. falciparum parasites and
recombinant enzyme (K; in uM) are indicated.

ICs K; Reference
ODC inhibitors
NH,
DFMO iy S 1250 87.6  [100,103,118]
HOooC
APA HZN\O/\/\NH2 1 2.7 [100]
AdoMetDC inhibitors
HZN\/‘\E\\N‘/CH3 -
MDL73811 Koo ,Nmmz 3 1.6 [100]

NH

NH __N,NH‘\< 2
CGP48664A J\Eg\ : 8.8 3 [100]
CGP40215A J\©/“ Y’f”@ﬁ 18 08 [100]

SpdsS inhibitors
HQNWEW
AdoDATO s s ™ - 8.5 [98,119]
Hz"‘/—\)\sr‘ﬂ, :!./\ ‘I'E‘/

CHA Hz“{> 19.7 198 [98]

4MCHA H3C—<:>""'”H2 1.4 0.18 [98]
Dicyclohexylamine O\NH/O >1 000 342 [98]

Polyamine analogue

CHz)s (CHa)z _(CHals

MDL27695 ©/\ NN S ‘NH/\© 3 - [116]

Adapted from Birkholtz et al. (Biochemical Journal, in press). Abbreviations: AdoDATO, S-adenosyl-1,8-
diamino-3-thiooctane; APA, 3-aminooxy-l-aminopropane; CHA, cyclohexylamine; DFMO, DL-a-
difluoromethylornithine; 4AMCHA, trans-4-menthylcyclohexylamine.

The combined use of inhibitor treatment and protein X-ray crystallography of the polyamine

metabolic enzymes allows the visualisation of the interactions between the inhibitor and the

active site residues, providing a physical glimpse into a formerly unknown chemical space.

These structures are particularly helpful in the identification and in silico testing of a specific set

of lead chemical compounds, which would have been painstaking to test experimentally [128].

Homology models provide an alternative to protein crystal structures due to the challenges

involved in expressing pure and sufficient amounts of P. falciparum proteins required for

crystallisation studies [129,130]. Models of the three P. falciparum polyamine biosynthetic
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enzymes have been solved, i.e. monofunctional PfAdoMetDC [131], monofunctional PfODC
[132] and PfSpdS [133] (also crystallised [127]).

1.3.5.1.  The bifunctional P. falciparum AdoMetDC/ODC complex

In P. falciparum, the PfAdoMetDC and PfODC domains are uniquely assembled into a
bifunctional complex of approximately 330 kDa (Figure 1.9) [70]. The N-terminal PfAdoMetDC
domain (residues 1-529) exists as a protomer that is post-translationally cleaved into a large ~55
kDa o-subunit, and a smaller B-subunit of approximately 9 kDa. This domain is covalently
linked to PfODC at the C-terminus (residues 805-1419) via a hinge region that spans residues
530-804 [70,71]. The quaternary structure of the functional ~165 kDa heterodimeric polypeptide
thus consists of two subunits, the ~155 kDa a-PfAdoMetDC/ODC and the ~9 kDa post-
translationally cleaved B-PfAdoMetDC subunit. Two of these polypeptides have an obligatory
association through the PfODC domain, to form the active ~330 kDa bifunctional complex

(Figure 1.9) [70,71,120].

~165kDa

6] T -
El 8 T |

AdoMetDC Hinge oDcC
1-529aa 530-804 aa 805-1419aa

N C |~330kDa

Figure 1.9: Schematic diagram of the bifunctional P. falciparum AdoMetDC/ODC protein.
The N-terminal Pf/AdoMetDC domain consists of a- and B-subunits. This domain is connected to the C-terminal
PfODC via a hinge region. The sizes of the heterodimeric and heterotetrameric complexes are shown [70].

The 275-residue hinge region connects the PfAdoMetDC and PfODC domains (Figure 1.9) [70]
and is involved in the conformational stability and quaternary structure formation of the PODC
domain [103]. Previous studies have shown that the hinge stabilises the heterotetrameric
PfAdoMetDC/ODC complex by mediating interdomain interactions [69]. Several secondary
structures are present within this region, notably two a-helixes and a B-sheet that have been
shown to have indirect effects on the catalytic activities of both domains due to contributions to
interdomain interactions [121]. The importance of the hinge region in the activity of
monofunctional PfODC (see below) has led to investigations of possible protein-protein
interactions between the domains of the bifunctional protein [71,103]. Interdomain interactions
have been reported to play a role in other bifunctional proteins of P. falciparum such as
DHFR/TS where the catalytic activity of the TS domain is dependent on its interaction with the

DHFR domain [122]. In PfAdoMetDC/ODC it was shown that although the specific activities of
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the respective enzymes (referred to here as monofunctional protein domains) are not affected
upon inhibition or substrate removal of the neighbouring enzyme [71], interdomain interactions
occur within the bifunctional complex that are essential for domain activities [69]. A possible
explanation for the bifunctional arrangement could therefore be that the control of the abundance

and activity of a single protein regulates polyamine biosynthesis within P. falciparum [92].

1.3.5.2. Monofunctional S-adenosylmethionine decarboxylase from P.
falciparum

PfAdoMetDC utilises pyruvoyl as a co-factor, which is formed from an internal autocatalytic
processing event at Ser73 resulting in the formation of the o~ and B-subunits (Figure 1.9). The
native bifunctional protein isolated from the P. falciparum parasites showed a K, of 33.5 uM for
its substrate AdoMet and a specific activity of 14.8 pmol/min/mg [70]. In contrast to the human
enzyme, PfAdoMetDC activity is not stimulated by putrescine, indicating that Pf/AdoMetDC
lacks the regulatory mechanism proposed for mammalian cells to relate putrescine abundance
with spermidine synthesis [71,120]. Similarly to the human protein, monofunctional
PfAdoMetDC exists as an (o), dimer within the bifunctional complex [71,120,123] where each
active site is located between the B-sheets of the monomeric appa-sandwich fold (Figure 1.10)

[120].

Figure 1.10: The appo-sandwich fold of monofunctional, monomeric P. falciparum AdoMetDC
superimposed with the dimeric human protein.

The crystal structure of dimeric human AdoMetDC (1JEN, a- and B-subunits in yellow and orange, respectively)
[123] superimposed with the homology model of the monofunctional, monomeric PfAdoMetDC (pink and grey
for a- and B-subunits, respectively) [120]. Putrescine within the charged-buried site is shown in green.
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The monofunctional Pf/AdoMetDC homology model showed that the residues within the active
site are in a similar orientation to those of the human protein with only four substitutions in the
active site and surrounding surface of PfAdoMetDC. Interactions with the substrate analogue
MeAdoMet (methyl ester of AdoMet) are conserved where the adenine ring is hydrophobically
stacked between residues Phe5 and Phe415 [120], which are contributed from both B-sheets.
Mutagenesis studies confirmed the involvement of these aromatic residues in substrate and
inhibitor binding of the human protein [124]. Glu438 forms two hydrogen bonds with the
hydroxyl groups on the ribose moiety while a third hydrogen bond is also present between N' on
the adenine ring and the amide nitrogen of Glu72. Lastly, the model showed that the pyruvoyl
group in PfAdoMetDC is more out-of-plane while the carbonyl group remains in plane for its
purpose as an electron sink during the decarboxylation reaction [120]. The model could also
explain the lack of Pf/AdoMetDC activity stimulation by putrescine. The putrescine-binding site
of the human protein is lined with acidic residues that can interact with the positive amines of
putrescine [125]. In PfAdoMetDC, these residues are substituted by the basic residues Argll,
Lys15 and Lys215. Subsequent mutagenesis of these residues to non-polar ones showed that
especially Argll is essential for activity and therefore suggests that these residues assume the

function of putrescine binding [120].

1.3.5.3.  Monofunctional ornithine decarboxylase from P. falciparum

PfODC decarboxylates L-ornithine to form putrescine in a reaction that is dependent on the
vitamin Bg-derived co-factor, pyridoxal-5’-phosphate (PLP) [126]. ODC exists as an obligate
homodimer as a consequence of the two active sites that are formed at the dimer interface and
consist of residues contributed from both monomers of ~70 kDa each. This interface is
distinguished by an aromatic amino acid zipper, formed by the head-to-tail association of the two
PfODC monomers, placing the C-terminus of one monomer vertical to the N-terminus of the
other and vice versa. The PAODC monomer consists of two distinct structural domains, an N-
terminal o/f triosephosphate isomerase (TIM)-barrel (typical of the alanine racemase-like

family) and a C-terminal modified Greek-key B-barrel (Figure 1.11) [127].

Several differences exist between the human and P/ODC enzymes including the feedback
inhibition of PfODC activity by putrescine and the extended P/ODC half-life of more than two h
compared to the ~15 min half-life of the human protein [77]. The instability of the latter protein
is due to the action of antizyme and the presence of a C-terminal PEST region involved in the
recruitment of the 26S proteasome (Figure 1.8) [84,110]. This difference has also provided a

rationale for the differential host-parasite responses to DFMO treatment [99].
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Figure 1.11: The head-to-tail organisation of P. falciparum ODC superimposed with the human protein.
Crystal structure of homodimeric human ODC (1D7K, grey) [128] superimposed with the homology model of
PfODC (monomers shown in yellow and orange) [127]. PLP within the active sites are shown in green.

The specific activity of the native bifunctional protein isolated from the P. falciparum parasites
is 93.2 pmol/min/mg while it binds substrate with an affinity of 42.4 uM [70]. Investigations into
the expression and catalytic properties of two recombinant constructs of monofunctional PODC
showed that the hinge region is involved in PfODC substrate binding while its presence also
increases the specific activity of the enzyme [103]. Several residues that are essential for
catalytic activity (co-factor and DFMO binding) and dimerisation are conserved in the PODC
sequence, with only three unique residue substitutions in the PAODC PLP-binding site [127]. The
aromatic Phe1392, Tyr1305 and Phel319 residues (numbering according to bifunctional protein)
make hydrophobic contacts across the dimer interface resulting in an antiparallel-stacked
interaction. Lys970 has in particular been predicted to interact with various residues surrounding
the active site including Asp1356, Gly1352, Glyl1357 and Asp1359. These residues also form
part of the DFMO-binding region in the Gly1352-GIn-Ser-Cys-Asp-Gly-Leu-Asp1359 motif of
PfODC [23,127,129].

1.3.5.4. Spermidine synthase from P. falciparum

PfSpdS catalyses an aminopropyl transferase reaction to produce spermidine and MTA from
dcAdoMet and putrescine. In addition, this enzyme is also responsible for the low levels of
spermine within P. falciparum [98]. PfSpdS consists of 321 residues with a monomeric
molecular mass of ~37 kDa and associates to form a homodimer (Figure 1.12). The removal of
29 residues from an N-terminal extension allowed the recombinant expression in Escherichia
coli. This extension is believed to have a signal peptide-like character and was also identified in

plant SpdS [98]. Recombinant P/SpdS catalyses spermidine synthesis with a ke of 0.48 s and
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substrate affinities of 52 pM and 35.3 uM for putrescine and dcAdoMet, respectively. MTA is
produced as a stoichiometric by-product in this reaction and acts as a feedback inhibitor of the
enzyme [98]. PfSpdS is part of the aminopropyl transferase family of proteins that
characteristically consists of a small N-terminal and a large C-terminal catalytic domain. The
crystal structure showed that the N-terminal domain consists of a six-stranded p-sheet while the
Rossmann-like C-terminal domain contains a seven-stranded p-sheet followed by nine a-helices

(Figure 1.12).

Figure 1.12: The structure of homodimeric SpdS from P. falciparum superimposed with the human
protein.

The crystal structure of homodimeric human SpdS (2006, yellow) [97] superimposed with the crystal structures
of T. cruzi 3BWC, grey) (Bosch et al. unpublished results) and P. falciparum (2I7C, pink) [119]. MTA and
putrescine within the active site are shown in green. The gate-keeping loops of human and P. falciparum SpdS
are shown in blue.

A homology model of PfSpdS, created with the Arabidopsis thaliana and T. maritima crystal
structures as templates, identified essential features which were supported by mutagenesis
studies [130]. The putrescine-binding cavity contains a hydrophobic region that is flanked by
two negatively-charged regions that allow binding of the hydrophobic and positive termini of
putrescine, respectively. Water molecules were predicted to form hydrogen bonds between the
active site residues and the substrates to position and anchor them within the cavity. Several
hydrogen bonds also form between dcAdoMet and the active site residues that are responsible
for positioning of the aminopropyl chain for nucleophilic attack by putrescine [130]. In 2007, the
model was superseded by the crystal structures of PfSpdS in complex with dcAdoMet, 4AMCHA
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and the transition state analogue, S-adenosyl-1,8-diamino-3-thio-octane (AdoDATO). dcAdoMet
binding was shown to be stabilised by an active site gate-keeping loop that controls access of the
substrates into the active site pocket [131,132]. The flexible loop covers the entrance to the
active site and opens to allow the exit of MTA followed by spermidine (Figure 1.12). The
established interactions with the inhibitors also revealed important binding sites that may be

modified for the synthesis of improved inhibitory compounds in the near future [119].

1.4.Research objectives

This study was aimed at the identification of novel aspects of the P. falciparum polyamine
biosynthetic enzymes (both individual domains of the bifunctional PfAdoMetDC/ODC as well as
PfSpdS) and ultimately forms part of a larger study to investigate possible antimalarial strategies
via inhibition of polyamine synthesis within the malaria-causing parasite. The study involved the
structural and functional characterisation of Pf/AdoMetDC and PfODC in order to gain a better
insight into their activities, protein-protein interactions as well as their arrangement within the
bifunctional complex as a means to regulate catalytic activities. Lastly, and for the first time
attempted by the Malaria Research group at the University of Pretoria, protein X-ray
crystallisation was investigated as a means to validate the predicted binding sites of novel
inhibitory compounds against PfSpdS, which were identified by a pharmacophore-based
approach.

The work involving the biophysical characterisation of PfAdoMetDC as well as the
crystallisation, diffraction data collection and components of the 3D structure solving of P/SpdS
were performed at Lund University (Sweden) as part of a South African-Swedish collaboration
funded by the National Research Foundation-Swedish International Cooperation Development
Agency (NRF-SIDA, Swedish Research Links Programme). The methodology and results of this
study therefore forms part of a combination of work that was performed in South Africa and

during research visits to Sweden.

Three distinct studies were thus undertaken:
e Chapter 2: A conserved parasite-specific insert is a key regulator of the activities
and interdomain interactions of Plasmodium falciparum AdoMetDC/ODC.
In this chapter the roles of a conserved parasite-specific insert within the PAODC domain

in both activities of the bifunctional Pf/AdoMetDC/ODC complex were investigated. The
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native interaction sites of this insert were subsequently studied with the use of interface
peptide probes. Novel insights were obtained that allowed us to better understand the
unique arrangement of the decarboxylase domains within a bifunctional complex in the

Plasmodium spp.

e Chapter 3: Biochemical and structural characterisation of monofunctional
Plasmodium falciparum AdoMetDC.
In this chapter the recombinant expression of the monofunctional Pf/AdoMetDC domain
is described that was subsequently used in a structure-function relationship study of this
protein. The biochemical and biophysical characteristics of monofunctional
PfAdoMetDC are discussed, which provided insights into unique parasite-specific
properties. The results of this study were also used to establish if the co-existence of the
two domains in the bifunctional complex impacts on each other’s properties and these
were compared to that of the human protein to gain an understanding of the in vitro

functional arrangement of the monofunctional protein.

e Chapter 4: Validation of pharmacophore-identified inhibitors against Plasmodium
falciparum SpdS with the use of X-ray crystallography.
This study focussed on novel drug development strategies of PfSpdS, which resulted in
the identification of promising inhibitory compounds by using a dynamic, receptor-based
pharmacophore model. These compounds were tested in vitro and their interactions
within the PfSpdS active site were subsequently investigated with co-crystallisation
studies of the enzyme-inhibitor complexes. These results validated the use of an in silico
drug discovery approach to streamline the identification of compounds that could result

in the parasite-specific inhibition of a drug target.

e Chapter 5: Concluding discussion

1.5.Outputs

The results within this dissertation have been published and/or presented as follows:

Chapter 2:

1. Williams, M., Wells, G.A., Roux, S., Niemand, J., Rautenbach, M., Louw, A.L
and Birkholtz, L. “Insert-mediated regulation of the activities and interactions of
the rate-limiting polyamine biosynthetic enzyme of Plasmodium falciparum. A
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conserved parasite-specific insert is a key regulator of the activities and
interdomain interactions of Plasmodium falciparum S-adenosylmethionine
decarboxylase/ornithine decarboxylase.” (Manuscript to be submitted to
Experimental Parasitology)

. Conference proceeding: “A conserved parasite-specific insert influences the

activities and interdomain interactions of the malarial S-adenosylmethionine
decarboxylase/ornithine decarboxylase.” Invited oral presentation, 5t Symposium
on Polyamines in Parasites, Detroit, USA in July 2008

Williams® M., Sprenger, J., Human, E., Al-Karadaghi, S. Persson, L., Louw, A.IL
and Birkholtz, L. “Biochemical and structural characterisation of §-
adenosylmethionine decarboxylase from Plasmodium falciparum.” (Biochemical
Journal, accepted with minor revision)

Conference proceeding: “Towards finding the structure of Plasmodium
falciparum S-adenosylmethionine decarboxylase.” Invited oral presentation, 6™
Symposium on Polyamines in Parasites, Phalaborwa, South Africa in August
2010

Conference proceeding: “Malaria polyamine biosynthesis: The road from drug
target validation to drug development.” Oral presentation, Biology of Parasitism
course at The Marine Biology Laboratories, Woods Hole, USA in June 2009
Conference proceeding: “Structural and functional characterisation of malarial S-
adenosylmethionine decarboxylase.” Poster presentation, 7™ Protein Expression,
Purification and Crystallisation course, Hamburg, Germany in August 2010

*Burger, P.B,, *Williams, M., Reeksting, S.B., Al-Karadaghi, S., Briggs, J.M.,
Joubert, F., Birkholtz, L., Louw, A.l. “Design of novel inhibitors against
Plasmodium falciparum Spermidine Synthase using structurally-derived binding
descriptors.” (Manuscript to be submitted to Journal of Medicinal Chemistry)
"Authors contributed equally to this work.

Conference proceeding: “The development of a dynamic receptor-based
pharmacophore model for Plasmodium falciparum spermidine synthase.” Poster
presentation, 6™ Symposium on Polyamines in Parasites, Phalaborwa, South
Africa in August 2010

Conference proceeding: “Crystal structure of Plasmodium falciparum spermidine
synthase containing a novel inhibitor identified with a dynamic receptor-based
pharmacophore model.” Poster presentation, Gordon Research Conference:
Polyamines, Waterville Valley Resort, USA in June 2011

Clark, K., Niemand, J., Reeksting, S., Smit, S., van Brummelen, A., Williams, M.,
Louw, A.l. and Birkholtz, L. (2010) “Functional consequences of perturbing
polyamine metabolism in the malaria parasite, Plasmodium falciparum.” Amino
Acids. 38, 633-644

Birkholtz, L., Williams, M., Niemand, J., Louw, A.L, Persson, L. and Heby, O.
“Polyamine homeostasis as a drug target in pathogenic protozoa: peculiarities and
possibilities.” (Biochemical Journal, in press)

29



UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o3

Chapter 2: The O1 insert of PfODC
Chapter 2

A conserved parasite-specific insert is a key regulator of
the activities and interdomain interactions of Plasmodium
falciparum AdoMetDC/ODC

2.1.Introduction
ODC and AdoMetDC are rate-limiting enzymes in the polyamine biosynthetic pathway and in P.
falciparum are uniquely located on one polypeptide encoded by a single open reading frame to
form a ~330 kDa heterotetrameric, bifunctional PfAdoMetDC/ODC complex [70]. The
heterotetrameric nature is due to an autocatalytic processing event within the PfAdoMetDC
domain of one PfAdoMetDC/ODC polypeptide, resulting in the formation of two non-identical
a- and B-subunits with the essential pyruvoyl moiety covalently bound to the N-terminus of the
a-subunit for catalysis [70]. Although the two decarboxylase activities of the bifunctional
complex can function independently [71], inter- and intradomain interactions have been shown
to stabilise the active bifunctional PfAdoMetDC/ODC complex while unique parasite-specific
inserts within the two domains mediate these physical interactions and thereby regulate the
activities of both domains [69]. The interdomain interactions therefore support a proposed
regulatory mechanism of both decarboxylase activities within the bifunctional complex, which
has not been experimentally investigated. Recently, it was shown that an N-terminal non-
homologous insert of P. falciparum hydroxymethylpterin pyrophosphokinase/dihydropteroate
synthase, which is not located within the active site, affects the activities of both enzymes and it
was suggested that this insert could be involved in the interaction of the two catalytic domains of

the bifunctional complex [133].

The PfODC domain occurs at the C-terminus of the bifunctional protein and includes residues
805-1419. The protein contains regions of homology to mammalian ODC, especially concerning
the residues involved with co-factor binding and catalytic activity as well as several quaternary
structural features. These regions of homology are interspersed with parasite-specific inserts
[69,70]. Similar to other eukaryotes, the activity of PAODC is dependent on the formation of a
homodimer, where the two active sites are formed by residues contributed from both monomers
at the dimer interface. The aromatic Phe1392, Tyr1305 and Phel1319 residues form hydrophobic
contacts across the dimer interface, which result in an antiparallel-stacked interaction. A number

of studies have investigated features of ODC such as the contribution of long-range interactions
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mediated by residues distant from the active site in the promotion of catalytic efficiency (Lys294
of T. brucei) [134] and the rapid exchange of mammalian ODC subunits [23]. In the latter study
it was shown the active sites consisted of Lys69, Lys169 and His197 (from one subunit) and
Cys360 (from the second subunit). Subsequent mutagenesis of these residues and mixing of the
mutated monomer with a wild-type one resulted in a rapid exchange of subunits between the
enzyme dimers at physiological conditions. The authors suggested that the rapid association and

dissociation of ODC facilitates antizyme binding and thus the short half-life of ODC in vivo [23].

Comparison of the residues involved in PLP binding of PfODC to those of 7. brucei and human
ODC (Cys1355, Asp887, Arg955, His998, Ser1001, Gly1037, Gly1114, Glyl1116, and Tyr1384,
numbered according to the bifunctional protein) showed only three unique residues for PfODC
PLP binding, while two residues were also specific in PfODC substrate binding (Tyr966 and
Argl117) [127]. Subsequent mutagenesis studies of these residues confirmed their importance in
both PLP and substrate binding. These unique properties provide important starting points for the
identification of compounds that could be used to selectively target the plasmodial enzyme in an

otherwise highly conserved protein.

2.1.1. Parasite-specific inserts within the polyamine biosynthetic enzymes of P.
Jalciparum

Compared to the size of the independent monofunctional AdoMetDC and ODC orthologues in
humans, the size of the PfAdoMetDC/ODC bifunctional protein is much larger than just the
combination of these proteins. This is due to the presence of several parasite-specific inserts
within both of the domains that interrupt sequence homology [69,120,127] and, excluding the
contribution of the hinge region, increases the size of Pf/AdoMetDC/ODC by 366 residues (~40
kDa).

Parasite-specific inserts are an interesting feature of plasmodial proteins that form long insertions
separating well-conserved blocks that are adjacent in the homologous proteins [135]. These
inserts can be present as tandem repeats or sparsely distributed insertions between globular
domains and show species-specific characteristics such as rapid divergence, non-globularity and
low-complexity. The inserts are mostly flexible and hydrophilic due to the high abundance of
Asn and Lys residues, which form loops on the surface of the protein. The frequency of low-
complexity regions (subsequences of biased composition) in parasite-specific inserts in P.
falciparum proteins is particularly high and can be found in enzymes such as RNA polymerases
[136], glutamylcysteine synthetase [137], DHFR/TS [138] and DNA topoisomerase [139]. It has
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been hypothesised that these low-complexity regions in proteins may promote protein-protein
interactions [140] and their high prevalence within P. falciparum proteins raises questions about
their origin and maintenance within the parasite genome as well as influence on the evolution of
the parasite's unusual genome [135,141,142]. Furthermore, these inherently flexible protein
elements that do not spontaneously fold into stable globular structures and are often
characterised as intrinsically unstructured [143,144], may allow the proteins to recognise several
biological targets by becoming structured upon interaction with specific targets [145]. A recent
study to identify intrinsically unstructured proteins in the P. falciparum proteome showed a high
correlation between the presence of these large segments of disordered structures in proteins that
play a role in host-parasite interactions (specifically in the sporozoite life cycle stage) [143] as

well as in proteins that self-assemble into large multiprotein complexes [140].

Both the PfAdoMetDC and PfODC domains contain parasite-specific inserts that disrupt regions
of homology and range in size from 6 to 180 residues [120,127]. The PfAdoMetDC domain
contains three inserts (Al: residues 57-63; A2: residues 110-137; and A3: residues 259-408)
[120]. The hinge occupies residues 530-804 and is for all purposes also considered as an insert,
while two inserts are present in the PAODC domain (O1: residues 1047-1085 and O2: residues
1156-1302) [127]. Although the roles of these inserts in enzyme activity have been investigated
[69], the specific details of the interaction between the PfAdoMetDC and PfODC domains and

the contributions of the inserts to interdomain protein-protein interactions remain unclear.

The 39-residue O1 insert of PfODC differs from the other inserts since it is: 1) devoid of low-
complexity regions; 2) better conserved between plasmodia in terms of sequence composition
and length; and 3) contains an area of well-defined predicted secondary structure [69,121]. These
features suggest a distinct function for the Ol insert compared to the other less-conserved and
larger inserts in terms of protein folding, stability, organisation and activity [146]. This was
confirmed by the observed 94% and 77% reduction in PfODC and PfAdoMetDC activities,
respectively, within the bifunctional complex after deletion of this insert. Moreover, O1 insert
deletion prevented PfODC homodimerisation as well as association with the PfAdoMetDC
domain [69], possibly by altering the conformation of PfODC at the dimer interface. The
homology model of monofunctional PAODC showed that the O1 insert appears to lie parallel to
the protein core and loops from the protein surface out towards the C-terminus at the same side
as the entrance to the active site [127]. The insert is also flanked by mobile Gly residues

(Gly1036-1038 and Gly1083, numbered according to the bifunctional protein) [121] suggesting
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that the insert may be acting as a flexible gate-keeping loop for substrate entry into the active site
pocket. The Ol insert is thus implicated in both inter- and intradomain protein-protein
interactions, mediated by long-range effects across the bifunctional complex and might function
as a modulator of interactions between the decarboxylase domains in PfAdoMetDC/ODC. In
contrast, the larger O2 insert does not form significant secondary structures and was shown to be
more important for PfODC activity, possibly due to it being spatially removed from the N-
terminal PfAdoMetDC domain [69]. However, this insert contains a low-complexity region of
(NND)-repeats that are thought to play an important role in the formation of the PfODC

homodimer through the formation of a polar zipper.

The interaction sites between the domains of PfAdoMetDC/ODC therefore remains to be
identified while the noteworthy effect that the deletion of the O1 parasite-specific insert has on
the entire protein indicates that this insert may be involved in protein-protein interactions across
the bifunctional complex. This is based on previous studies that showed the presence of these
inserts between structured domains of multiprotein complexes as well as in proteins that have
diverse protein binding partners [140]. Analysis of the specific functions of this insert could
therefore provide an indication of the arrangement of the domains within the bifunctional
PfAdoMetDC/ODC complex. Furthermore, it was postulated that the predicted flexibility of the
Ol insert may allow the modulation of the catalytic activity of the PAODC domain by stabilising
the substrate and/or co-factor interactions within the active site pocket, followed by product
release. This postulate is substantiated by the homology model of PfODC in which the O1 insert
was shown to be positioned on the same side of substrate entry into the PfODC active site pocket
[135]. Alternatively, the conserved a-helix within the O1 insert may mediate specific protein-
protein interactions for PfODC homodimerisation (intradomain interactions) and/or subsequent
complex formation with PfAdoMetDC (interdomain interactions). In this study, mutagenesis,
biochemical, computational and peptide probe studies were therefore employed to investigate the
possibility that the O1 insert acts as a flexible, catalytically essential loop and to delineate the
function(s) of the conserved secondary structure within this insert. The results provide specific
evidence for the functional role of the Ol insert in the activities and interdomain associations of
PfAdoMetDC/ODC. Furthermore, the role of this insert in protein-protein interactions could in
future be used as a platform for the design and application of compounds that could interfere

with these interfaces [130].
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2.2.Methods

2.2.1. Secondary structure predictions of the O1 parasite-specific insert

The Odc gene sequences of Homo sapiens (GenBank ID: P11926) and T. b. gambiense
(Q9TZZ6) as well as the full-length bifunctional plasmodial Adometdc/Odc sequences of P.
falciparum (Q8U77), P. berghei (Q4YHB2) and P. yoelii (Q7RFF2) were subjected to the
CLUSTALW?2 multiple sequence alignment tool [147] followed by secondary structure
predictions with the Jnet v2.0 algorithm within Jpred 3 [148].

2.2.2. Expression constructs and site-directed mutagenesis

The pASK-IBA3 vector (C-terminal Strep-tag, Institut fiir Bioanalytik, IBA) containing the
bifunctional wild-type PfAdometdc/Odc coding sequence [70] was used as template for site-
directed mutagenesis. The codons encoding the three conserved N-terminal Gly residues
(Gly1036-1038, numbering according to bifunctional protein) flanking the O1 insert were
mutated to Ala to produce the A/O GIA triple mutant. This mutated gene was subsequently used
as template to introduce the C-terminal Glyl083Ala mutation resulting in the A/O G2A
quadruple mutant. The predicted a-helix within O1 was disrupted by the introduction of a Pro
codon at residue position 1068 giving rise to the A/O I1068P mutant. The primers used for PCR-

mediated mutagenesis are listed in Table 2.1.

To create mutations within the monofunctional PfODC domain, PfOdc together with 432
nucleotides of the hinge region, previously cloned into pASK-IBA7 (N-terminal Strep-tag)
[103], was used as template with the same primers listed in Table 2.1. Mutagenesis resulted in

the monofunctional quadruple ODC G2A and helix breaker ODC 11086P mutations.

Pfu DNA Polymerases (2.5 U, Fermentas) was used in the presence of 10 fmol template and 10
pmol of each of the primers. Temperature cycling was performed as follows: 94°C for 3 min
followed by 30 cycles of 94°C for 30 s, 60°C for 1 min, 68°C for 2 min/kb with a final extension
step at 68°C for 10 min. Post-PCR manipulation was performed as described previously [150].
Briefly, the PCR products were visualised with DNA gel electrophoresis and the correctly-sized
bands were excised and purified with the NucleoSpin® Extract IT PCR cleanup kit (Macherey-
Nagel). Purified products were then treated with Dpnl (Fermentas) to remove the parental

templates for 3 h at 37°C and cleaned as before.
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Table 2.1: Mutagenesis primers used for the introduction of point mutations in the O1 parasite-specific
insert

Primer (OTg; a Primer Sequence (5’ to 3’) b Alteration
GGATTTAATTTTTATATAATAAATTTAGCAGCAG . .
GIAF 69 CATATCCAGGAGGATTAG Gy 10361036 to Ala
GIA R 69 CTAATCCTCCTGGATATGCTGCTGCTAAATTTATT inflexibility mutation
- ATATAAAAATTAAATCC
CATTTCTCAAGACGAAATATGCATACTATAGTTTT . .
G2AE 68 GAAAAAATAACATTGG 2{1511854;%2&1
G2A R 68 CCAATGTTATTTTTTTCAAAACTATAGTATGCATA inflexibility mutation
- TTTCGTCTTGAGAAATG
11068P E 67 GTCTTCAAGAAATTAAAAAAGATCCACAAAAATT
- TCTTAATGAAGAAACATTTCTC Tle1068 to Pro helix
11068 R 67 GAGAAATGTTTCTTCATTAAGAAATTTTTGTGGAT breaker

CTTTTTTAATTTCTTGAAGAC

“The Tm’s were calculated according to: 69.3+0.41(%GC)-(650/N), where N is the number of nucleotides [149].
» Mutations are underlined.

The linear PCR fragments were ligated overnight to form circular plasmids with 3 U of T4 DNA
Ligase (Promega) at 22°C. The plasmids as well as a wild-type control (A/Owt and ODCwt) were
electroporated into DH5a cells. The plasmids (monofunctional ODCwt, ODC 11068P, ODC G2A
and bifunctional A/Owt, A/O 11068P, A/O G2A) were isolated with the peqGOLD Plasmid
Miniprep kit I (Biotechnologie) and all mutations were confirmed with automated nucleotide
sequencing using a BigDye® Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) with
the ODCseql sequencing primer (5’-TATGGAGCTAATGAATATGAATG-3).

2.2.3. Protein expression and isolation

The pASK-IBA3 and -IBA7 plasmids containing the wild-type PfAdometdc/Odc and PfOdc
sequences, respectively, or the various confirmed mutations (above) were transformed into
AdoMetDC and ODC deficient E. coli EWH331 expression cells kindly provided by Dr. H.
Tabor (National Institutes of Health, MD, USA). Proteins were recombinantly expressed and
isolated as Strep-tag fusion proteins as described previously [70]. Colonies were inoculated in
Luria-Bertani (LB)-ampicillin (50 pg/ml) and incubated at 37°C for 16 h. These cultures were
subsequently diluted 1:100 in 1 litre LB-ampicillin medium and incubated at 37°C with agitation
until an ODggy of 0.5 was reached and protein expression was induced with 200 pg
anhydrotetracycline (AHT, IBA). The cultures were incubated for 16 h at 22°C before the cells
were harvested. The pelleted cells were diluted in 10 ml wash buffer (100 mM Tris/HCI, pH 8.0,
150 mM NaCl, 1 mM EDTA) per litre of culture. Lysozyme and 0.1 mM phenylmethylsulphonyl

fluoride (PMSF, Roche Diagnostics) was added to the suspension and incubated on ice for 30
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min. The cells were disrupted with sonication and the soluble proteins were collected in the
supernatants after ultracentrifugation was performed at 4°C for 1 h at 100 000g. The pellets were

discarded while the supernatants were kept for subsequent affinity chromatography.

The Strep-tagged fusion proteins were purified from the total soluble protein extracts using
Strep-Tactin affinity chromatography (IBA). Each protein extract was loaded at 4°C onto a
Chromabond® 15 ml PP column (Macherey-Nagel) containing a 1 cm® bed volume of Strep-
Tactin beads. The beads were subsequently washed three times with 10 ml wash buffer and the
bound protein was eluted with 5 ml elution buffer (wash buffer containing 2.5 mM desthiobiotin,
IBA) and collected in fractions on ice. Desthiobiotin reversibly competes with binding to the
streptavidin and thus releases the Strep-tagged proteins. The beads were regenerated for future
use with regeneration buffer (wash buffer containing 1 mM 4-hydroxy azobenzene-2-carboxylic
acid, Sigma-Aldrich), which in turn displaces the desthiobiotin from the affinity beads. Protein
concentration was determined by the Bradford assay [150] and visualised with denaturing SDS-

PAGE and silver staining [151].The protein samples were kept at 4°C until further use.

2.2.4. Activity analysis of the recombinantly expressed proteins

AdoMetDC and ODC activities were measured by trapping released '*CO, from S-[carboxy-
14C]aldenosyl—L—methionine (60.7 mCi/mmol, Amersham Biosciences) and L—[l—”C]ornithine (55
mCi/mmol, Amersham Biosciences) as previously described [70]. Briefly, 5 pg of the
bifunctional or monofunctional proteins were incubated in AdoMetDC (50 mM KH,PO,, pH 7.5,
1 mM EDTA, 1 mM DTT) or ODC (50 mM Tris/HCI, pH 7.5, 40 uM PLP, 1 mM EDTA, 1 mM
DTT) assay buffers in a total reaction volume of 250 pl containing 100 uM total substrate. The
reactions were incubated at 37°C for 30 min followed by reaction termination via protein
precipitation with the addition of 0.5 ml of 30% (v/v) trichloroacetic acid. '*CO, was captured
with hydroxide of hyamine-treated filter papers (PE Applied Biosystems, USA) for an additional
30 min at 37°C. The filter papers were transferred to 4 ml Pony-Vial H/I tubes (PE Applied
Biosystems) to which 4 ml of Ultima Gold XR scintillation fluid (PE Applied Biosystems) was
added. The radioactivity was counted with a Tri-Carb series 2800 TR liquid scintillation counter
(PE Applied Biosystems). Specific enzyme activity was expressed as the amount of CO,
produced in nmol/min/mg and performed in duplicate for three individual experiments. The
specific activities of the mutant proteins were normalised against the specific activity of the
wild-type protein performed in parallel. Statistical analysis was performed using paired Students

t-test.
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2.2.5. Analysis of the oligomeric status of the mutant monofunctional and
bifunctional proteins

The ability of the wild-type and O1 insert mutated proteins to form either monofunctional
PODC homodimeric (~170 kDa) or bifunctional PfAdoMetDC/ODC heterotetrameric (~330
kDa) proteins [69,70] via protein-protein interactions were determined by size-exclusion
chromatography (SEC) using an Akta Prime System (Amersham Pharmacia Biotech). A
Superdex®—S2OO 10/300 GL SE column (Tricorn, GE Healthcare) was calibrated with the Gel
Filtration Standard kit (BioRad), which separated into five peaks corresponding to thyroglobulin
(670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and Vitamin B,
(1.35 kDa). A standard curve obtained from the elution of the standard proteins was used to
identify the fractions in which the monofunctional PfODC homodimeric (~170 kDa) or
monomeric (~85 kDa) and bifunctional PfAdoMetDC/ODC heterotetrameric (~330 kDa) or
heterodimeric (~165 kDa) proteins were expected to elute. The column was equilibrated with
wash buffer and equal amounts of separately expressed and isolated monofunctional PfODC
(ODCwt, ODC I1068P and ODC G2A) and bifunctional PfAdoMetDC/ODC (A/Owt, A/O
[1068P and A/O G2A) proteins (~120 pug) were each applied to the SEC column and 1.5 ml

fractions were collected at a flow rate of 0.5 ml/min in wash buffer.

2.2.6. Western immunodetection of monofunctional PfODC and bifunctional
PfAdoMetDC/ODC proteins following SEC

The PfAdoMetDC/ODC and PfODC proteins were detected in each fraction with dot-blot
Western immunodetection. Briefly, 0.5 ml of the sequential fractions collected from SEC were
dot-blotted onto Immobilon-P PVDF transfer membranes (Millipore) using a BioDot apparatus
(Bio-Rad). The membranes were subsequently blocked for 16 h at 4°C with blocking buffer
(1xPBS containing 3% (w/v) BSA, 0.5% (v/v) Tween-20). For immunodetection of the Strep-tag
fusion protein the membranes were incubated for 1 h at 37°C in membrane wash buffer (1xPBS
containing 1% BSA, 0.5% Tween-20) and 1:4000 monoclonal Strep-tag II horseradish
peroxidase (HRP)-conjugated mouse antiserum (Acris antibodies). The antibody is coupled to
keyhole limpet haemocyanin and is supplied as a liquid Protein G purified immunoglobin
fraction, conjugated to HRP and therefore does not require the incubation with a secondary
antibody. The membranes were washed six times in the membrane wash buffer followed by
incubation for 5 min in equal volumes of the Luminol/Enhancer and Stable Peroxidase solutions
(SuperSignal® West Pico Chemiluminescent Substrate, Pierce). Hyperfilm High Performance
chemiluminescence films (Amersham Biosciences) were exposed for various times to the

membranes and subsequently developed (3 min) and fixed (I min) with ILFORD Universal
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Paper Developer and Rapid Fixer, respectively (ILFORD Imaging Ltd., UK). Images of the

developed film were captured with a VersaDoc™ Imaging System (BioRad).

2.2.7. Computational studies on the homology models of the monofunctional
PfAdoMetDC and PfODC proteins

The following in silico simulations were performed by G. A. Wells [152] to visualise the
flexibility of the O1 insert and the subsequent role of the flanking Gly residues on this flexibility
upon their mutagenesis to Ala. Briefly, homology models for both AdoMetDC and ODC
domains were constructed for all full-length Plasmodium spp listed in PlasmoDB (P. falciparum,
P. vivax, P. knowlesi, P. yoelii and P. berghei) [3]. The monomeric AdoMetDC domain was
modelled with the human (1I7B) and S. tuberosum (1IMHM) as templates, while the homology
model of dimeric ODC was optimised from earlier models [127] using MODELLER 9v2. Model
qualities were determined using PROCHECK [153] and WHATIF [154].

For molecular dynamics (MD) simulations of P. falciparum ODC, 30 models were constructed
with the Ol insert included. Based on the secondary structure predictions, the backbone
conformation of residues 1054-1060, 1061-1072 and 1074-1076 of the O1 insert were restricted
to a B-strand, a-helix and a-helix, respectively. A model of the A/O G2A mutant was constructed
in VMD [155] using the wild-type structure as template. MD was performed on the wild-type
and A/O G2A models using NAMD 2.6 [156].

For protein-protein docking, multiple (~100) models were constructed for the AdoMetDC and
ODC domains, including an average or cluster model. All parasite-specific inserts were excluded
from modelling to avoid additional uncertainty. Wild-type AdoMetDC models were docked
against wild-type dimeric ODC models using FTDOCK?2 [157] with AdoMetDC being treated as
the mobile species while ODC was kept static.

2.2.8. Incubation of PfAdoMetDC/ODC with synthetic peptide probes

Synthetic peptides were designed to specifically target and compete with the inter- and
intradomain interacting sites of the O1 insert: 1) NY-39 is identical to the entire O1 insert and is
expected to bind to the insert’s interaction site; 2) LK-21 is identical to the a-helix within the O1
insert and would thus also bind to the a-helix interaction site; while 3) LE-21, was designed as
the charge complement of the helix within the O1 insert by replacing the positively-charged Lys

with negatively-charged Glu residues in the peptide and vice versa to enable binding to the helix
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(Table 2.2). The peptides were synthesised and purified to >95% purity (GL Biochem Ltd.,
China). The wild-type PfAdoMetDC/ODC protein was purified as above and incubated with the
peptides at 10-, 100- and 1000-fold molar excess of the peptides at 22°C for 2 h with moderate
agitation. The peptide-treated samples were subsequently subjected to AdoMetDC and ODC
activity assays as described previously [70]. The activity of the untreated, wild-type
PfAdoMetDC/ODC protein was used as a positive control to give an indication of the extent to
which the peptide affected the bifunctional protein’s activity. The activities of the samples,
obtained from three independent experiments performed in duplicate, were normalised to the
activity of the positive control and expressed as a percentage of this activity. The results were

compared using a directional one-tailed Student t-Test assuming unequal variances.

2.3.Results

2.3.1. The O1 parasite-specific insert contains specific structural features

In-depth secondary structure predictions were performed on the O1 inserts from three different
Plasmodium spp (P. falciparum, P. berghei and P. yoelii) using the Jnet algorithm v2.0, which
provides a prediction of secondary structures with an accuracy of 81.5% [148]. The P.
falciparum-specific O1 insert (residues 1047-1085) is flanked by three plasmodia-conserved N-
terminal Gly residues [69] and a single non-conserved C-terminal Gly residue located within the
insert (Figure 2.1). These Gly residues could contribute to insert flexibility due to the many bond
rotational conformations Gly residues can assume [158]. Moreover, the predictions showed that
the 39-residue Ol insert does have a propensity to form a plasmodia-conserved a-helix (Figure
2.1) [121]. Subsequent experiments investigated the possible roles of the flexibility as well as the

presence of a predicted secondary structure within the O1 insert.

GOEGSERVI - <vocone smnsn smmnmisre srimisis Siasidms SHaieis Sharaia's o LKFEENTGVINPAL 259
GGEMGTREIAP = =oovvovn srmamoon snmzross Shmsass, Soomrans Sicisis Sposs s S LKFEEIAGVINNAL 279
GGYPEELEYDNAKKHDKIHYCTLSLQE | KKDQKFLNEETFLKTKY[GYYSFEKISLAINMS]1 1098
PYOEL LGFKFRILNMGGGYPEELEYDFAKKNEKKHYCTLNEEELKKY IMSFLNEKSVIKKNYNFYNFEKIALAINMS | 1115
PBERGH LGYKFE | LNMGGGYPEELEYDFAKKNEEKHYCTLNEEELKKY IMSFLNEKSVIKKNYNFYNFEKIALAINMS 1 290

HUMAN VGFSP‘JYLLDII
TRYBGLGFNMHILD I
PFAMMGFNFY I INL

Figure 2.1: Multiple sequence alignment and secondary structure prediction of the O1 insert.

Plasmodial sequences of P. falciparum (PFAM, GenBank ID: Q81J77), P. yoelli (PYOEL, Q7RFF2) and P.
berghei (PBERGH, Q4YHB2) were used and the corresponding ODC sequences of H. sapiens (HUMAN,
P11926) and T. b. gambiense (TRYBG, Q9TZZ6) are also shown. Similar and identical residues are shown in
light and dark blue, respectively. The conserved N-terminal Gly1036-1038 residues and non-conserved C-
terminal Gly1083 of PfODC are indicated by boxes and the Ile1068 residue that was mutated to a Pro is shown
with a red box. Dashed lines are areas where the Ol inserts are absent in the HUMAN and TRYBG sequences.
The predicted PfODC B-sheets (green arrows) and conserved a-helix (red cylinder) are shown below the
alignment.
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2.3.2. Mutagenesis of the flanking Gly residues and disruption of the a-helix within
O1 insert affects enzyme activity

To test the hypothesis that the Gly residues flanking the O1 insert provide loop flexibility and are
involved in the decarboxylase activities of PfAdoMetDC/ODC, the N- and C-terminal O1 insert
Gly residues were replaced with Ala. This resulted in a triple mutant A/O G1A (Gly1036-1038
to Ala) protein where only the flanking N-terminal Gly residues were mutated, and a quadruple
A/O G2A mutant (Gly1036-1038 and Gly1083 to Ala) where both the N- and C-terminal Gly
residues were mutated. Secondly, to investigate the possible role of the conserved Ol insert a-
helix in the decarboxylase activities of the bifunctional PfAdoMetDC/ODC enzyme by
mediating inter- and intradomain protein-protein interactions, a helix-breaker Pro residue was
inserted within this helix resulting in the A/O 11068P mutant protein. The secondary structure
prediction of this mutant using the Jnet algorithm did not predict the presence of an o-helix

(results not shown).

Compared to the wild-type enzyme, the specific activity of the PfAdoMetDC domain in the
bifunctional protein was significantly (P<0.01) reduced by 83% and 67% in the triple (A/O
G1A) and quadruple (A/O G2A) mutant enzymes, respectively. In addition, the PAODC domain

in both Gly mutant enzymes were essentially inactivated (P<0.01) (Figure 2.2).
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Figure 2.2: The effect of O1 insert mutations on the PfAdoMetDC and PfODC enzyme activities within the
bifunctional complex.

The AdoMetDC (white bars) and ODC (black bars) specific activities of the mutant enzymes (A/O 11068P, A/O
GIA and A/O G2A) were normalised to the wild-type activity (A/Owt) and are given as a percentage. The
results are shown as mean + S.E.M with error bars on each graph from three independent experiments carried out
in duplicate (n=3). Significant differences at a confidence level of 95% are represented as follows: * for P<0.05;
** for P<0.01; *** for P<0.001.

Disruption of the O1 insert a-helix (A/O 11068P) also resulted in complete loss in PfODC
specific activity and significantly decreased PfAdoMetDC activity (P<0.05) (Figure 2.2). It is

therefore possible that the helix within the O1 insert is involved in protein-protein interactions
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with both domains of the bifunctional complex and that the flexibility of the insert may allow
these interactions to take place. Disruption of the helix may therefore be communicated to the
respective sites via long-range interactions [134] resulting in the reduced activities of both
domains. Alternatively, mutagenesis may hinder substrate binding to the PAODC active site due
to its proximate location to the active site entrance [127]. However, increased substrate
concentrations of up to 400 uM (8-fold K;,) did not restore AdoMetDC or ODC activity for any
of the mutant enzymes, which indicates that altered K,,’s were not responsible for the loss of
enzyme activities (results not shown). The results therefore show that the flexibility of the O1
insert (imparted by the flanking Gly residues), as well as the a-helix within this insert are

functionally important for both the PfAdoMetDC and PfODC domains.

2.3.3. The Ol insert a-helix mediates inter- and intradomain protein-protein
interactions

SEC on affinity-purified wild-type and mutated monofunctional and bifunctional proteins was
performed to qualitatively determine if loss of catalytic activity could be ascribed to the inability
of the mutant proteins to form obligate PfODC homodimers and to associate into bifunctional
PfAdoMetDC/ODC complexes. Interestingly, even though equal amounts of total protein were
applied to SEC, the quantities of proteins in specific fractions of the mutated protein samples
were decreased for both the mutant bifunctional PfAdoMetDC/ODC and monofunctional PfODC
protein preparations. These differences in protein levels between the wild-type and the mutant
samples were also detected with SDS-PAGE analysis (results not shown) and are probably due

to the formation of larger, soluble protein aggregates upon mutagenesis.

The expected sizes of the wild-type heterotetrameric PfAdoMetDC/ODC protein (A/Owt) and its
heterodimeric form are shown in Figure 2.3A. PfODC was also expressed in its monofunctional
form resulting in a homodimeric protein (with half of the hinge region) with a size of ~170 kDa,
due to the association of two ~85 kDa monomeric proteins (Figure 2.3B) [103]. Prevention of
heterotetrameric complex formation or dimerisation of the PAODC domains as a result of the
introduced mutations would therefore be reflected in the SEC profiles. As expected, the wild-
type bifunctional A/Owt protein eluted as both heterotetrameric (~330 kDa, fractions 44-46 of
the SEC) and heterodimeric (~165 kDa, fractions 53-55) proteins (Figure 2.3A) due to the
equilibration between bound and unbound states of the PfODC domains in the bifunctional
protein [23]. Moreover, disruption of the a-helix in the Ol insert prevented not only
heterotetramer complex formation but also dimerisation of the PfODC domain, which is

obligatory for activity [127]. This is evident for both the bifunctional A/O I1068P protein that
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eluted as a heterodimer of ~165 kDa (Figure 2.3A) as well as the monofunctional ODC 11068P
protein that eluted as a monomer of ~85 kDa (Figure 2.3B). These results support previous
findings, which have shown that dimeric PfODC is a prerequisite for heterotetrameric complex

formation [69].
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Figure 2.3: Western blots of the sequential fractions obtained from SEC of the (A) bifunctional
PfAdoMetDC/ODC and (B) monofunctional PfODC proteins.

From the top to the bottom panel the blots are shown for the wild-type (wt), the a-helix disrupted (I11068P) and
the immobile (G2A: Gly1036-1038, 1083 to Ala) proteins. The sizes of the proteins in the SEC fractions as
determined from a standard curve are indicated with black bars. Schematic diagrams to show the predicted sizes
of the bifunctional PfAdoMetDC/ODC (~330 or ~165 kDa) and monofunctional PfODC (~170 or ~85 kDa)
proteins are shown above the blots.

These results also show that the protein-protein interactions that are required for complex
formation are independent of the proposed flexibility of the O1 insert since SEC showed that the
inflexible and inactive A/O G2A mutant could still form the ~330 kDa heterotetrameric complex
(Figure 2.3A, fractions 44-46). Furthermore, while the equilibration of the bound and unbound
states of wild-type PfODC was maintained (Figure 2.3B), the Gly mutations shifted the
equilibrium towards the formation of the inactive ~170 kDa PfODC homodimer (Figure 2.3B,
fractions 52-54). It therefore seems that the Gly residues are more important for the O1 insert’s
involvement in the decarboxylase activities of PfAdoMetDC/ODC (Figure 2.2) than in complex

formation.

Since the Gly to Ala mutations in the A/O G2A did not influence dimerisation, the loss of
activity for this mutant may therefore be ascribed to a loss of insert flexibility. Therefore, to
localise the O1 insert and to show the inflexibility of the quadruple Gly mutant, MD simulations

were preformed (Figure 2.4). MD can be used to simulate the movement of the insert and
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thereby provide information on the effect of the flanking Gly residues on the insert movement,

which would not be possible in laboratory experiments.

Figure 2.4: The wild-type homodimeric PfODC and immobile insert ODC G2A mutant protein after
minimisation and MD.

(A) To give an indication of the protein and insert arrangement prior to MD, the two monomers of the wild-type
PODC minus its O1 inserts, prior to 5 million dynamic steps are shown in grey while only the Ol inserts of the
ODC G2A mutant are shown in black relative to the active site (grey spheres). (B) A side view of the protein
with the inserts (wild-type and mutant inserts shown in grey and black, respectively) at the front and back of the
page after MD. The PfODC active sites and interface residues of the wild-type protein are shown as spheres
while the a-helices within the inserts are shown as cylinders.
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The results showed that, compared to the mutant insert at the start of the simulation (Figure
2.4A), the Ol insert of the wild-type PfODC protein appeared more tightly folded against the
monomeric PfODC subunit at the site of substrate entry into the active site pocket (Figure 2.4B)
[135]. The insert of the mutant protein projects away from the protein where it is unlikely to
interact with the protein core. Interestingly, the a-helix within the Ol insert of the wild-type
protein also moves closer to the protein to allow for possible interactions or to stabilise co-factor
or substrate binding whereas the a-helix in the ODC G2A mutant protein remains more distant

from the protein.

Experimental evidence therefore suggests the involvement of the O1 parasite-specific insert and
specifically its predicted o-helix, in the functioning and dimerisation of the bifunctional
PfAdoMetDC/ODC protein. However, deletion or disruption of the Ol insert as well as
mutations of PfAdoMetDC/ODC and PfODC can have unpredictable effects on protein
conformation, which may be communicated through long-range interactions to active site centres
and protein-protein interaction sites. In addition, the appearance of soluble aggregates upon
mutagenesis could also have an effect on the activities of the protein samples. Peptides were

therefore used as novel probes to further aid the interpretation of the mutagenesis results.

2.3.4. Peptide probe-mediated modulation of PfAdoMetDC and PfODC activities
via interference of the O1 insert interactions

Various peptides were designed to be used either as competitors to simulate the functions of the
Ol insert i.e. NY-39, which is identical to the entire O1 insert and LK-21, which is identical to
the predicted a-helix within insert O1. In addition, a peptide was also designed as a blocking
probe to prevent insert-mediated inter- and intradomain interactions (LE-21, a charge

complement peptide of the predicted a-helix within insert O1) (Table 2.2).

Table 2.2: The synthetic peptides used as probes to determine the role of the O1 insert in protein-protein
interactions across PfAdoMetDC/ODC

Peptide Peptide sequence”’

NY-39 NAKKHDKIHYCTLSLQEIKKDIQKFLNEETFLKTKYGYY
LK-21 LSLQEIKKDIQKFLNEETFLK

LE-21 LSLQKIEEDIQEFLQKKTFLE

“ The common sequences that are predicted to form the a-helix within insert Ol are underlined. The charge
complement residues in peptide LE-21 are shown in bold italics.

Treatment of PfAdoMetDC/ODC with the peptides significantly increased (P<0.05)
PfAdoMetDC activity by ~60% at the highest concentrations tested (Figure 2.5A) by presumably
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interacting with the respective target sites of these peptides within the PfAdoMetDC and/or
PfODC domains. Peptide NY-39 (corresponding to the complete O1 insert) also significantly
increased (P<0.05) both PfAdoMetDC and PfODC activities (Figure 2.5). It can be speculated
that the increase in activity could be due to stabilisation of the PfODC protein-protein
interactions that are mediated by the Ol insert. However, the effect of this insert on PfODC
dimerisation was not investigated due to the large quantities of the peptide that are required to
determine the oligomeric status of the protein:peptide complex with SEC. In contrast, the a-helix
insert peptide (LK-21) increased both domain activities within the bifunctional
PfAdoMetDC/ODC in an almost dose-dependent manner but only the highest peptide
concentration significantly (P<0.05) affected PfAdoMetDC and PfODC activities (Figure 2.5A
and B). The results show that the NY-39 peptide has additional effects beyond the proposed O1
insert a-helix effects on both domains due to the significant increases in both domain activities at

all concentrations tested.

The Ol insert charge complement peptide LE-21, significantly decreased PfODC activity by
43% (P<0.05) at a 1000-fold molar excess of the peptide (Figure 2.5B). This peptide possibly
interferes with beneficial inter- and/or intradomain protein-protein interactions that are normally
mediated by the Ol insert. One consequence could be prevention of PfODC homodimer
formation, which is translated to inhibition of the interaction of this domain with the
PfAdoMetDC domain, but this was not determined due to the limited quantities of the peptide

that was available.
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Figure 2.5: PfAdoMetDC (A) and PfODC (B) activities after co-incubation with different peptide probes.
The specific activities (nmol/min/mg) of the peptide-treated enzymes were normalised to the untreated, positive
control’s activity (A/Owt) and are given as a percentage. The values were determined from three independent
experiments carried out in duplicate (n=3) after a 2 h incubation at 22°C of the wild-type bifunctional protein
with three different peptides at three different molar quantities (protein to peptide ratio in molar quantities of
1:10, 1:100, 1:1000). The standard deviations of the mean are indicated as error bars on each graph. Significant
differences at a confidence level of 95% are represented as follows: * for P<0.05 and ** for P<0.01.

From these results it is plausible that the O1 insert forms direct interactions with both domains in
the bifunctional protein to modulate the decarboxylase activities. The peptides (LK-21 and NY-
39) behave as O1 insert mimics and simulate inter- and intradomain protein-protein interactions
of the Ol insert as reflected by the increases in PfAdoMetDC and PfODC activities. The LE-21
charge complement peptide increases PfAdoMetDC activity to the same extent as LK-21 but
inhibited the activity of the PAODC domain by blocking the interactions normally mediated by
the a-helix within the O1 insert (Figure 2.5A and B). Non-specific stabilisation and inhibitory
effects of peptide binding seem unlikely since specific up- and down-regulation of the enzymatic
activities were observed and the increase in peptide concentrations affected the enzyme activities
in a dose-dependent manner. Furthermore, in the absence of CD analysis, the peptides in solution
are predicted to fold into a-helices as determined by PEP-FOLD (Figure 2.6) [159]. The folding

of the peptides into their 3D shapes is expected to allow the peptides to form interactions with

their predicted target sites.
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LE-21

Figure 2.6: Folding of the a-helix O1 insert peptides as predicted by PEP-FOLD.

To determine whether the a-helix within the Ol insert of the PAODC domain is positioned in
such a way that it is capable of forming direct interactions with the PfAdoMetDC protein,
protein-protein docking was employed to monitor the interaction between PfAdoMetDC and
PfODC. Even though the parasite-specific inserts were removed from these models prior to
docking, their approximate positions on the PfODC protein could still be established (Figure
2.7).

In general, the docking results predicted that PfAdoMetDC only makes contact with one face of
the PfODC homodimeric protein, which is the same region where the PfODC active site and the
Ol insert are located [152]. Fewer contacts are predicted for the non-active site face (Figure 2.7).
Conversely, only one face of PfAdoMetDC is favoured for contact with PfODC (results not
shown) [152]. By taking into consideration the volume that would be occupied by the
PfAdoMetDC protein (identified as spheres in Figure 2.7) it is conceivable that the O1 insert
(identified by the positions of the red spheres) is positioned in such a way that an interaction
between the insert and the PfAdoMetDC domain would be allowed. The same result was
observed for AdoMetDC and ODC proteins from the five plasmodial species that were modelled,
which indicates that the mechanism of protein-protein interactions between the domains is
preserved and emphasises the importance of the conserved O1 parasite-specific insert in possibly
mediating these essential inter- and intradomain interactions that are required for optimal

enzyme activities within the bifunctional Pf/AdoMetDC/ODC.
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Figure 2.7: Protein-protein docking results to determine the proximity of the O1 insert to the
PfAdoMetDC protein.

(A) The view from the bottom of the ODC dimer at the site of substrate entry into the active site pockets and (B)
a side view of the protein with the ODC actives sites at the top. The orange, yellow and magenta spheres
represent the centre of mass of different AdoMetDCs around the homodimeric ODC protein (blue ribbon). These
spheres are the favoured positions of the AdoMetDCs, which are approximately symmetrical. The entire inserts
were not included in the model but the positions of the Ol inserts can be identified by the red spheres. The ODC
active site residues at the homodimer interface are shown as blue spheres (numbered according to the
bifunctional protein): Chain A: Lys868, Asp887, Glu893, Arg955, His998, Ser1001, Asnl1034, Gly1037,
Glul114, Gly1116, Argl117, Asp1320, Tyr1384; Chain B: Tyr1311, Asp1356, Phe1392, Asn1393, Phe1395.

2.4.Discussion

Investigations into the roles of the hinge region connecting the PfAdoMetDC and PfODC
domains as well as parasite-specific inserts within both domains showed that the PAODC domain
is more refractory to interference and possibly acts as the nucleation site for the formation of the
active bifunctional complex in P. falciparum [69,103]. Such interdomain associations have also
been observed for P. falciparum DHFR/TS, in which the catalytic activities of DHFR and TS are
increased when the adjacent domain is in its activated, ligand-bound conformation [160]. P.
falciparum TS is also dependent on its physical interaction with the DHFR domain for catalytic
activity and possible allosteric regulation [122]. Furthermore, a crossover helix within a non-
active site region of Cryptosporidium hominis DHFR has been shown to physically interact with

the active site of the other DHFR monomer, thereby modulating its activity [161].

In the absence of known regulatory mechanisms of both PfAdoMetDC and PfODC, the
arrangement of the proteins within the bifunctional complex has been proposed to allow for the

regulation of the enzyme activities via protein-protein interactions as has been observed in other
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organisms. Mammalian ODC is rapidly degraded by its association with an inhibitory,
polyamine-dependent antizyme protein [162] and the efficiency of the catalytic activity of
trypanosomal AdoMetDC is dependent on its association with a catalytically dead, but
allosterically active, AdoMetDC homologue or prozyme [163,164]. However, in P. falciparum,
while antizyme is absent and the presence of a prozyme seems improbable, PfAdoMetDC/ODC
may behave in an analogous fashion to the DHFR/TS association where the enzyme properties

are co-regulated to control polyamine biosynthesis.

Previous studies showed depletion of PfODC activity upon the deletion of the Ol parasite-
specific insert from the bifunctional PfAdoMetDC/ODC protein as a result of the inability to
form active PfODC homodimers [69]. Two possible roles for the Ol insert were therefore
investigated in this study. The first hypothesis, which is supported by a PAODC homology model
[127], implies that the position and the proposed flexibility imparted by the flanking Gly residues
of the O1 insert allows it to function as a catalytically essential loop. Secondly, it was postulated
that the position of the Ol insert on the surface of the protein could allow the insert to mediate

essential inter- and intradomain protein-protein interactions.

Flexible active site loops have been described for the Lys169 trypsin-sensitive loops of L.
donovani [165] and T. brucei ODC [134] as well as for PAODC [127], where they retain the
substrate within the active site pocket for catalysis and then open to allow the release of product.
In addition to this trypsin-sensitive flexible loop, the O1 insert of PfODC is also sensitive to
trypsin digestion, which suggests that it is located on the surface of the protein and exposed to
the solvent [166]. This insert may additionally enable the stabilisation of the PLP co-factor
within the PfODC active site as predicted by the PAODC homology model [127]. Similarly, the
PLP-dependent E. coli D-serine dehydratase contains a flexible Gly-rich region that interacts
with the co-factor [167]. For the T. brucei ODC enzyme, the presence of a highly flexible and
conserved Gly-rich region (Gly235-237, corresponding to Gly1036-1038 in PfODC) and a salt
bridge to Arg277 (corresponding to Argl117 in PAODC) was shown to stabilise binding of PLP
within the active site [168]. In this study, it was shown that the proposed restriction of O1 insert
flexibility through mutation of the flanking Gly residues to Ala resulted in a loss of the specific
activities of both domains of the bifunctional PfAdoMetDC/ODC complex (Figure 2.2). The N-
terminal Gly residues (Gly1036-1038) are also conserved within plasmodial ODCs and could
thus serve as a binding site for PLP, which would explain the depletion of the specific activities

of both the triple and quadruple mutants (A/O GlA and G2A). The observed decrease in
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PfAdoMetDC activity could be due to long-range effects communicated to this domain’s active
site upon inactivation of the PfODC domain. Enzyme kinetics to determine whether PLP binding
to PfODC was affected was not performed due to the inactivation of the enzymes upon
mutagenesis. On the other hand, the C-terminal Gly residue of the O1 insert (Gly1083) is not
conserved among plasmodial ODCs (Figure 2.1) and is not predicted to play a role in the activity
of PfODC activity. It therefore seems that the mutagenesis of the Gly residues resulting in
inactive enzymes were due to prevention of co-factor binding and not as a result of insert

inflexibility.

SEC of the G2A mutant protein showed that the protein was still capable of forming the
homodimeric PfODC domain. However, disruption of the a-helix within the O1 insert through
the introduction of a Pro residue showed that this I11068P mutant could no longer form the
obligate PfODC homodimer (Figure 2.3). Additionally, this mutation prevented the formation of
the bifunctional heterotetrameric PfAdoMetDC/ODC complex, which resulted in significant
losses in both enzyme activities (Figure 2.2). This result emphasises the importance of PfODC

homodimer formation as nucleation sites for heterotetrameric bifunctional complex association

[69].

Previous studies have shown that monofunctional PfAdoMetDC has an increased substrate
affinity when associated with PfODC in the bifunctional PfAdoMetDC/ODC complex [71]. The
identification of the interaction sites that mediate the interdomain interactions would therefore
provide interesting opportunities to simultaneously influence both decarboxylase domains of the
bifunctional complex. In this study, the disruption of the conserved a-helix within the O1 insert
significantly decreased both PfAdoMetDC and PfODC activities within the bifunctional complex
but also prevented complex formation. This helix thus represents a site that can be targeted for
the simultaneous interference of the activities of the bifunctional PfAdoMetDC/ODC.
Additionally, protein-protein docking results confirmed that the O1 insert (and possibly the a-
helix within this insert) is in close enough proximity to the active site faces of PfAdoMetDC to

enable physical interactions with the protein (Figure 2.7).

The possibility that the Ol insert acts as a key enzymatic regulator of decarboxylase activity
within the bifunctional complex was further investigated with novel peptides as probes in an
attempt to distinguish between the effects of global conformational changes introduced as a

result of the mutations as opposed to the effects of more localised interventions. Synthetic
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peptides have been successfully applied as inhibitors of P. falciparum TIM [169], HIV-1
protease [170,171], Lactobacillus casei TS [172] and T. brucei farnesyltransferase [173]. For
PfTIM, one peptide resulted in a 55% decrease in enzyme activity at a 1000-fold molar excess of
the peptide, which indicated that this region is possibly involved in the stabilisation of the
dimeric protein [169]. However, the use of peptides to probe interaction sites of a specific
protein region in order to obtain information on the structural arrangement of a protein represents

a novel application of synthetic probes in biochemistry.

Analysis of the residues within the O1 insert within PfODC revealed the presence of two
dominant motifs: a cationic N-terminal motif (high abundance of Lys residues) and an aromatic
C-terminal motif (high abundance of aromatic residues) (Table 2.2). These may be involved in
different interactions with the core protein such as electrostatic interactions/hydrogen bonds and
aromatic stacking/hydrophobic interactions, respectively. Therefore, synthetic peptides were

specifically designed based on these areas to probe the functional roles of the O1 insert.

The NY-39 peptide, which mimics the entire Ol insert and thus contains both the N-terminal
cationic and C-terminal aromatic motifs, is expected to compete for binding to the native sites of
the insert on PfODC (intradomain interactions) and/or PfAdoMetDC (interdomain interactions).
The significant increase by the peptide in the specific activities of both enzymes after treatment
with this peptide suggests relief of restraints imposed on the domains through interactions that
are natively mediated by the OI insert. The role of the peptide in mediating complex formation
could not be determined but would provide additional information on the role of the insert in
mediating complex formation as was observed with the SEC results of the a-helix mutant. These

effects were less pronounced when the shorter peptide LK-21 was used.

The LK-21 peptide is identical to the a-helix within O1 and was also expected to compete with
the native interaction sites of specifically the a-helix within the O1 insert as the NK-39 peptide
would. Treatment of the bifunctional protein with this peptide resulted in a dose-dependent
increase of the specific activities of both PfAdoMetDC and PfODC, which was less pronounced
in PfODC activity. Subsequently, and to gain a better understanding of the function of the a-
helix, the effects of a charge complementary peptide of the helix on PfAdoMetDC/ODC activity
were investigated. This mostly anionic peptide is expected to bind to the cationic motif of the O1
insert helix and not to the helices’ interaction sites. Whereas the increase in PfAdoMetDC

activities by this peptide was indistinguishable from those of the other peptides, the activity of
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the PAODC domain significantly decreased in a dose-dependent manner. The results therefore
suggest that this peptide could form stable ionic interactions with the a-helix in the O1 insert.
Peptide binding to the insert then resulted in either the prevention of obligate PAODC homodimer
formation, which decreased its activity and/or prevented the native functioning of the loop in

intradomain interactions.

It is feasible that an increase in the proportions of PfAdoMetDC-peptide complexes (peptides
LK-21 and NY-39) relieved inhibitory constraints imposed by PfODC on the PfAdoMetDC
domain and this resulted in higher activity. Alternatively, in the absence of kinetic data it can be
speculated that peptide binding could have resulted in an altered K, and/or better substrate
accessibility to the catalytic site, which increased the catalytic efficiency of the PfAdoMetDC
enzyme. However, with the charge complement LE-21 peptide, the significant increase in
PfAdoMetDC activity could be due to prevention of the interaction of the a-helix within the O1

insert to this protein resulting in increased activities.

2.5.Conclusion
The results indicate that PAODC constrain the activity of PfAdoMetDC in the bifunctional
complex whereas PfAdoMetDC is required for the optimal activity of PfODC [103]. These
effects are mediated by protein-protein interactions, which could be similar in mechanism to that
observed for antizyme and mammalian ODC [162] as well as prozyme and trypanosomal
AdoMetDC [163,164]. The peptide probe studies showed that interference with the interaction
sites of the Ol insert within the PAODC domain decreased its activity while PfAdoMetDC
activity was increased, indicative of a relieve of constraint placed on the PfAdoMetDC domain
by PfODC. The PfODC domain of Pf/AdoMetDC/ODC may therefore coordinate the activities of
both the domains within the bifunctional complex through long-range interdomain protein-
protein interactions to simultaneously supply dcAdoMet and putrescine. In turn, investigations
into the PfAdoMetDC domain to identify specific features that mediate possible regulatory
effects within the bifunctional protein should be performed. Together these results could provide
an explanation for the evolutionary advantage of maintaining such a large open reading frame in
the plasmodial genome. The bifunctional arrangement of Pf/AdoMetDC/ODC is also reminiscent
of the essential protein-protein interactions involved in the P/DHFR/TS bifunctional protein in
which the C-terminally located TS is dependent on the presence of the N-terminal DHFR domain
[122]. Additionally, such a fusion of genes that encode two proteins linked with a hinge region

enhances the effective concentration of protein domains that are involved in a common
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metabolic pathway with respect to each other [174].

These studies are revealing the regulatory mechanisms employed by plasmodia to maintain
optimum levels of the essential polyamines. Advances are therefore being made towards the
identification of areas amenable to polyamine biosynthesis inhibition or uncoupling of the
methionine and polyamine biosynthesis, essentially joined by the bifunctional

PfAdoMetDC/ODC complex, which could hopefully interfere with parasite survival.
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Chapter 3:

Biochemical and structural characterisation of
monofunctional Plasmodium falciparum AdoMetDC

3.1.Introduction
Targeting of AdoMetDC activity has previously been shown to be effective in antiparasitic
strategies such as T. b. brucei-infected rats. Treatment of the infected rats with MDL73811
resulted in a 20-fold increase in AdoMet levels [175]. In addition, DFMO treatment of
trypanosomes isolated from these infected rats also resulted in a 50-fold increase in AdoMet
levels. In the latter study a massive >4 000-fold increase in dcAdoMet levels was also observed
since putrescine as acceptor of the aminopropyl moiety from dcAdoMet was depleted upon
inhibition of ODC activity with DFMO [176]. These results showed that inhibition of 7. brucei
AdoMetDC with MDL73811 leads to a trypanosome-specific increase in AdoMet, which could
be responsible for the trypanosomal-specific hypermethylation of nucleic acids and/or proteins
via the inhibition of the polyamine biosynthesis pathway [175-177]. Histone and DNA
methylation has transcriptional regulatory effects [178,179] and hypermethylation may result in

the down-regulation of transcription [180].

In P. falciparum, MDL73811 has also been shown to irreversibly inhibit PfAdoMetDC activity
resulting in the prevention of parasite growth in vitro [115] and resulted in the prevention of
hypusine formation for eIF-5A synthesis [181]. In contrast to the observed effect in
trypanosomes, metabolomic studies have shown that, while co-inhibition of PfAdoMetDC and
PODC with MDL73811 and DFMO causes cytostasis, inhibition does not alter AdoMet levels,
possibly due to the observed down-regulation of AdoMet synthetase [116]. However, another
study has shown that plasmodial AdoMet synthase is not allosterically regulated by AdoMet
[93], which indicates that a different mechanism exists for the homeostatic control of AdoMet
levels within P. falciparum to prevent hypermethylation. The polyamine pathway in the
plasmodial parasite therefore seems to be highly regulated in order to link methionine
metabolism with that of polyamine levels. Further investigations are needed to identify possible
allosteric effector/s of the bifunctional PfAdoMetDC/ODC activities, while the bifunctional
arrangement in itself could allow for the simultaneous regulation of both activities exerted by the

effector/s.
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Extensive studies on the bifunctional PfAdoMetDC/ODC protein provided important insights
into several biochemical properties of the bifunctional protein such as its oligomeric arrangement
as a heterotetramer, obligate homodimer formation of PfODC, effects of putrescine on PfODC
and PfAdoMetDC activities, the role of the hinge region and PfAdoMetDC domain in PfODC
activity, the presence and functional roles of parasite-specific inserts and the effects of various
inhibitors on enzyme activities [69-71,100,103]. Homology models have also been solved for
both monofunctional domains, which provided important insights into the active sites as well as
inhibitor binding to PfODC [120,127]. Apart from the predictions obtained from the
PfAdoMetDC homology model, comparatively few studies have been performed on this
monofunctional PfAdoMetDC domain and aspects such as its functional oligomeric status, the
details of its mechanism of autocatalytic processing, role as a partner protein to PfODC and
regulator of enzyme activities within the bifunctional complex remains to be identified. In
context of the well-studied PAODC domain [103] and the proposed role of the bifunctional
PfAdoMetDC/ODC arrangement in mediating the decarboxylase domain activities as identified
in Chapter 2, the PfAdoMetDC domain should be investigated to determine its biochemical
properties as well as its role within the bifunctional complex. These results could provide novel
insights into the observed differences in parasite responses upon treatment with polyamine
biosynthesis inhibitors as well as possibilities to improve the mainly cytostatic effect observed

with DFMO and MDL73811 treatment [118,182].

Previous studies of PfAdoMetDC in either its monofunctional or bifunctional form showed that
the PfAdoMetDC active site can function independently while the optimal activity of PfODC is
dependent on the presence of the hinge region as well as the PfAdoMetDC domain [71,103]. A
follow-up study showed that interdomain interactions within the bifunctional complex are
mediated by parasite-specific inserts [69]. Recently, it was shown that trypanosomal AdoMetDC
is activated by a catalytically inactive AdoMetDC homologue, or prozyme [163,164] while
human ODC is inhibited by the presence of antizyme [128]. In contrast to the human and
trypanosomal proteins, PfAdoMetDC activity and autocatalytic processing is not stimulated by
putrescine [71], making this enzyme a comparatively less catalytic efficient enzyme and
indicates that an as of yet unidentified effector could mediate the kinetic properties of this
enzyme. As mentioned previously it has been speculated that the bifunctional arrangement in P.
falciparum could allow for the simultaneous regulation of both the domains within the
PfAdoMetDC/ODC complex [71], which is similar to the domains within the PfDHFR/TS
bifunctional protein [122].
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The crystal structures of various AdoMetDC and ODC proteins have been solved, which
provided insights into several aspects concerning protein function, regulation and druggability.
For AdoMetDC, the structures of human, plant (S. fuberosum) and prokaryotic (7. maritima)
AdoMetDCs have been determined [123,183,184]. The quaternary structure of the active, human
AdoMetDC revealed a four-layer affa-sandwich fold, which at the time of publishing, had not
been observed in any other protein structure in the Protein Data Bank [123]. It has previously
been suggested that AdoMetDC might be a product of an ancient gene duplication event that
resulted in its structural similarity [184]. The protein exists as an (aff), dimer where the a- and [3-
subunits are formed by an autocatalytic processing event (non-hydrolytic serinolysis) that takes
place at hSer68 (human residue Ser68), which simultaneously results in the formation of the
active site pyruvoyl co-factor. The mechanism of processing has been studied in human and 7.
cruzi AdoMetDC and the specific residues involved in the autocatalytic reaction have been
characterised [125,185-189]. Several human AdoMetDC crystal structures of unprocessed
mutants or a protein locked as an ester intermediate have been solved, which provided novel
insights into the autocatalytic reaction mechanism. Each (aff) monomer contains two central
eight-stranded PB-sheets that are flanked by several a- and 3;¢-helices on either side. The two
monomers are then joined by an edge-on association of the B-sheets at the dimer interface to
form the dimeric protein. The active sites of the monomers are located between the o- and B-
subunits of each monomer where the pyruvoyl group is formed and is thus located distant from
the dimer interface. An unusual collection of charged residues between the B-sheets of each
monomer, well-removed from the active site, has been shown as the site where the positively-
charged putrescine binds. The crystal structure of plant AdoMetDC showed that the protein
adopts the same affa-fold as the dimeric human protein but revealed two major differences,
namely: 1) plant AdoMetDC is constitutively active since putrescine does not stimulate
autocatalytic processing nor catalytic activity; and 2) plant AdoMetDC exists as a monomeric
protein. Even though plant AdoMetDC also contains most of the charged-buried residues present
in the human putrescine-binding site, three positively-charged residues and several water

molecules were shown to mimic putrescine binding [184,189].

The homology model of PfAdoMetDC with the plant and human structures as templates showed
that the protein also adopts the same af-fold as seen for the template AdoMetDCs [120]. The
model has an equal number of strands as in the human template but differences exist in the
number of a- and 3¢-helices flanking the B-sheets of the affoa-fold. Like plant AdoMetDC,

PfAdoMetDC activity is not affected by putrescine nor does it require putrescine for the
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autocatalytic processing reaction [71]. In the absence of putrescine these proteins may be
constitutively active to allow for continuous supply of product, which is nonsensical in the case
of the plant AdoMetDC due to the various essential functions that the polyamines mediate while
PfAdoMetDC activity may be regulated by a different mechanism. As mentioned earlier, the
inhibition of PfAdoMetDC does not lead to accumulation of AdoMet, nor would dcAdoMet be
synthesised if it is not required by the parasite since dcAdoMet is exclusively used as a substrate
in the polyamine pathway [178], thus once produced it is committed to this pathway.
Furthermore, previous studies have shown that within the bifunctional complex, the PfODC
domain affects the kinetic properties of PfAdoMetDC [71]. Therefore, instead of the product of
the ODC reaction stimulating PfAdoMetDC activity, the entire protein may conformationally
contribute to mediate catalytic activity. Activity analyses of the monofunctional and bifunctional
forms of PfAdoMetDC showed an increase in substrate affinity from 58 uM to 43 uM,
respectively, while the specific activities remained similar (as recalculated in nmol/min per mol

protein) [71].

In this chapter, the expression and purification of soluble, monofunctional PfAdoMetDC within
E. coli was improved, which allowed investigations of various biochemical and structural aspects
of this protein such as enzyme kinetics and oligomeric status. Comparisons could subsequently
be drawn with trypanosomal and human AdoMetDCs in terms of the oligomeric status,
secondary structure and the mechanism of autocatalytic processing of the PfAdoMetDC protein.
The results obtained in this study support previous studies that were performed on the PfODC
domain, which suggested that the unique arrangement of PfAdoMetDC and PfODC in the
bifunctional complex allows for the concurrent regulation of the enzyme activities and could

provide a possible explanation for the absence of PfAdoMetDC stimulation by putrescine.

3.2.Methods

3.2.1. Cloning of the harmonised PfAdometdc gene sequence

Codon harmonisation was carried out in an attempt to improve the heterologous expression of
the PfAdoMetDC domain within E. coli with the use of a web interface algorithm
(http://www.sami.org.za/equalize/). Nucleotides 1 to 1461 were replaced by synonymous codons
that ensured the positional codon frequency of low/intermediate and high usage codons to remain
similar to the frequency used by that of the E. coli host [190]. This region corresponds to
approximately the first third of the entire bifunctional PfAdometdc/Odc gene and encodes for the
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487-residue catalytic domain of PfAdoMetDC (Figure 3.1A and B).

Custom gene synthesis was performed by GeneArt, (Regensburg, Germany) and the shipping
plasmid containing the harmonised insert was received in dried form. The plasmid was dissolved
and then transformed into electrocompetent E. coli SURE cells (Stratagene). Transformed cells
were selected for ampicillin resistance on LB-agar plates and grown overnight at 37°C. A single
colony was picked and inoculated for 16 h at 30°C in LB-ampicillin (50 pg/ml) for subsequent
plasmid purification. The shipped and the pASK-IBA3 plasmids containing the wild-type,
unharmonised PfAdometdc/Odc insert (Figure 3.1A, pASK-IBA3 A/Owrt) [70] were both
digested with Xbal and Kpnl (Promega) at 37°C for 1 h in order to replace the corresponding
wild-type, unharmonised PfAdometdc sequence with the harmonised PfAdometdc insert from the
shipping plasmid with restriction enzyme-mediated cloning (Figure 3.1C). The bands
corresponding to the 1461 bp harmonised insert and the 5911 bp pASK-IBA3 A/Owt fragment
(with wild-type unharmonised PfAdometdc removed) were excised and purified from an agarose
gel and ligated at 4°C for 48 h using T4 DNA Ligase (Promega). The ligated, circular product
was then transformed into electrocompetent E. coli SURE cells. Colonies were picked for

plasmid extraction and verified with restriction mapping.

However, since the exact C-terminal end of the PfAdoMetDC domain within
PfAdoMetDC/ODC is unclear, a harmonised fragment was created that included 255 wild-type,
unharmonised nucleotides at the C-terminus of the gene encoding the catalytic domain of
PfAdometdc (Figure 3.1E). This fragment was amplified from the construct containing the
partially harmonised PfAdometdc/Odc sequence described above (Figure 3.1C). The length of
this 572-residue protein was based on the portion used for the PfAdoMetDC homology model,
which consisted of 526 residues [128] with a buffer of 45 residues since the extent of the
PfAdoMetDC domain is unknown. A second construct was also created that included 519 wild-
type, unharmonised nucleotides (Figure 3.1F, total of 1980 nucleotides) in order to mimic the
size of the published monofunctional PfAdoMetDC domain (Figure 3.1D, wtPfAdoMetDC-
hinge) and includes half of the hinge region [78].
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D - 1 wiPfddometdc-hinge
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1 73 487 529 572
F _“ harmonised Pfddomertdc-hinge
1 73 487 529 660

Figure 3.1: Schematic diagrams of the gene fragments used in the comparative PfAdoMetDC protein
expression study.

(A) The plasmid containing the wild-type, unharmonised full-length gene sequence (black line) of
PfAdometdc/Odc [77] cloned into the pASK-IBA3 vector (C-terminal Strep-tag) was used to replace the core
sequence of PfAdometdc with the codon-harmonised one (green line) in (B) to create a partially harmonised full-
length gene (C). Two gene fragments were subsequently amplified from this partially harmonised full-length
gene, namely (E) PfAdometdc (nucleotides 1-1716) encoding a C-terminally strep-tagged protein (572 residues)
and (F) PfAdometdc-hinge (nucleotides 1-1980) encoding a C-terminally Strep-tagged protein (660 residues).
The latter protein was compared to the expression of the (D) wtPfAdoMetDC-hinge protein (660 residues)
encoded from the wild-type, unharmonised gene (N-terminal Strep-tag) that was previously used in a study of
the monofunctional PfAdoMetDC protein [78].

The primers that were used for the amplification of these two fragments are listed in Table 3.1.
PCR SuperMix (Invitrogen) was used with 5 fmol of template and 10 pmol of each of the
forward and reverse primers. Temperature cycling was performed as follows: 94°C for 3 min,
85°C for 30 s followed by 25 cycles of 94°C for 30 s, 50°C for 1 min and 65°C for 4 min. The
sizes of the PCR products were verified with DNA gel electrophoresis and the parental template
DNA was removed by digestion with Dpnl (New England Biolabs) at 37°C for 1 h followed by
digestion with Bsal (New England Biolabs) at 50°C for 3 h. The pASK-IBA3 vector was also
digested with Bsal and used for the ligation with the Bsal-digested PCR amplified fragments
(pASK-IBA3 PfAdometdc and PfAdometdc-hinge). Ligation was carried out with T4 DNA
Ligase at 4°C for 16 h. The ligated products were subsequently transformed into heat shock
competent DHSa E. coli cells and positive colonies were selected using ampicillin resistance.
Plasmids containing the harmonised PfAdometdc and PfAdometdc-hinge inserts were verified
with automated nucleotide sequencing using a BigDye® Terminator v3.1 Cycle Sequencing kit

(Applied Biosystems).
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Table 3.1: Primers used for the amplification of the PfAdometdc and PfAdometdc-hinge fragments from
the pASK-IBA3 containing partially harmonised PfAdometdc/Odc

Primer Sequence (5’ to 3’)
domain_F ATGGTAGGTCTCAAATGAATGGCATTTTCGAAGGCATTGAAA
domain_R ATGGTAGGTCTCAGCGCTCAAAGTTTCTTTTTCTACACATTTAAC
hinge_R ATGGTAGGTCTCAGCGCTATCTTTCTCATTTGTTTGTACCTTTTC

The expression constructs used for subsequent comparative protein expression therefore included
the pASK-IBA7 vector containing wild-type, unharmonised PfAdometdc with half of the hinge
region (Figure 3.1D, residues 1-660, N-terminal Strep-tag, wtPfAdoMetDC-hinge) generously
provided by Dr. C. Wrenger [71], the pASK-IBA3 vector containing harmonised PfAdometdc
(Figure 3.1E, residues 1-572, C-terminal Strep-tag, PfAdoMetDC) and the pASK-IBA3 vector
containing harmonised PfAdometdc with half of the hinge region (Figure 3.1F, residues 1-660,
C-terminal Strep-tag, PfAdoMetDC-hinge).

3.2.2. Protein expression and purification

The plasmids containing unharmonised wtPfAdometdc-hinge [71], harmonised PfAdometdc and
harmonised PfAdometdc-hinge were transformed into heat shock competent BL21 Star™ E. coli
cells (Invitrogen). Colonies were inoculated in LB-ampicillin and incubated at 37°C for 16 h.
These cultures were subsequently diluted 1:100 in 1 litre LB-ampicillin and incubated at 37°C
with agitation. Protein expression was induced at an ODgpy of 0.7-0.8 with 200 ug AHT (IBA).
The cultures were incubated at 37°C for another 4 h before the cells were harvested. The pelleted
cells were diluted in 10 ml wash buffer (100 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1 mM
EDTA) per litre of culture. Lysozyme and 0.1 mM PMSF was added to the suspension and
incubated on ice for 30 min. The cells were subsequently disrupted with sonication and the
soluble proteins were collected in the supernatants after ultracentrifugation was performed at 4°C
for 1 h at 100 000g. The Strep-tagged fusion proteins (660-residue wtPfAdoMetDC-hinge, 572-
residue PfAdoMetDC and 660-residue PfAdoMetDC-hinge) were purified using Strep-Tactin
affinity matrix (IBA) as described previously [69]. Samples of the insoluble proteins collected
after ultracentrifugation were also kept for further analysis with SDS-PAGE and subsequent

refolding from inclusion bodies (section 3.2.3).

The affinity-purified PfAdoMetDC protein was separated with SEC using an Akta Explorer
System (Amersham Pharmacia Biotech). The Superdex®—5200 10/300 GL SE column (Tricorn,
GE Healthcare) was calibrated with the Gel Filtration Standard kit (BioRad) that separated into
five peaks corresponding to thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa),
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myoglobin (17 kDa), and Vitamin B, (1.35 kDa). The calibration curve was used to estimate
protein sizes based on observed elution volumes (V.). The column was subsequently equilibrated
with filtered, degassed wash buffer after which protein samples (500 ul) were loaded and
fractions corresponding to dimeric (~140 kDa) and monomeric (~70 kDa) PfAdoMetDC were
collected, pooled and subsequently concentrated with Amicon Ultra centrifugal filter devices

(MWCO 3000, Millipore).

Protein concentrations were determined using protein absorbance at 280 nm and molar extinction
coefficients of 69110 and 73580 M’ cm” for PfAdoMetDC and PfAdoMetDC-hinge,
respectively, followed by protein visualisation with SDS-PAGE using NuPAGE® 4-12% BisTris
pre-cast gels (Invitrogen) and Colloidal Coomassie staining. Protein bands were identified with
LC-MS/MS as previously described [8] as well as with Western immunodetection using

monoclonal Strep-tag I mouse antiserum conjugated to HRP (Acris antibodies) (section 2.2.6).

3.2.3. Refolding of the PfAdoMetDC from insoluble inclusion bodies

The cell pellets of the lysed cells from the expression of PfAdoMetDC and PfAdoMetDC-hinge
were collected and analysed for the presence of the proteins in insoluble inclusion bodies [191].
The method of Sirawaraporn et al. was followed to isolate and refold the proteins from the
insoluble fractions [192]. Briefly, the pellets were washed three times with wash buffer and the
supernatants were discarded. The pellets were redissolved in wash buffer containing 20% (v/v)
glycerol, 10 mM DTT, 0.2 M KCI and 6 M guanidinium hydrochloride. The tubes were rotated
at 4°C for 1 h to unfold the proteins and subsequently refolded by adding drop-wise a 20-fold
dilution of wash buffer containing 20% glycerol, 10 mM DTT and 0.2 M KCI. Refolding was
performed overnight at 4°C with gentle stirring. The samples were then centrifuged and the
supernatants were used in subsequent protein purification with Strep-Tactin affinity
chromatography as previously described [69]. The protein eluates were visualised with SDS-

PAGE and Colloidal Coomassie Staining.

3.2.4. Determination of enzyme activity and protein stability

The SEC-purified PfAdoMetDC and wtPfAdoMetDC-hinge enzymes were assayed for
decarboxylase activity directly after purification and after two weeks of storage at 4 and -20°C.
The assays were performed as previously described ([70] and section 2.2.4). Briefly, 5 ug (290
nM) protein was incubated in assay buffer (50 mM KH,POy4, pH 7.5, 1 mM EDTA, 1 mM DTT)
and 100 uM substrate consisting of [S-(5’-adenosyl)-L-methionine chloride] (Sigma-Aldrich)
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and 50 nCi AdoMet [S—(S’—adenosyl—[carboxy—14C])—L—methionine] (55 mCi/mmol, Amersham
Biosciences) in a total reaction volume of 250 ul. The reactions were incubated at 37°C for 30
min followed by reaction termination via protein precipitation with the addition of 30% (w/v)
trichloroacetic acid. Specific enzyme activity was expressed as the amount of CO, produced in
nmol/min/mg (or nmol/min per mol protein) and performed in duplicate for three individual

experiments.

Differential scanning fluorimetry (DSF) was wused to test a range of buffers
(http://cassiopeia.maxlab.lu.se/index/dsf_screens/) that could contribute to the stability of the
PfAdoMetDC protein. Prior to protein stability screening of the SEC-purified PfAdoMetDC
protein, the wash buffer was exchanged with dialysis buffer (50 mM Tris/HCI, pH 8.0, 150 mM
NaCl) to decrease the buffer strength and to remove the EDTA. A volume of 8.3 ul of each of
the 24 buffers was pipetted into the ABgene® PCR plate (Thermo Scientific). The protein was
diluted to a concentration of 0.15 mg/ml while the 100% DMSO-containing SYPRO orange dye
(Sigma-Aldrich) was diluted 1:100 with H>O. A volume of 25 ul protein containing 1:10 of the
dye (final dilution of 1:1000) was added to each buffer-containing well, mixed briefly, and
sealed with clear film. The plate was placed within the Mx3005P qPCR system (Stratagene) and
the temperature was increased from 25°C to 95°C. Fluorescence readings with excitation and
emission wavelengths of 492 nm and 610 nm, respectively, were measured at 1 min intervals

[193]. The results were analysed with the MxPro software.

The stability of PfAdoMetDC in the presence of the substrate analogues MDL73811 and
CGP48664 was also tested. Protein (1.3 uM) was incubated with 1x, 5x, and 10x molar excesses
of the two analogues for 30 min at RT. Volumes of 25 ul of the protein:ligand complexes as well

as the protein without ligand were added in duplicate to the 96-well plate and analysed as before.

3.2.5. Investigations into the oligomeric status of monofunctional PfAdoMetDC
3.2.5.1. Reducing and non-reducing SEC and SDS-PAGE

The oligomeric status of affinity-purified PfAdoMetDC at concentrations of 1 mg/ml and 4
mg/ml were analysed with SEC as described in section 3.2.2. Monomeric and dimeric protein
fractions collected from SEC were analysed in terms of their elution volumes (V,) relative to the
void volume (V,) of the column (V./V,). Reducing SEC was also performed by equilibrating the
SE column with wash buffer containing 10 mM DTT. Monomeric (~70 kDa) and dimeric (~140
kDa) protein fractions collected from SEC were visualised with reducing (10 mM DTT added to
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the sample buffer immediately prior to gel loading and electrophoresis) and non-reducing

(reducing agent omitted from the sample buffer) SDS-PAGE.

3.2.5.2. MALDI-MS of affinity-purified proteins

Preliminary peptide mass fingerprinting with MALDI-MS was performed on the bands
corresponding to the monomeric and dimeric proteins [191]. Protein sample extraction,
dehydration and preparation for MALDI-MS as well as sample derivatisation with
iodoacetamide to identify Cystines possibly involved in disulphide-bond formation, was
performed as previously described [194]. Briefly, the gel bands were destained followed by
dehydration with absolute ethanol and all samples except the dimeric ones were treated with 10
mM DTT in 50 mM NH4HCO; for 30 min at 37°C. All samples were subsequently alkylated for
30 min with 55 mM iodoacetamide, washed with NH4sHCO3 in 50% (v/v) ethanol and dehydrated
as before. Trypsin digestion was performed overnight at 4°C by using 96 ng trypsin in 50 mM
NH4HCOs. The supernatants after the overnight digestion were collected and any remaining
peptides were extracted with 50% ethanol and 50% (v/v) trifluoroacetic acid (TFA). The latter
supernatants were pooled with the previously collected supernatants and dried in vacuo. The
dried peptides were dissolved in 0.1% TFA and briefly centrifuged. A volume of 0.5 ul of each
protein sample was directly spotted into the MALDI target plate, followed by the same volume
of matrix solution (5 mg/ml a-cyano-4-hydroxycinnamic acid in 60% (v/v) acetonitrile and 0.1%
TFA). MALDI-MS was performed using the Applied Biosystems 4700 Proteomics Analyzer
with TOF/TOF™ optics in positive reflection mode. The peak lists were generated using T2D-
exctractor with default settings and submitted to the MASCOT Peptide Mass fingerprint tool

(http://www.matrixscience.com/).

3.2.5.3. Site-directed mutagenesis

Based on the MALDI-MS results the role of Cys505 in dimer stabilisation via covalent
disulphide bond formation was studied by mutating the Cys codon to a Ser codon (M. Williams
and [191]). The mutagenesis reaction to create the PfAdometdc-C505S mutant was performed by
using the pASK-IBA3 plasmid containing harmonised PfAdometdc as template (Figure 3.1E)
with the forward 5’-GGTAAAAGTTCCGTTTATTATCAAG-3’ and reverse 5’-CTTGATAAT
AAACGGAACTTTTACC-3’ primers (mutations are underlined). Ex Taq™ DNA Polymerase
(Takara Bio Inc.) was used to amplify the entire template [195] in the presence of 6 fmol
template and 10 pmol of each of the primers. Temperature cycling was performed as follows:

95°C for 3 min followed by 25 cycles of 96°C for 30 s, 56°C for 30 s, 68°C for 5 min with a
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final extension step at 68°C for 10 min. Post-PCR manipulation was performed as described
previously [195]. Briefly, the PCR product was visualised with DNA gel electrophoresis and the
correctly-sized band corresponding to the linear pASK-IBA3 plasmid containing PfAdometdc
and the C505S mutation was purified with the Wizard® SV Gel and PCR Clean-up System
(Promega). The agarose-purified product was then treated with Dpnl (Fermentas) for 3 h at 37°C
and cleaned as before. The linear plasmids were directly electroporated into DH5a cells (Gibco
BRL) and plated onto LB-ampicillin agar plates and incubated overnight at 37°C. Colonies were
picked and grown for 16 h in LB-ampicillin (50 pg/ml) from which the plasmids were purified
with the Zyppy™ Plasmid Miniprep kit (Zymoresearch). Positive clones were confirmed with
restriction enzyme mapping and automated nucleotide sequencing using a BigDye® Terminator

v3.1 Cycle Sequencing kit (Applied Biosystems).

3.2.5.4. Estimation of dimer dissociation constants

To estimate the order of magnitude of the dissociation constant (Kg) of the PfAdoMetDC dimer
(M. Williams and [191]) for comparison to other AdoMetDC:s, the relative peak heights (and not
areas due to peak overlaps) of the monomeric and dimeric proteins in the non-reducing SEC
elution profiles (at concentrations of 1 mg/ml and 4 mg/ml of the wild-type and C505S mutant
PfAdoMetDC proteins) were assumed to approximately represent the relative proportions of
monomer and dimer in the samples (Xy and Xp for monomer and dimer, respectively). Since the
total amount of protein loaded was known the concentrations of the monomeric and dimeric
proteins could be determined based on their relative proportions as analysed with SEC according

to the following equations:

[M] = [C] x Xy, [D] = Mo = E

Where M, is the total molar concentration, C is the protein concentration applied to the column in pM, and [M]
and [D] are the molar concentrations in pM of the monomer and dimer, respectively.

Assuming simple monomer-dimer equilibrium (including Cys505 covalently-linked dimers) the
dissociation constant of the dimeric protein could then be calculated by using the following

formula:
[D] 1

K=~ &

Where Kj is the dissociation constant in units M and the association constant (K,) in units M is calculated by
taking the inverse of K.

If the total protein concentration in a protein sample is known, the proportion of the monomeric

form of the protein could subsequently be calculated as follows:
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[M] _ -14y/148(K,) (My)

M, 40 M)

Where [M]/M; is the proportion of the monomeric form of the protein and M, is the total molar concentration in

units M.

3.2.5.5. Analyses of protein hydrodynamic radius with Dynamic Light
Scattering

Dynamic light scattering (DLS) was used to determine the hydrodynamic radius of the
PfAdoMetDC and C505S mutant proteins as an indication of their oligomeric status. Fractions of
the PfAdoMetDC and C505S mutant proteins collected after SEC were pooled and concentrated
to 2.8-6 mg/ml. Reduced PfAdoMetDC was also analysed by treatment with 10 mM DTT prior
to the DLS measurement. Additionally, DLS provides information on sample homogeneity as
given by the polydispersity index (PdI). Immediately prior to measurements, the samples were
centrifuged for 10 min at 10 000g to remove any aggregates. DLS was measured with the default
settings of the Nanoziser Nano S instrument (Malvern Instruments). A 3 mm precision cell
cuvette (Hellma) was used in which the protein samples with volumes of 15 ul were pre-
equilibrated for 5 min at 20°C prior to the measurement. The theoretical Ry assuming globular
protein shape were calculated with the Zetasizer Nano software v6.01 using default settings to

determine the particle size distribution as given by the volume intensity plot.

3.2.6. Secondary structure analysis of PfAdoMetDC using far-UV CD spectroscopy

The PfAdoMetDC and C505S mutant proteins in wash buffer collected from SEC were dialyzed
against a phosphate buffer (10 mM KH,PO, pH 7.7, 50 mM NaF) for 3 h at 4°C due to the
optical activity of Cl ions in the far-UV range [196]. Dialysis was performed using Slide-A-
Lyzer® mini dialysis units (Thermo Scientific) each containing 150 ul of the protein sample.
Following dialysis the concentrations of the samples were determined using protein absorbance

at 280 nm and a molar extinction coefficient of 69110 M~ cm’".

The far-UV spectra of the PfAdoMetDC and C505S mutant proteins (0.5 mg/ml or 7.3 uM) were
determined with the JASCO J815 CD instrument. Measurements were conducted in 1 mm
cuvettes at a wavelength range of 190 to 250 nm at 20°C, using a wavelength interval of 0.5 nm,
a bandwidth of 1 nm and a scanning speed of 20 nm/min. Two readings were accumulated per
sample, buffer spectra were subtracted and the data points were averaged. The molar ellipticity
([@]m) of each data point in units deg cm? dmol™! was calculated as follows according to Bale et
al. [185]:
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. - AB X MW
M™ 10x1xC

Where A#@ is the reading in degree, MW is the molecular weight of the protein in g/mol, 1 is the path length in cm
and C is the concentration of the protein in mg/ml.

The contribution of secondary structures were calculated with CDtool v1.4 [197].

3.2.7. Analyses of residues involved in the autocatalytic processing reaction

The alignment of the PfAdometdc gene sequence with the sequences from various organisms was
previously performed by Wells et al. [120]. The corresponding residues involved in the
processing of plant and human AdoMetDCs were identified and subsequently mutated on the
gene sequence to determine if these play similar roles in the plasmodial protein. For all
mutagenesis reactions partially harmonised PfAdometdc/Odc cloned into the pASK-IBA3
plasmid was used as template. The mutagenesis primers are listed in Table 3.2. Phusion DNA
Polymerase (Finnzymes) was used in the presence of 6 fmol template and 10 pmol of each of the
primers. Temperature cycling was performed as follows: 95°C for 3 min followed by 25 cycles
of 96°C for 30 s, 56°C for 30 s, 68°C for 5 min with a final extension step at 68 °C for 10 min.

Post-PCR manipulation was performed as described previously [195].

Table 3.2: Primers used for the mutagenesis of residues predicted to be involved in the autocatalytic
processing reaction of PfAdoMetDC

Primer Mutant name Sequence (5’ to 3°)*
R11L_F PfAdoMetDC-R11L GGCATTGAAAAACTCGTTGTC

R1I1L_R GACAACGAGTTTTTCAATGCC
S421A_F CCATGCGGCTACGCCTGTAACG
sa2ia R PAAdOMeDC-S2IA - oA CAGGCGTAGCCGCATGG

¢ Mutations are underlined.

3.2.8. PfAdoMetDC enzyme and inhibition kinetics

The substrate affinity constant as well as Vi, of the Pf/AdoMetDC protein was determined using
the Michaelis-Menten kinetic model. A substrate dilution series ranging from 12.5 to 800 uM
were used to set up a Michaelis-Menten curve. Three independent experiments were performed
in duplicate using the enzyme assay described above and the results were analysed with

GraphPad Prism v5.0 (GraphPad Software, Inc.).

The linear Hanes-Woolf plot of substrate concentration ([S])/velocity (v) versus [S] was used to
determine the K, and Vp.x values [198]. The linear equation was obtained by a rearrangement of
the Lineweaver-Burk equation:
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81 _ (S, %
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Where the slope of the plot is equal to 1/V,,,,, the intercept on the [S]/v axis gives K/Vi.x and the intercept on
the [S] axis gives -K,.

The inhibition kinetics of PfAdoMetDC for two different substrate analogues, namely
MDL73811 and CGP48664 were also repeated and compared with previous results of the
monofunctional wtPfAdoMetDC-hinge protein [71]. Based on literature studies and the
mechanisms of inhibition of these two substrate analogues, irreversible and Michaelis-Menten

kinetics were applied for MDL73811 and CGP48664, respectively [71].

The rate of enzyme inactivation by the irreversible MDL73811 inhibitor was followed by
measurement of residual activity after fixed time intervals (0, 2, 4 and 6 min) of exposure to the
inhibitor. PfAdoMetDC enzyme (1 pg, 60 nM) was mixed with 0.1, 0.2 and 0.5 uM MDL73811
in the assay buffer at time point zero (25 ul), incubated at 37°C, stopped by transfer to ice and
added to the reaction tubes containing 400 uM total AdoMet in a total volume of 225 ul. The
reactions were subsequently incubated at 37°C for 30 min after which the experiment was
carried out as before to determine the remaining enzyme activity after inhibition. The Kitz-
Wilson method was used to determine the efficiency of the inhibitor [199]. The inhibition with
time at the different inhibitor concentrations ([I]) were plotted against time as follows:
EM) _ -Kpaee Xt
"By T, K K

1+[Ti

Where E(t) is the maximal enzyme activity following pre-incubation with the inhibitor for time interval t; E(0) is
the maximal enzyme activity following pre-incubation in the absence of inhibitor; and k,p, is the slope obtained
when the left hand side of the equation is plotted against time.

Xt

A secondary plot of the reciprocal of the k,p, value (-1/primary slope) for each [I] against the
reciprocal of [I] resulted in a straight line from which the iy, and K; values could be determined

by the intercept and slope, respectively [198,200].

The inhibition of PfAdoMetDC with CGP48664 was tested with the use of different substrate
(100 to 800 uM) and inhibitor (2.5 to 10 uM) concentrations. These results were plotted on a
typical Michaelis-Menten to obtain several hyperbolic curves for each [I] incubation at
increasing [S]. The enzyme (1 pg, 60 nM) was incubated with 0, 2.5, 5 and 10 pM CGP48664 at

each of the [S] for 30 min at 37°C to determine the remaining enzyme activity.
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3.3.Results

3.3.1. Codon harmonisation improves the purity and stability of monofunctional
PfAdoMetDC

The 660-residue wtPfAdoMetDC-hinge protein expressed from the unharmonised gene contains
an N-terminal Strep-tag while the 572-residue PfAdoMetDC protein expressed from the
harmonised PfAdometdc gene contains a C-terminal Strep tag (Figure 3.1D and E). In this way
the tag remains attached to the larger a-subunit after processing has occurred and is therefore not
situated in proximate position of the active site co-factor (as is the case for the N-terminally
tagged wild-type protein). Although not tested, the position of the Strep-tag may have an
influence on enzyme activity but since the aim of this study was to obtain a high amount of pure,

active protein a comparative study of the position of the tags were not considered.

Initially, only the first third of the bifunctional PfAdometdc/Odc gene was harmonised, which
corresponds to the core of the monofunctional PfAdoMetDC domain (Figure 3.1B, residues 1-
487). Since the exact start site of the hinge region is unknown due to low sequence homology
[120], an additional 255 nucleotides of the wild-type sequence (encoding residues 488-572) were
added to obtain the harmonised PfAdometdc fragment (Figure 3.1E, PfAdometdc pASK-IBA3).
In addition, to allow for a comparative analysis of the monofunctional construct created here and
a previous study on the monofunctional protein (Figure 3.1D, wtPfAdoMetDC-hinge, residues 1-
660) [71], a second expression construct was created to encode a 660-residue PfAdoMetDC-
hinge protein where residues 1-487 are encoded by the harmonised codons (Figure 3.1F,

PfAdometdc-hinge pASK-IBA3).

The PfAdoMetDC, PfAdoMetDC-hinge and wtPfAdoMetDC-hinge proteins were expressed in
BL21 Star™ E. coli. Figure 3.2 shows the results obtained when the expression of these three
proteins were compared. In each case, two subunits are expected to separate with the denaturing
conditions of SDS-PAGE as a result of PfAdoMetDC autocatalytic processing. These include the
smaller ~9 kDa B-subunit (not resolved with the 7.5% acrylamide gel) and the larger a-subunit.
The different lengths of the expressed proteins will be reflected by the sizes of the a-subunits; for
the 572-residue PfAdoMetDC protein (Figure 3.2, top right) this subunit is predicted to have a
size of ~61 kDa while the PfAdoMetDC-hinge proteins (expressed from wild-type, top left, and
harmonised genes, bottom right) would have a-subunits that are ~10 kDa larger. For the latter
two proteins a difference would additionally be the positions of the Strep-tags as shown in the

diagrams (Figure 3.2, inset figures).
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Expression of the wtPfAdoMetDC-hinge protein resulted in the presence of the ~70 kDa
processed protein (Figure 3.2A, lane 1, band b) where the B-subunit at the N-terminus
(containing the Strep-tag) dissociates from the larger a-subunit and was therefore not resolved
with the applied denaturing PAGE conditions. However, wtPfAdoMetDC-hinge co-purified with
an approximately equal amount of E. coli heat shock protein 70 (Hsp70) as identified with LC-
MS/MS (Figure 3.2A, lane 1, band a), even after extensive optimisation of various conditions
during protein expression and purification. Malarial proteins expressed in E. coli are often co-
purified with HSPs, which gives an indication of the stress that is placed on the system during

folding of these proteins [190].

~10 kDa ~70 kDa -9 kDa ~61 kDa
N| wtPfAdoMetDC-hinge( Hinge |C N PfAdoMetDC Hinge| |C
1im 529 660 173 529 m
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Figure 3.2: SDS-PAGE analyses of PfAdoMetDC, PfAdoMetDC-hinge and wtPfAdoMetDC-hinge
proteins followed by Western immunodetection of these recombinantly expressed monofunctional
proteins.

(A) SDS-PAGE analysis of wtPfAdoMetDC-hinge and PfAdoMetDC proteins. MW: PageRuler Prestained
Protein Ladder; lane 1: wtPfAdoMetDC-hinge protein expressed from the wild-type, unharmonised gene; band
a: Hsp70; band b: o-subunit of wtPfAdoMetDC-hinge. Lane 2: PfAdoMetDC protein expressed from the
harmonised gene; band a: Hsp70; band b: unprocessed PfAdoMetDC protomer; band c: a-subunit of
PfAdoMetDC. (B) Western immunodetection of wtPfAdoMetDC-hinge (lane 1) and PfAdoMetDC (lane 2)
proteins with a Strep-tag antibody. (C) SDS-PAGE analyses of the Pf/AdoMetDC (lane 1) and PfAdoMetDC-
hinge (lane 2) proteins expressed form harmonised genes. The schematic diagrams of the three proteins are also
included to show the predicted sizes of the a- and B-subunits of each as well as the positions of the Strep-tags
(light green boxes).

PfAdoMetDC separates as a ~61 kDa a-subunit and a ~9 kDa B-subunit and resulted in an almost
10-fold improvement in yield (39.6 ug/ml versus 385.1 pg/ml) of the affinity-purified protein

compared to total protein yield obtained for the wtPfAdoMetDC-hinge protein. Of this,
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particularly the ~61 kDa processed form of the protein was present, proven by LC-MS/MS
analyses to consist of only PfAdoMetDC (Figure 3.2A, lane 2, band c). This protein expressed
from the harmonised construct is therefore in a more pure form at a higher yield. However, the
results showed that a fraction of the Pf/AdoMetDC protein was present in its unprocessed ~70
kDa protomeric form (Figure 3.2A, lane 2, band b). A decrease in co-purification of

contaminating Hsp70 was also observed (Figure 3.2A, lane 2, band a).

Western immunodetection using a Strep-tag antibody confirmed the presence of the
PfAdoMetDC protein (Figure 3.2B, lane 2), while no protein was identified for wtPfAdoMetDC-
hinge due to the cleaved ~10 kDa B-subunit with the N-terminal Strep-tag, which was not
resolved on this gel (Figure 3.2B, lane 1).

In comparison to PfAdoMetDC, expression of the Pf/AdoMetDC-hinge protein yielded much less
protein (40.3 pg/ml), which is similar to the yield obtained for the wtPfAdoMetDC-hinge
protein. SDS-PAGE analysis showed the presence of two major bands that, in the absence of LC-
MS/MS analyses, could represent the processed (~70 kDa) and unprocessed (~79 kDa) forms of
the protein and/or Hsp70 (Figure 3.2C, lane 2).

3.3.2. Refolding of PfAdoMetDC from inclusion bodies yields a significant amount
of unprocessed protein

Protein purification from the soluble extracts of the proteins expressed from codon-harmonised
genes (PfAdometdc and PfAdometdc-hinge) indicated that in the heterologous expression system
the processing reaction was not 100% efficient since the unprocessed form of the Pf/AdoMetDC
protein was retrieved (Figure 3.2A, lane 2, band b). Subsequent SDS-PAGE analyses of the
proteins obtained from the insoluble protein extract showed that an appreciable amount of
PfAdoMetDC is expressed as insoluble protein (Figure 3.3A) while, in comparison to the protein
preparation from the soluble extract (Figure 3.2C), most of Pf/AdoMetDC-hinge was expressed

as insoluble protein in inclusion bodies (Figure 3.3B).
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Figure 3.3: Non-reducing SDS-PAGE analyses of the insoluble protein extracts of expressed (A)
PfAdoMetDC and (B) PfAdoMetDC-hinge proteins.

The insoluble protein extracts of (A) PfAdoMetDC and (B) PfAdoMetDC-hinge were collected after
ultracentrifugation of the lysed expression cells. The numbers indicate the proteins that were identified with
MALDI-MS (section 3.3.4.1). MW: PageRuler Unstained Protein Ladder. Gel (A) lane 1: PfAdoMetDC isolated
from the soluble protein extract with Strep-tag affinity chromatography; lane 2: sample from the insoluble
protein pellet after expression of PfAdoMetDC; lane 3: 10-fold dilution of the insoluble protein pellet in lane 2.
Gel (B) lane 1: sample from the insoluble protein pellet after expression of PfAdoMetDC-hinge and lane 2: 10-
fold dilution of the insoluble protein pellet in lane 1.

The refolding and purification of the monofunctional PfAdoMetDC and PfAdoMetDC-hinge
proteins within the insoluble inclusion bodies were subsequently performed by applying the
method of Sirawaraporn et al. [192] to determine if correct refolding under favourable in vitro
conditions could lead to efficient processing of PfAdoMetDC into the active form of the protein.
Concurrently, proteins were also isolated from the soluble protein extracts for comparison. The

yields that were obtained per litre of protein culture for each protein preparation are listed in

Table 3.3.

Table 3.3: Yields obtained for the PfAdoMetDC and PfAdoMetDC-hinge proteins isolated from soluble
and insoluble protein extracts

Protein preparation Concentration (mg/ml)  Yield (mg)
PfAdoMetDC soluble 0.71 4.26
PfAdoMetDC insoluble 0.28 1.68
PfAdoMetDC-hinge soluble 0.22 1.32
PfAdoMetDC-hinge insoluble 0.37 2.22

The highest yield obtained was for the PfAdoMetDC protein isolated from the soluble protein
extract but another 1.68 mg could be recovered from the insoluble extract (Table 3.3). For
PfAdoMetDC-hinge more protein could be isolated from the insoluble protein extract, which
represented a promising result since a low protein yield was isolated from the soluble fraction

presumably due to the presence of the hinge region (Figure 3.2C).
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SDS-PAGE analyses showed that the purification of the Pf/AdoMetDC and PfAdoMetDC-hinge
proteins from the inclusion bodies resulted in the successful retrieval of protein. For
PfAdoMetDC a single protein band with a size of ~70 kDa was observed (Figure 3.4A, lane 5)
while a band at ~79 kDa was observed for the PfAdoMetDC-hinge sample (Figure 3.4A, lane 6).
The sizes of these bands indicated the presence of only the unprocessed protomers in both
samples. In the absence of Hsp70, other contaminating proteins were co-purified, which could
probably be removed with secondary purification steps. In order to ascertain that only the
unprocessed proteins were purified, SDS-PAGE with a higher acrylamide % gel was also
performed. These results showed that, compared to the soluble expression of PfAdoMetDC
(Figure 3.4B, lane 1), the ~9 kDa subunits were absent in both protein samples obtained from the
inclusion bodies (Figure 3.4B, lanes 2 and 4) and indicates that the conformation of the proteins

were not correct to allow processing to occur via the Argl1-Lys15-Lys215 triad [120].

A B
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Figure 3.4: Purification of PfAdoMetDC and PfAdoMetDC-hinge from inclusion bodies and visualisation
on 7.5% (A) and 12.5% (B) SDS-PAGE gels.

Gel (A) lane 1: PfAdoMetDC total soluble; lane 2: Strep-tag purified PfAdoMetDC from soluble extract; lane 3:
PfAdoMetDC-hinge total soluble; lane 4: Strep-tag purified PfAdoMetDC-hinge from soluble extract; lane 5:
Strep-tag purified Pf/AdoMetDC refolded from insoluble extract; lane 6: Strep-tag purified PfAdoMetDC-hinge
refolded from insoluble extract. Gel (B) MW: PageRuler Unstained Protein Ladder; lane 1: Strep-tag purified
PfAdoMetDC from soluble extract; lane 2: Strep-tag purified PfAdoMetDC refolded from insoluble extract; lane
3: Strep-tag purified PfAdoMetDC-hinge from soluble extract; lane 4: Strep-tag purified PfAdoMetDC-hinge
refolded from insoluble extract. The sizes of the protein bands are indicated with arrows.

3.3.3. PfAdoMetDC enzyme activity and protein stability

Due to these disappointing results obtained for the PfAdoMetDC-hinge protein isolated from the
soluble extract, subsequent experiments were performed on PfAdoMetDC for its comparison to

the expression of the wtPfAdoMetDC-hinge protein.

PfAdoMetDC has a specific activity of 140+8 nmol/min per nmol protein compared to

wtPfAdoMetDC-hinge with an activity of 88+4 nmol/min/nmol (of which approximately half of
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the protein sample is Hsp70, Figure 3.2A). Furthermore, PfAdoMetDC appeared to be a more
stable enzyme than wtPfAdoMetDC-hinge since this enzyme remained active when stored for
two weeks at 4 and -20°C. In contrast, wtPfAdoMetDC-hinge activity was significantly reduced
by 16% and 55% (n=2, P<0.05) at 4 and -20°C, respectively (Table 3.4).

Table 3.4: Comparison of the PfAdoMetDC and wtPfAdoMetDC-hinge enzyme activities after storage for
two weeks at different temperatures

Mean specific activities in nmol/min/per nmol protein were determined from two independent experiments
carried out in duplicate (n=2) and are shown with + S.E.M.

Enzyme Day 1 Day 14 (4°C) Day 14 (-20°C)
PfAdoMetDC 1408 165.8+2.8 18449
wtPfAdoMetDC-hinge 88+4 74+10 39.7+1.5

DSF was subsequently performed to determine if the stability of the PfAdoMetDC protein could
be improved with a specific buffer system for efficient protein storage. The DSF results showed
a general decrease in the Tm of PfAdoMetDC with an increase in buffer pH. Buffers containing
MES, ammonium acetate or BisTris propane at a pH ~6.0 promoted protein stability to the same
extent, and the addition of glycerol did not result in improved protein stabilisation (results not
shown). These results were subsequently compared to the dialysis buffer (50 mM Tris/HCI, pH
8.0, 150 mM NaCl) to determine if a difference in protein stability exists with this buffer
compared to the most promising buffer identified with DSF (0.4 M MES, pH 6.0, 0.6 M NaCl).
The results showed that the Tm of the protein in a buffer where the pH was increased from 6.0 to
8.0 or where Tris/HCI in the dialysis buffer was exchanged with BisTris propane remained
similar (62°C versus 61°C) and a different buffer system was therefore not considered for future

experiments in which a stable protein is required.

The subsequent co-incubation of PfAdoMetDC with two substrate analogues, MDL73811 or
CGP48664, showed that molar excesses of either analogue increased the Tm from 62°C to 66°C
compared to the apo-protein with a Tm of 62°C (Figure 3.5). These results indicated improved

protein stability for the ligand-bound form of the protein.
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Figure 3.5: Fluorescence intensity curves obtained upon incubation of PfAdoMetDC with different molar
excesses of MDL73811 and CGP48664.

Incubation of PfAdoMetDC (1.3 uM) in dialysis buffer with MDL73811 and CGP48664 at three different molar
excesses (1x, 5x and 10x) of the substrate analogues were tested to determine their effect on the protein’s
stability as recorded by the Tm. Fluorescence intensities of the SYPRO orange dye bound to the hydrophobic
surfaces of the protein were obtained while the temperature was increased from 25°C to 95°C [193].

3.3.4. Determination of the oligomeric status of monofunctional PfAdoMetDC

Purification of the PfAdoMetDC protein with affinity chromatography allowed further analyses
with SEC to determine its oligomeric status. A Superdex S200 column was calibrated from
which a calibration curve with a regression coefficient of R*=0.98 could be obtained. Strep-tag
purified PfAdoMetDC protein separated by SEC is expected to elute at a V. of the dimeric
protein (~140 kDa) in the elution fraction range 12-13 ml (V/V, of ~1.5-1.625) while the
monomer (~70 kDa) is expected to elute between 14 and 15 ml (V./V, of ~1.75-1.875).

Concentration-dependent monomer-dimer equilibrium is evident for PfAdoMetDC since at 1
mg/ml both monomeric (V/V, of 1.77, calculated MW of ~85 kDa) and dimeric (V./V, of 1.59,
calculated MW of ~120 kDa) forms of the protein are present (Figure 3.6A, solid line). At a 4-
fold higher concentration of the protein and in the absence of DTT, the proportion of the dimeric
fraction (V/V, of 1.60, ~114 kDa) increases relative to that of the monomer (V./V, of 1.73, ~87
kDa). (Figure 3.6A, dotted line). Apart from the peak representing aggregated protein at the void
volume (8 ml), a larger oligomer also forms at the shoulder of the dimeric protein peaks (V/V, of
1.44, ~180 kDa) at both protein concentrations tested and could represent a trimeric form of the

protein.

Dimerisation as a result of the oxidising conditions was subsequently analysed with the addition

of 10 mM DTT to the protein (3-5 mg/ml) prior to SEC, which resulted in a significant shift from
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a dimer at an V, of 12.8 ml (V/V, of 1.61, ~131 kDa) to the monomeric form with an V. of 13.4
ml (V/V, of 1.68, ~99 kDa) (Figure 3.6B, solid line). A protein sample collected from the
dimeric protein peak and visualised with non-reducing SDS-PAGE showed that the intensity of
the dimeric protein band was vastly reduced when 10 mM DTT was added to the sample buffer
and confirmed the shift of the dimer to the monomeric form under reducing conditions (Figure
3.6C). These results showed that increasing the concentration of the PfAdoMetDC protein
increased the proportion of the dimeric protein relative to that of the monomer while higher
oligomeric forms are also formed. However, both the SDS-PAGE and SEC results show a slight
increase in the apparent molecular weight of the reduced protein compared to the non-reduced
monomeric protein, which was also confirmed by DLS (see below). The increased proportion of
dimeric PfAdoMetDC under non-reducing conditions suggests the involvement of Cys residue/s
on the protein surface in disulphide bond/s formation between the PfAdoMetDC monomers,

which is enhanced when the protein is present at concentrations >1 mg/ml.

A 250 - 12

=== 4 mg/ml

200 1 mg/ml

150

08T

C -DTT +DTT

A280

100

200 kDa

150 kDa

120 kDa Dimer

100 kDa

70 kDa
- 100
200 !

80
L 60 60 kDa . - Monomer

40

150

A280
087

100

085 1 115 13 145 16 L75 19 205 22
VelVo

Figure 3.6: Analyses of the oligomeric status of monofunctional PfAdoMetDC with SEC.

(A) The PfAdoMetDC protein purified with Strep-tag affinity chromatography at concentrations of 1 mg/ml and
4 mg/ml were separated with SEC. The fractions corresponding to the dimeric and monomeric proteins are
indicated. The V,/V, values are shown on the X-axis while the Y-axes on the left and right of the graph shows the
absorbance at 280 nm for the higher or lower concentrated protein samples, respectively. (B) Reducing SEC was
performed in the presence or absence of 10 mM DTT, followed by visualisation with non-reducing SDS-PAGE
of the 4 mg/ml protein sample in the presence or absence of 10 mM DTT (C). The sizes of the protein ladder as
well as the positions of the dimeric and monomeric proteins are shown. Lane 1: no DTT and lane 2: 10 mM DTT
included in sample buffer.
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Stabilisation of the monomeric form of the protein under reducing conditions was confirmed
with DLS analyses. Treatment of Pf/AdoMetDC with DTT reduced the Ry and therefore the size
of the protein. The protein sample showed radii of 7.33 nm and 9.07 nm in the presence and
absence of DTT, respectively (Table 3.5). This corresponds to a decrease of ~20% in both
PfAdoMetDC protein diameter and PdI, indicating a fairly monodisperse protein sample since

DTT causes a shift in the equilibrium from the dimer to the monomer.

Table 3.5: Hydrodynamic radii of PfAdoMetDC in the presence and absence of DTT as determined by
DLS

PfAdoMetDC samples at a concentration of 2.8 mg/ml with and without DTT were analysed by DLS and the
level of polydispersity was indicated by the PdI value.

Protein sample Concentration (img/ml) Ry (nm) Pdl
PfAdoMetDC -DTT 2.8 9.07 0.23
PfAdoMetDC +DTT 2.8 7.33 0.18

These results suggest that disulphide linkage either induces changes in protein conformation,
which is not readily reversed by DTT treatment alone or reflects the average radius of a mixture
of the monomeric and dimeric forms of the protein. Alternatively, the increase in protein
apparent size could be due to DTT binding to the protein [201,202] although the likelihood that
reduction of inner disulphide bonds by DTT that could affect a shape change from e.g. globular

to a more expanded and thus a larger size protein [203], cannot be excluded.

3.3.4.1. Cys505 stabilises Pf/AdoMetDC dimerisation

Inspection of the proposed dimer interface of the Pf/AdoMetDC homology model [120] showed
the possible involvement of Cys505 from each monomer in disulphide bond formation. This
residue is not conserved amongst the AdoMetDCs but structure-based sequence alignment
indicated that residue Cys505, which is located on the B15 strand at the proposed dimer interface
of PfAdoMetDC, could form a disulphide bond with the same residue from a second monomer.
Cys505 in P. falciparum AdoMetDC corresponds to GIn311 in the human protein. GIn311 is
also located on the B15 strand at the dimer interface of the human protein with a distance of 6.68
A between the Cs atoms and, considering the distance between the residues, could theoretically

also form a disulphide bond if replaced by Cys residues as in PfAdoMetDC.

To ascertain if Cys505 mediated disulphide bond formation resulting in the appearance of
dimeric proteins under oxidising conditions, MALDI-MS peptide mass fingerprinting was

performed on the ~120 kDa SDS-resistant dimeric band (Figure 3.7, lane C, band 7), which was
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treated with iodoacetamide prior to trypsin digestion both in the presence and in the absence of
DTT. Exposed Cys residues would thereby be modified by alkylation while residues involved in
disulphide bonds (and not treated with DTT) should be protected resulting in corresponding
peptide mass differences. As a control for non-disulphide linked proteins, the monomeric ~61
kDa band was also analysed (Figure 3.7, Lane C, band 4). The MALDI-MS peptide mass
fingerprints of the ~120 kDa dimeric band in Figure 3.7 without reduction prior to alkylation was
compared to the fingerprints of the dimeric and monomeric bands that were reduced and

alkylated after purification from SDS-PAGE.

The results confirmed that the carbamidomethyl-modified Cys505 residue could only be
identified in the reduced, alkylated condition and in the mass spectrum of the monomeric band
(Figure 3.7). Furthermore, no peptide fragments containing alkylated Cys47, 143, 418, 454 and
481 were identified as these are, like Cys505, surface-localised based on the PfAdoMetDC

homology model (results not shown) [120].

A B C D

Protein DTT Cys505 MASCOT MASCOT

band fragment search score

1 Y - gil67462335| 337
2 N ND gil124802819I 117
3 Y ND gil124802819I 149
4 Y ND gil124802819I 123
5 Y 1417.67 Da gil124802819I 119
6 Y - 2il67462335| 319
7 N ND gil124802819I 133

Y 1417.62 Da  gil124802819I 145
8 Y ND 2il124802819I 109
9 N ND gil124802819I 124

Y 1417.62 Da gil124802819I 192

Figure 3.7: Protein gel bands of the PfAdoMetDC and PfAdoMetDC-hinge proteins that were analysed
with MALDI-MS.

Proteins that were eluted for trypsin digestion were extracted from two gels. Lane A: PfAdoMetDC-hinge
purified with Strep-tag affinity chromatography (band 1); Lane B: the insoluble protein extract after
PfAdoMetDC-hinge expression (bands 2 and 3); Lane C: PfAdoMetDC purified with Strep-tag affinity
chromatography (bands 4-7); and Lane D: the insoluble protein extract after PfAdoMetDC expression (bands 8
and 9). The protein bands are numbered and the results of the MALDI-MS analyses are shown in the table
corresponding to each protein band. The addition of 10 mM DTT during protein preparation for analyses is
indicated in the table as yes (Y) or no (N). The detection of a protein fragment containing Cys505 as an
indication of a non-disulphide linked protein is indicated in the table as (-) not applicable for the Hsp70 protein,
(ND) for not detected i.e. Cys505 could be involved in disulphide bond formation and if Cys505 was detected
the size of the fragment in which it was identified is given i.e. as an indication that Cys505 could be in its
reduced form in the presence of DTT. The gene accession numbers of the MASCOT search together with the
MASCOT scores of the peptides are given as gil67462335| for Hsp70 E. coli and gil124802819| for
Adometdc/Odc P. falciparum.

To further elucidate the possible involvement of Cys505 in disulphide bond formation, a mutant
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protein was created in which this residue was changed to a Ser. While the expression level
(Figure 3.8A) and specific activity of PfAdoMetDC-C505S was identical compared to the wild-
type PfAdoMetDC (results not shown), the addition of DTT once again resulted in a larger
apparent size of the protein (Figure 3.8 A) compared to the non-reduced samples (Figure 3.8B) of
both the wild-type and mutated monomeric proteins. Subsequent SEC of the mutant protein at a
concentration of 1 mg/ml and under non-reducing conditions showed that the PfAdoMetDC-
C505S protein occurs mainly in its monomeric form (V,./V, of 1.74) (Figure 3.8C, solid line).
However, the equilibrium was again shifted towards dimer formation at a concentration of 4
mg/ml (V,/V, of 1.64) (Figure 3.8C, dotted line). These results indicate that the Pf/AdoMetDC

protein is still able to dimerise even in the absence of covalently-linked dimers.
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Figure 3.8: Analyses of the oligomeric status of the C505S mutant of PfAdoMetDC with SEC.
(A) Reducing and (B) non-reducing SDS-PAGE of the PfAdoMetDC (lane 1) and C505S mutant (lane 2)
proteins. The sizes of the protein ladder are shown. (C) Analyses of the oligomeric status of the PfAdoMetDC-
C505S mutant protein purified with Strep-Tactin affinity chromatography and at concentrations of 1 and 4
mg/ml with SEC. The V,/V, values are shown on the X-axis while the Y-axes on the left and right of the graphs
show the absorbance at 280 nm for the higher and lower concentrated protein samples, respectively.

To gain further insight into the affect of the Cys505 mutation on protein dimerisation, DLS was
performed to determine the particle size of the mutant protein. DLS showed a radius of 5.79 nm
for the C505S mutant in the absence of DTT (3 mg/ml), while treatment of PfAdoMetDC at a
concentration of 2.8 mg/ml with DTT only decreased the hydrodynamic radius from 9.07 to 7.33
nm (Table 3.5). The mutant protein therefore has a diameter 36% less than that of the wild-type
protein, which indicates a smaller particle size of the mutant (Table 3.6). The results show that
DTT treatment alone was not as effective as the C505S mutation in stabilising the monomeric
form of the protein and therefore reflects an average radius of a mixture of the monomeric and

dimeric forms of the wild-type protein resulting in a hydrodynamic radius of 7.33 nm.
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Table 3.6: Hydrodynamic radii of PfAdoMetDC-C505S at two different protein concentrations

Protein sample Concentration (mg/ml) Ry (nm) Pdl
PfAdoMetDC-C505S 3 5.79 0.12
PfAdoMetDC-C505S 6.8 6.96 0.13

The more dilute PfAdoMetDC-C505S protein showed the smallest diameter as well as the lowest
PdI (Tables 3.5 and 3.6) and increasing the protein concentration to 6.8 mg/ml only resulted in a
slight increase in the PdI, which was still below that of the wild-type PfAdoMetDC protein

(Table 3.5) and indicates good sample monodispersity.

3.3.4.2. Estimated dissociation constants of PfAdoMetDC and the C505S
mutant

SEC results showed the presence of both monomeric and dimeric forms of the PfAdoMetDC and
C505S mutant proteins. The peaks were not clearly separated but the peak maxima could be
clearly identified. In the absence of analytical tools, the SEC results (Figures 3.6 and 3.8) were
used to estimate a range of the dissociation constants for the two proteins while keeping in mind
that equal amounts of the monomers and dimers were not present. Additionally, simple
monomer-dimer equilibrium was assumed where, in the absence of DTT, residues Cys505 could
form covalently-linked dimers in a slow, irreversible manner such that the true Ky of

PfAdoMetDC would be slightly elevated in the presence of DTT.

Table 3.7 lists the relative proportions of the dimer and monomeric proteins for both
PfAdoMetDC and the C505S mutant protein at concentrations of 1 mg/ml and 4 mg/ml as
determined by analytical SEC. The apparent K4 values were found to be in the micromolar range,
suggesting relatively weak propensity for dimer formation, with a higher tendency of
PfAdoMetDC to dimerise than the C505S mutant (K4 value 87% less than that of the mutant)
(Table 3.7). The K4 value of dimeric PfAdoMetDC in the absence of DTT (9.75 uM) is a 300-
fold higher than the estimated Kyq of 33 nM for the human protein [185], showing a
comparatively reduced propensity of the plasmodial protein to dimerise. However, this K4 value
for PfAdoMetDC is similar to that of monomeric plant AdoMetDC (15.38 uM), its nearest
conserved orthologue which has been structurally characterised [184]. Upon concentration of the
PfAdoMetDC-C505S mutant sample to 4 mg/ml, the Ky value decreased by 75% while the
PfAdoMetDC protein’s constant decreased by 42% (Table 3.7). In general, the K4 values of the
PfAdoMetDC protein were less than the mutant, indicating that a single mutation at the dimer

interface decreased the dimerisation propensity of Pf/AdoMetDC.
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Table 3.7: Dissociation constants for PfAdoMetDC and the C505S mutant from analytical SEC

The relative proportions of the dimers and monomers for both the wild-type and C505S mutant PfAdoMetDC
proteins at two different protein concentrations were obtained from SE chromatograms and used to estimate their
dissociation constants. These were then compared to the dissociation constants of the confirmed dimeric human
and monomeric plant AdoMetDCs.

Concentration [D] [M] K, K,
Sample mg/ml Y Xp X @M)  (uM) (uM) (MM'l) Reference
1 14.65 053 042  3.88 6.15 9.75 0.1
FAdOMetDC - —— o074 019 2168 1113 571 0.8
PfAdoMetDC- 1 14.65 022 0.74 1.61 10.84 7298 0.014
C505S 4 58.59 058 030 1699 17.58 18.19  0.055
Human - 0.033 30.3 [185]
Plant - 1538  0.065 [184]
The concentrations of monomer [M] and dimer [D] were calculated as follows: [M] = [C] X Xy, [D] =
Mo-[M] _ [C]

X . . . .
. z D Where M, is the total molar concentration, Xy and Xp are the relative proportions of

monomer and dimer, and C (uM) is the protein concentration applied to the SEC column. Assuming simple

monomer-dimer equilibrium in the absence of a reducing agent, the apparent dissociation constant of the dimer

could then be calculated as follows: K, = [M[]D[L] = Kid.

3.3.4.3. Disulphide-independent dimerisation of PfAdoMetDC

Despite the addition of a reducing agent and the mutagenesis of Cys505 at the proposed dimer
interface of PfAdoMetDC, dimerisation of the protein was still observed, which indicates the
presence of an additional dimerisation-mediated process. In the absence of PAODC, dimerisation
of monofunctional PfAdoMetDC may be mediated by a hydrophobic patch on the Pf/AdoMetDC
protein surface, which is natively involved in an interaction with the PAODC domain within the
PfAdoMetDC/ODC complex. Based on extensive protein-protein docking results [152], such an
interaction between two PfAdoMetDC monomers would therefore occur in a side-to-side fashion
involving the a-helices that flank the apfa-sandwich fold and not the proposed dimer interface
that occurs as an edge-on association of the B-strands. The results of docking the PfAdoMetDC
domain to the PfODC domain and vice versa, identified the site on PfAdoMetDC where PfODC
is most likely to bind [152]. The PfAdoMetDC residues that were predicted to interact with
PfODC include Phe94, Phe98, Aspl01, Phel59, Glul60, GInl61, Glul62, Tyrl163, Phel74,
Phel77 and Lys180 (Figure 3.9A). These residues are located on the a-helices flanking the core
B-strands. In turn, the PfODC residues that are likely to interact with PfAdoMetDC have also
been identified (Figure 3.9B). Interestingly, the latter predicted docking site is in proximate
position to the highly conserved PfODC domain Ol parasite-specific insert, which was
previously shown to mediate protein-protein interactions within the bifunctional complex

(Chapter 2).
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Figure 3.9: Predicted structural description of Pf/AdoMetDC/ODC showing the proposed domain-domain
interaction sites.

(A) The homology model of monomeric PfAdoMetDC (B- and o-subunits shown in magenta and blue,
respectively) [120] and (B) homodimeric PfODC (two monomers shown in magenta and blue) [127] are shown.
The residues that are predicted to interact with the PAODC domain on the surface of PfAdoMetDC and vice versa
are shown in yellow. Two monomers of monofunctional Pf/AdoMetDC can interact with each other in a side-to-
side fashion at the site where PfODC natively interacts within the bifunctional complex. The position of the O1
parasite-specific insert is indicated. The pyruvoyl co-factors in the PfAdoMetDC active sites are shown in green.

To confirm the hydrophobic-mediated interaction of the PfAdoMetDC monomers, the mutant
C505S protein (~6 mg/ml) was separated with SEC in wash buffer containing 10 mM DTT and
5% (v/v) n-butanol. This organic solvent was identified following the initial testing of a variety
of agents at various concentrations that are known to disrupt hydrophobic interactions (results
not shown). If a hydrophobic patch is exposed on the surface of PfAdoMetDC the organic
solvent is expected to shield this patch and thereby prevent the side-to-side interaction of the
protein while DTT and the C505S mutation is expected to prevent the edge-on dimerisation via
the proposed dimer interface. Figure 3.10 shows the SEC analysis of Pf/AdoMetDC-C505S in the
presence of DTT and butanol, which resulted in a single protein elution peak at 15.1 ml (V¢/V, of
1.79) corresponding to a calculated MW of the monomeric protein 77 kDa in size. The addition
of butanol therefore protected the hydrophobic patch on PfAdoMetDC and constrained the

protein to its monomeric form.
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Figure 3.10: SEC of PfAdoMetDC-C505S in the presence of DTT and n-butanol.
The PfAdoMetDC-C505S mutant protein at a concentration of 6 mg/ml was separated with SEC on a column
equilibrated with 50 mM Tris/HCI, pH 8.0, 150 mM NaCl, 10 mM DTT and 5% n-butanol.

Subsequent activity analysis of the protein collected from SEC showed that the enzyme is
inactive while extensive dialysis with wash buffer recovered 65% of the activity of the butanol-

treated enzyme in comparison to the untreated PfAdoMetDC activity (results not shown).

3.3.5. Far-UV analyses of PfAdoMetDC indicates a similar fold as the human
protein

Far-UV CD was performed to determine the secondary structure of the PfAdoMetDC protein (in
the absence of DTT) for comparison to dimeric human AdoMetDC [185] as well as to observe
any secondary structural changes that might take place in the predominantly monomeric C505S
mutant protein. Prior to CD analyses, the Ry of the proteins were analysed with DLS to ensure
that the Cl'-free phosphate buffer did not cause protein aggregation or affect the oligomeric state

of the proteins (results not shown).

At the concentration of 0.5 mg/ml (7.2 uM) used in these analyses, mainly monomeric protein is
expected based on the SEC result, however, by using the estimated Ky values that were
determined for the wild-type PfAdoMetDC and C505S mutant proteins (Table 3.7), the dimeric
proportions within these samples were estimated to be present at 45% and 15%, respectively.
The results showed that PfAdoMetDC conforms to proteins with significant B-sheet content
(40%), with a minimum at 209.5 nm and a maximum at 191 nm (Figure 3.11). This correlates
well with what has been predicted in the homology model of PfAdoMetDC [120] and dimeric
human AdoMetDC, which showed a minimum at 218 nm and a maximum at 195 nm [185]. It is
conceivable that parasite-specific inserts of unknown structure (constituting 32% of the 572-
residue PfAdoMetDC protein [120]), contribute to the differences in the spectra with 34% of the

PfAdoMetDC secondary structure indicated to be disordered with Far-UV CD.
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Figure 3.11: Far-UV CD analyses of the PfAdoMetDC and C505S mutant proteins.

Far-UV CD analysis was performed on the PfAdoMetDC and C505S mutant proteins in a phosphate buffer
between wavelengths of 190 nm and 150 nm to detect possible differences in secondary structures of the mainly
dimeric and mainly monomeric proteins, respectively.

The spectra of PfAdoMetDC and the C505S mutant proteins are similar with minimum peaks at
~210 nm (Figure 3.11). These results provided confidence in the fact that, while the C505S
mutation in PfAdoMetDC stabilised the monomeric form and showed a reduced propensity of
the protein to covalently dimerise, neither the mutation nor the monomeric status affected the

secondary structure of the proteins.

Thus far the results have shown that monofunctional Pf/AdoMetDC has a lower propensity than
the human protein to dimerise. Furthermore, at the concentration used in the activity assays and
by applying the K4 value of PfAdoMetDC (Table 3.7) it can be calculated that >95% of the
protein will be in its monomeric form, which implies that the protein does not require
dimerisation to be functionally active. The in vitro conditions showed that PfAdoMetDC exists
as two different dimers involving two sites on the protein surface. The C505S mutant results
showed that disulphide linkage enhances the formation of the dimer at the predicted dimer
interface [120] and butanol treatment showed that additional dimer formation is mediated by a

site that could be involved in the native interaction with the PfODC domain [152].

3.3.6. Studies of the mechanism of processing in PfAdoMetDC

Processing of human and 7. cruzi AdoMetDC is stimulated by putrescine binding in a charged-
buried site distant from the active site. However, in the case of P. falciparum AdoMetDC,
neither catalytic activity nor processing is stimulated by putrescine, which alludes to a different
mechanism of processing for this protein. Heterologous expression of PfAdoMetDC within E.

coli also showed that the processing reaction is not 100% efficient (Figure 3.2A). To elucidate
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the mechanism of autocatalytic processing in Pf/AdoMetDC the residues involved in processing
as well as the ones that assume the role of putrescine binding should be identified. Table 3.8 lists
the residues that are predicted to be involved in the processing reactions of AdoMetDC from
different organisms, which were identified with a multiple structure-based alignment of the

sequences from human, plant and Plasmodium [120].

Table 3.8: Alignment of residues involved in the active site, processing reaction and the putrescine-binding
site or charged-buried site for AdoMetDC from three organisms

Residues in the top row are numbered according to the human protein template while the residues in the bottom
row are numbered according to the P. falciparum protein template. Residues in yellow are involved in the active
site, green in the processing reaction and blue in the putrescine-binding site (H. sapiens) or charged-buried site
(P. falciparum and S. tuberosum). Conserved residues are shown in grey.

H. sapiens L E W | E S C D E F S H E E

S. tuberosum R E S E S C€C R E F S H E E

P. falciparum 'R | V K E S C K E F S H E E
11 13 15 72 73 87 215 219 415 421 434 438 | 447

Table 3.8 shows that the residues involved in the active site and processing reaction are highly
conserved between the organisms, while the residues that have been shown to be involved in
putrescine binding of the human protein are not well conserved and shows significant diversity.
The PfAdoMetDC homology model showed that three basic amino acids (Argll, Lysl5 and
Lys215) occupy the regions of the acidic residues that were shown to interact with putrescine in
the human crystal structure (hGlul5, hAsp174, hGlul78 and hGlu256). In P. falciparum these
residues correspond to Vall3, Lys215, Glu219 and Glu447 (Figure 3.12). Therefore, in P.
falciparum, hGlul5 is replaced by Vall3 and positively-charged residues Argll and Lys15 are
located approximate to the position where one terminal of putrescine would be positioned while
Lys215 occupies the position of the other terminal, thereby mimicking putrescine binding

(Figure 3.12) [120].

Put

Gm@(
Figure 3.12: The charged-buried site of PfAdoMetDC.
Putrescine in grey from the human AdoMetDC crystal structure (117M) is shown with the residues that are
predicted to stabilise putrescine binding in orange. The corresponding residues from the PfAdoMetDC homology
model [120] that are predicted to mimic putrescine binding are shown in yellow. Taken from Birkholtz et al.
(Biochemical Journal, in press).
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In the current study, residues Ser421 and Argll were investigated for their roles in
PfAdoMetDC processing. Mutagenesis of the Ser421 residue (corresponding to hSer229,
previously shown to be essential for processing [125]) to Ala did not prevent processing of
PfAdoMetDC since both the processed ~61 kDa mutant protein and the ~9 kDa dissociated [3-

subunit could be identified on the 12.5% acrylamide gel (Figure 3.13A and B, lane 2).

A B

MW 1 2 3 MW

- - .
50 kDa 60 kDa a-subunit

70 kDa
60 kDa

50 kDa

10 kDa

<«—~9 kDa B-subunit

Figure 3.13: SDS-PAGE analysis of the S421A PfAdoMetDC mutant protein to determine the role of this
residue in autocatalytic processing.

The Ser421 residue was mutated to Ala and the expressed mutant protein was analysed with (A) 7.5% and (B)
12.5% SDS-PAGE gels in order to identify the ~60 kDa a- and ~9 kDa B-subunits as an indication of processing
taking place in the PfAdoMetDC protein. MW: PageRuler Unstained Protein Ladder. (A) and (B) lane 1: wild-
type PfAdoMetDC; lane 2: PfAdoMetDC-C505S; lane 3: PfAdoMetDC-S421A. The positions of the ~60 kDa a-
and ~9 kDa [-subunits of Pf/AdoMetDC are indicated with arrows.

In T. cruzi, it was previously shown that mutation of Arg34 in this parasite’s AdoMetDC to the
corresponding residue in human AdoMetDC (hLeul3) abolished processing while the crystal
structure of plant AdoMetDC showed that the corresponding residue Argl8 is located at the
approximate position that putrescine occupies in the human protein [184]. Similarly, in the
current study Argll of PfAdoMetDC was mutated to Leu to observe its possible role in
PfAdoMetDC processing. The results confirmed previous findings [120] and showed that the
PfAdoMetDC-R11L mutant only expressed as the unprocessed protein at ~70 kDa (Figure
3.14A, lane 1) while the ~9 kDa B-subunit could not be identified on the 12.5% acrylamide gel
(Figure 3.14B, lane 1).
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Figure 3.14: SDS-PAGE analysis of the R11L PfAdoMetDC mutant protein to determine the role of this
residue in autocatalytic processing.

The Argll residue was mutated to Leu and the expressed mutant was analysed with (A) 7.5% and (B) 12.5%
SDS-PAGE gels. MW: PageRuler Unstained Protein Ladder. (A) and (B) lane 1: Pf/AdoMetDC-R11L and lane
2: wild-type PfAdoMetDC.

Subsequent activity analyses showed that although mutagenesis of the Ser421 residue did not
affect processing of PfAdoMetDC, enzyme activity decreased by 25% (Figure 3.15), which
indicates that either the rate of the processing reaction was affected by the mutation or that the
activity was disrupted due to the proximate position of Ser421 in the active site. Activity analysis
of the PfAdoMetDC-R11L mutant confirmed the SDS-PAGE results in Figure 3.14 since the

mutant enzyme showed no activity indicating complete disruption of processing (Figure 3.15).

100 -

80 -

40 -

% AdoMetDC activity

(=]

PfAdoMetDC S421A R11L

Figure 3.15: Activity analyses of the S421A and R11L PfAdoMetDC mutant enzymes.
The specific activities in nmol/min/mg were normalised to the wild-type protein activity and expressed as a
percentage. The results were determined from a single experiment (n=1) carried out in duplicate.

3.3.7. Enzyme kinetics of monofunctional PfAdoMetDC

Since the oligomeric status of the active, mainly monomeric, monofunctional PfAdoMetDC
protein that was expressed from a codon-harmonised construct has now been established and the

secondary structure as well as mechanism of autocatalytic processing has been investigated, the
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enzyme kinetics of this protein was repeated for comparison to that of other AdoMetDCs.
Typical Michaelis-Menten kinetics was observed (Figure 3.16A) and linear transformation of the
Michaelis-Menten equation with the Hanes-Woolf plot [198] resulted in a K, of 250 uM and a
Vmax of 77 nmol/min/mg for PfAdoMetDC (Figure 3.18B). The K, calculated here for
PfAdoMetDC is approximately 4-fold higher than reported for the 660-residue wtPfAdoMetDC-
hinge enzyme and approximately 6-fold higher when PfAdoMetDC is associated with PfODC in
the bifunctional complex (Table 3.9) [71]. However, the K,, determined here is in a similar range

to that of the homodimeric trypanosomal AdoMetDC orthologues (Table 3.9).
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Figure 3.16: Michaelis-Menten curve (A) and linear Hanes-Woolf plot (B) of PfAdoMetDC reaction
velocity measured at different substrate concentrations.

(A) The substrate affinity constant as well as Vi, of Pf/AdoMetDC was determined using Michaelis-Menten
kinetics. A substrate dilution series ([S]) ranging from 12.5 to 800 uM was used to determine the mean of the
reaction velocities (v, nmol/mg/min) from three independent experiments carried out in duplicate. S.E.M is
indicated. (B) The linear Hanes-Woolf plot was subsequently used to determine the K, and V,,,, values.

The ke of PfAdoMetDC was calculated to be 5.3 min'l, the enzyme therefore converts a
molecule of substrate into product in approximately 11 s compared to the 0.4 s it takes for human
AdoMetDC (Table 3.9). The k., values of the wtPfAdoMetDC-hinge and the bifunctional
protein preparation of PfAdoMetDC are similar and in the range of 3.3 to 4 min" (Table 3.9).
The specificity constant (k.,/Kn) for PFAdoMetDC was calculated to be 332 M 's!. This value is
3- to 4-fold less than previously reported [71] and is the lowest of the proteins analysed (Table
3.9).

Thus, it appears that the presence of the hinge region (and/or PfODC) in some way improves the
kinetics of PfAdoMetDC by increasing its substrate affinity. Importantly, compared to previous
findings [71] a similar trend is observed in which monofunctional PfAdoMetDC shows less
catalytic efficiency as indicated by the k. and K, values compared to when the protein is in

complex with PfODC.
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Table 3.9: Comparison of enzyme Kinetics for AdoMetDC from different organisms
The enzyme kinetics of PfODC are also included in order to show how the K, and k., values of the monofunctional enzymes change when they become associated with the
neighbouring domain of the bifunctional PfAdoMetDC/ODC complex.

Protein arrangement,

Organism . . Kn® Kn4+put ke (min') MDL73811 CGP48664°  Putrescine effect Reference
oligomeric state
. . 114 (-put) 5000 (-put) Stimulates activity

H. sapiens Homodimer 74 59 156 (+put) 0.56 0.005 (+put) and processing [186,204,205]
Monofunctional PfAdoMetDC, 250 54 0.33 4.1 Current study
monomer

P. falciparum  Monofunctional PfAdoMetDC-hinge 58 - 4 - 3 No effect [71,100]
Bifunctional PfAdoMetDC/ODC, 43 33 1.6 ) [71.100]
heterotetramer
Homodimer 260 ) - 100 (-put) [186]

250 6 (+put) . .
540 0.3 (-put) Stimulates activity
T. cruzi Homodimer 2 P - - of homo- and [164]
130 1.44 (+put) .
580 36 (-put) heterodimer
. -pu i} -
Monomer/prozyme, heterodimer 170 50.4 (+put) [164]
. 380 0.096 (-put)
Homod - 0.49 164,206
' omodimer 240 0.492 (+put) Stimulates activity L164.200]

T. brucei 110 84 (-put) of homodimer

Monomer/prozyme, heterodimer 170 102 (+put) - - [164]

“The K, values (in uM) are given in the presence and absence of putrescine (put) in the organisms where putrescine stimulates the activity of the protein.
” The K; values (in pM) are given in the presence and absence of putrescine (put) in the organisms where putrescine stimulates the activity of AdoMetDC.
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Analysis of enzyme kinetics in the presence of the irreversible inhibitor MDL73811 showed that
PfAdoMetDC activity decreased in a concentration dependent manner (Figure 3.17A). A
secondary plot yielded a linear graph from which a ki.c value of 0.46 min"! and a K; value of
0.33 uM were determined for MDL73811 (Figure 3.17B). Comparison to the reported K; of 1.6
uM for MDL73811 on PfAdoMetDC/ODC [100] indicates stronger inhibition of the

monofunctional enzyme (Table 3.9).
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Figure 3.17: Inhibition kinetics of PfAdoMetDC treated with MDL73811 and CGP48664.

For the irreversible inhibitor MDL73811 the Kitz-Wilson method was used where the percentage enzyme
activity (given by the maximal enzyme activity following pre-incubation with a specific [I]) for time interval t
(E,) over the enzyme activity following pre-incubation in the absence of inhibitor for each [I] tested (E)) against
time is shown (A). Linearisation was performed by plotting the inverse of the slope from the primary plot versus
the inverse of [I]. For inhibition with CGP48664 the Michaelis-Menten curves (C) showing the reaction
velocities (v, nmol/mg/min) in the presence of a substrate ([S]) dilution series ranging from 100 uM to 800 uM
and an inhibitor dilution series ranging from 2.5 pM to 10 uM are indicated. The linear Dixon plots (D) were
obtained by plotting the inverse of the reaction velocities against [I].

Inhibition kinetics of PfAdoMetDC with the CGP48664 showed that increasing concentrations
of CGP48664 did not affect the K, of Pf/AdoMetDC but instead decreased the Vi,.x, which is
typical of a non-competitive inhibitor whereby binding of the native substrate is not affected

(constant Ky,) but the efficiency of the reaction is decreased (Figure 3.17C). Linearisation of the

89



UNIVERSITY OF PRETORIA

“IV‘

&

“ UNIVERSITEIT VAN PRETORIA
g!p YUNIBESITHI YA preTORIA ST 3: Monofunctional PfAdoMetDC

Michaelis-Menten curves resulted in a Kj of 4.1 uM (Figure 3.17D), which is similar to the
reported value for wtPfAdoMetDC-hinge (Table 3.9) [100]. The finding that the inhibition of
PfAdoMetDC by CGP48664 is non-competitive is similar to that observed for T. cruzi
AdoMetDC [186]. In contrast, the inhibition of human AdoMetDC with CGP48664 is
competitive [124].

3.4.Discussion

The polyamine biosynthetic activities of P. falciparum are uniquely arranged on a bifunctional
PfAdoMetDC/ODC protein consisting of 1419 residues of which the hinge region is predicted to
be encoded by residues 530-804 [71]. The evolutionary role of such a large complex has been
extensively questioned. A possible reason could be the combined regulation of two enzymes in a
pathway via the interference of a single domain, which then communicates the change to the
adjacent domain. Another unique property of PfAdoMetDC/ODC is the presence of five
parasite-specific inserts that range in size between 6 and 157 residues and are located within both
the PfAdoMetDC [120] and PfODC [127] domains. Possible roles for these inserts, with
unknown structure, in interdomain interactions mediating activity have been shown [69]. In this
study, various biochemical and structural characteristics of the monofunctional PfAdoMetDC
domain was investigated to provide an understanding of this protein’s functionality as a
monofunctional protein compared to its role within the bifunctional complex. This information
would provide us with novel insights into the possible role of the bifunctional complex in the

homeostatic maintenance of polyamine levels within P. falciparum parasites.

Homology modeling of the PfAdoMetDC monomer with the plant structure as template
predicted the same four-layer affa-sandwich fold [120] as was observed with the human and
plant AdoMetDCs [123,184]. Furthermore, the active site and charged-buried site residues of
PfAdoMetDC are conserved with similar conformation to that of the human counterpart. In
contrast to PfAdoMetDC, which does not bind putrescine [71], the crystal structure of human
AdoMetDC revealed the presence of an unusual collection of charged residues between the [3-
sheets of each monomer that binds putrescine in a positively cooperative manner
[125,185,189,207]. The functional oligomeric unit of PfAdoMetDC has not been elucidated but
since this protein does not bind putrescine, dimerisation of PfAdoMetDC is not expected to have
a functional role. This is according to the postulation by Bale er al. in a study of human

AdoMetDC where they showed that putrescine binding and dimerisation may be linked resulting
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in positive cooperativity between the monomers of the human protein [185]. The lack of
information on the biochemical characteristics of PfAdoMetDC could be ascribed to the
ineffective heterologous expression of soluble forms of plasmodial proteins [208] such as

PfAdoMetDC/ODC

In this study, codon harmonisation of the monofunctional PfAdometdc gene was carried out to
test whether this technique could improve the heterologous protein expression within E. coli.
Codon harmonisation looks at the frequency of codon usage for each amino acid in P.
falciparum and their preference in E. coli, and then alters the code of the gene to the codon
frequency of the non-natural host (E. coli) [209]. In contrast to codon optimisation, these
changes thus ensure that the positional codon frequency of low/intermediate and high usage
codons remain similar in the non-natural host, which then allows the speed of translation to
match that of the natural host. Assuming that the translational machineries of the expression and
natural host organisms are similar, translation and pausing at the particular sites where folding of
the secondary and tertiary structures are required, is expected to occur as it would occur in the
natural host. Additionally, any false Shine-Dalgarno sites are removed that may result in the

truncation of the proteins within the expression host.

Comparison of the expression of the wtPfAdoMetDC-hinge and Pf/AdoMetDC proteins encoded
from wild-type, unharmonised and harmonised sequences, respectively, showed that
harmonisation improved the expression levels as well as protein stability of monofunctional
PfAdoMetDC. The reduction of Hsp70 co-purification in the PfAdoMetDC sample also gives an
indication that less pressure was placed on E. coli during protein translation and folding.
However, the possible improvement of protein expression due to the removal of the Strep-tag at
the N-terminus of PfAdoMetDC cannot be excluded. Addition of unharmonised nucleotides to
the harmonised gene to produce a protein comparable in size to that of wtPfAdoMetDC-hinge
(residues 1-660) [71] did not result in soluble protein. The hinge region may therefore affect
soluble protein expression. Furthermore, soluble expression of PfAdoMetDC within E. coli
showed the presence of both the unprocessed and processed proteins after affinity
chromatography indicating that the heterologous expression prevented the 100% efficiency of
the processing reaction. These results show that folding of the protein was not optimal to allow
the correct positioning of the residues involved in the autocatalytic cleavage reaction.
Subsequent analysis of the insoluble protein extracts showed that a considerable amount of these

proteins were expressed as insoluble inclusion bodies. Refolding and purification of
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monofunctional PfAdoMetDC from the insoluble inclusion bodies was therefore performed,
firstly in an attempt to increase the yield and purity of the protein and secondly to determine if
correct refolding under favourable in vitro conditions could lead to increased processing
efficiency since it is generally accepted that simply the correct structural conformation of
PfAdoMetDC is required for pyruvoyl co-factor formation. The results showed that even though
significant amounts of pure protein (without Hsp70 contamination) could be obtained from the
inclusion bodies, processing of both the PfAdoMetDC and PfAdoMetDC-hinge proteins were
abolished and only resulted in the isolation of inactive, unprocessed proteins. Preliminary far-UV
CD analyses of these samples showed similar overall secondary structural content compared to

the proteins isolated from the soluble fraction but the conformation of the proteins are unknown.

Prior to the investigative experiments to determine the oligomeric structure and activity of the
soluble PfAdoMetDC protein, different buffer screens were tested with DSF to ensure the
stability of the protein. DSF identifies ideal buffer solutions, low molecular weight ligands or
protein-inhibitor/substrate complexes that could contribute to protein stabilisation. In the
presence of the SYPRO orange dye the protein’s Tm corresponds to the temperature at which
there exists an equivalent concentration of folded and unfolded proteins. If the stability of a
protein is subsequently increased as a consequence of, for example, the co-incubation of
substrate, the free energy contribution of substrate binding results in an increase in the
temperature at which this equilibrium is obtained, which is consequently shown by an increase in
the protein’s Tm [193]. In this study, DSF analyses showed that, in comparison to a whole range
of buffers that were tested, the stability of PfAdoMetDC in dialysis buffer consisting of 50 mM
Tris/HCI, pH 8.0 and 150 mM NaCl was similar to the Tm obtained in the buffer that stabilised
the protein the most. Co-incubation of the protein with substrate analogues also resulted in

further increases of PfAdoMetDC stability.

Investigations into the oligomer formation of PfAdoMetDC were performed using SEC, non-
reducing SDS-PAGE and DLS on a pure, stable form of the protein expressed from a
harmonised gene. A concentration-dependent monomer-dimer equilibrium exists for the
PfAdoMetDC protein that could be shifted towards the monomeric form when reducing
conditions were applied. Subsequent inspection of the equivalent human AdoMetDC dimer
interface in the PfAdoMetDC model [120] suggested the involvement of the Cys505 residue in
disulphide bond formation between two monomeric proteins. This residue is not conserved

amongst all AdoMetDCs but since it is located on the 15 strand at the proposed dimer interface,
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it could form a disulphide bond with the same residue from a second monomer and thereby
stabilise the dimeric form under oxidising conditions. This residue was subsequently mutated
since it was predicted that if the PfAdoMetDC protein dimerises at the same dimer interface as
the human protein, even if this occurs at a lower association constant, then both the
PfAdoMetDC and Cys505 mutant proteins are expected to show dimeric forms with SEC.
However, if the Cys505 residue does lie at the dimer interface and stabilises the dimeric form of
the protein via disulphide bond formation, then the wild-type and mutant proteins would
probably show different dimer propensities. Mutagenesis of Cys505 confirmed the modelling
predictions and MALDI-MS results, which showed that Cys505 is indeed located at the native
dimer interface since the mutant form reduced the propensity of PfAdoMetDC to dimerise (~7.5-

fold increase in Kj).

The K4 of PfAdoMetDC in the low micromolar range indicated that this protein forms a much
less stable dimer, which is 300-fold higher than that of the dimeric human protein [185] but
similar to the monomeric plant protein [184]. DLS results also showed that mutation of Cys505
shifted the dimer-monomer equilibrium of PfAdoMetDC towards the monomer and treatment of
PfAdoMetDC with a reducing agent immediately prior to DLS analysis was not as effective as
this mutation in decreasing unwanted oligomer formation even at a concentration of the mutant
protein double than the wild-type. The results show that while PfAdoMetDC forms a dimer that
involves the same dimer interface as the human protein, dimerisation occurs at a much lower
affinity and is stabilised in vitro by a disulphide bond across the dimer interface. It should also
be noted that the formation of the disulphide bond mediated by Cys505 is not proposed to be
essential for PfAdoMetDC quaternary structure formation or activity. PfAdoMetDC is a
cytosolic protein and due to the presence of glutathione and thioredoxin redox systems in the
cytoplasm it is unlikely that the protein will be in an oxidising environment to allow the
formation of a disulphide bond in vivo [210]. Furthermore, even though the human AdoMetDC
protein is predicted to be a dimer joined by an edge-on association of the B-sheets of each
monomer at the dimer interface, inspection of the 117M structure shows that a distance of 4.27 A
exists between the Cg atoms of the hCys148 residues on strands B7 of each monomeric protein,
which could also result in the formation of a disulphide bond. The protein was, however,

crystallised in the presence of 10 mM DTT [124].

Despite the prevention of disulphide bond formation at the dimer interface with the Cys505
mutation or addition of a reducing agent, SEC analyses showed that PfAdoMetDC still formed
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dimers, especially at moderately high protein concentrations. Dimerisation in vitro could
additionally occur on a surface of the PfAdoMetDC domain which is natively involved in an
interaction with the PfODC domain within the bifunctional complex [69]. Protein-protein
docking also identified the site on Pf/AdoMetDC where PfODC is most likely to bind [152] and
involves the a-helices flanking the core B-strands of PfAdoMetDC. Such an interaction between
two PfAdoMetDC monomers would therefore occur in a side-to-side fashion as opposed to the
edge-on association of the B-strands at the dimer interface as seen for human AdoMetDC (Figure
3.9). In addition, since the relative positions of the parasite-specific inserts in the quaternary
structure of PfAdoMetDC are unknown [120] their potential role in causing dimerisation and
perhaps tetramerisation via hydrophobic/philic interactions cannot be excluded. Considering the
site of the PfAdoMetDC interaction on the PfODC domain, the O1 insert is positioned such that
it could form a possible interaction with PfAdoMetDC, which substantiates the results obtained
in Chapter 2. However, since the C505S mutant has a significantly lower dimer affinity than the
wild type, we could show here that Pf/AdoMetDC is able to dimerise at the same site which
usually mediates dimerisation of the human protein [120] and thus more closely resembles the

native conformation but is not essential for activity.

Figure 3.18 summarises the proposed in vitro model of monofunctional PfAdoMetDC oligomer
formation as obtained from the results in this chapter. The inactive protomer which has not
undergone autocatalytic processing was obtained with the heterologous expression of the protein
as well as with protein refolding from insoluble inclusion bodies. Subsequent processing of this
protomer to generate the pyruvoyl co-factor at Ser73 within the active site resulted in the
formation of the a- and B-subunits which associates into the aff-monomer. These subunits could
be resolved with SDS-PAGE and were catalytically active. The af-monomer was shown with
SEC to exist in equilibrium with an (af3),-dimer, which is similar to that of homodimeric human
AdoMetDC since dimer formation takes place as an extension of the B-sheets mediated by edge-
on interactions between the -strands from each monomer. This dimer was additionally shown to
be stabilised in vitro via disulphide formation between the Cys505 residues from each monomer.
The calculated dimerisation constant of the C505S mutant protein confirmed the location of this
residue on the B-sheet at the predicted dimer interface since mutation increased the dissociation
constant 7.5-fold. Oligomerisation of monofunctional Pf/AdoMetDC, in the absence of PfODC,
was also predicted to occur as a result of hydrophobic interactions at the native PfODC binding
site, which involve the a-helices on the “sides” of the monomers. The inclusion of butanol

during SEC of the PfAdoMetDC-C505S protein confirmed that hydrophobic sites were protected
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by this organic solvent resulting in the presence of the monomeric form of the protein. Higher

oligomers were also shown to occur with SEC, which could form as a result of hydrophobic

association and/or dimer-interface mediated interactions.
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Figure 3.18: Model of monofunctional Pf/AdoMetDC oligomerisation in vitro.

The protomer in blue undergoes autocatalytic processing to generate the pyruvoyl co-factor at Ser73 within the
active site. Processing also forms the a- and B-subunits shown in blue and magenta, respectively, resulting in an
af-monomer. These monomers are in equilibrium with an (af§),-dimer, which is similar to that of homodimeric
human AdoMetDC where dimer formation takes place as an extension of the B-sheets mediated by edge-on
interactions between the B-strands from each monomer. Under oxidising conditions the PfAdoMetDC dimer is
further stabilised by disulphide bond formation between the CysC505 residues from each monomer (a- and B-
subunits shown in yellow and pink, respectively) on the f-sheets at the predicted dimer interface.
Oligomerisation of monofunctional PfAdoMetDC, in the absence of PfODC, as a result of hydrophobic
interactions at the native PfODC binding site (shown in yellow), can also occur and involve the a-helices on the
“sides” of the monomers. Higher oligomers could also be formed due to hydrophobic association and/or dimer-
interface mediated interactions.

Far-UV CD analyses was performed to obtain initial information on the fold of PfAdoMetDC
and to additionally determine whether the C505S mutation affected the structure of the protein.
However, the prevention of disulphide bond formation at the dimer interface should not affect
the folding properties of the protein and such a bond would only be detected in the near-UV
range. The CD results showed that the AdoMetDC proteins from human and P. falciparum give
similar spectra, with high contents of B-strands. Additionally, 30-40% of the PfAdoMetDC
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protein was calculated to be unordered structures and may be contributed by the parasite-specific
inserts [120]. The far-UV CD analyses also confirmed identical spectra between PfAdoMetDC
and the mainly monomeric C505S mutant, indicating that the prevention of covalently-linked

dimer association did not cause a secondary structure change in the monomeric protein.

The recombinant monofunctional PfAdoMetDC protein produced here from a harmonised gene
is therefore believed to be similar in conformation to the native protein. This is based on the
secondary structure comparison as determined with far-UV CD that showed similarities between
the P. falciparum and human AdoMetDCs as well as the confirmation that disulphide formation
at the proposed dimer interface is mediated between closely situated Cys505 residues, which
confirm the dimer interface predictions of Wells et al. [120]. The presence of the processed form
of the recombinant protein, which is reliant on the exact positioning of the Argl1-Lys15-Lys215

triad, also indicates the correct conformation of the recombinant protein.

The mechanism of processing within AdoMetDC where a Ser residue undergoes serinolysis to
produce the pyruvoyl co-factor has been extensively studied in the human and 7. cruzi proteins
where specific residues involved have been mutated and tested for their role in the processing
reaction [125,185-189]. As mentioned previously, neither the catalytic activity nor processing of
P. falciparum and plant AdoMetDC, is stimulated by putrescine. These two orthologues may
therefore be constitutively processed to allow for continuously active protein, which is
nonsensical in the case of plant AdoMetDC due to the various important functions that the
polyamines mediate. Additionally plant AdoMetDC translation is also regulated by a well-
characterised small upstream open reading frame [211,212]. For PfAdoMetDC, the activity may
be regulated by a different mechanism. It is also important to note that dcAdoMet is exclusively
used as a substrate in the polyamine pathway, thus once produced it is committed to this
pathway. It is therefore unlikely that PfAdoMetDC would be constitutively active to
continuously supply dcAdoMet. Moreover due to the important roles of AdoMet in various
methylation reactions its abundance would be tightly regulated [178]. The expression of the
constitutively active protein may therefore be regulated, which, once again, alludes to the
bifunctional arrangement of PfAdoMetDC and its contribution to protein activities. Furthermore

the roles of AdoMet or dcAdoMet as possible allosteric effectors need to be investigated.

In PfAdoMetDC, Ser73 is converted into a pyruvoyl group and previous studies have shown that

mutation of this residue results in an inactive protein [71]. Residues involved in the active and
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charged-buried site are conserved while those involved in putrescine-binding (human) and the
charged-buried site (plant and P. falciparum) are diverse (Table 3.8). The PfAdoMetDC
homology model showed that residues Argl1, Lys15 and Lys215 may mimic putrescine binding
as their locations correspond to the positions of the amino terminals of putrescine [120].
Furthermore, for human AdoMetDC, residue hSer229 was shown to be situated close to the
processing site and the hydroxyl group of this residue was shown to be essential for the
processing reaction as confirmed with mutagenesis and subsequent 3D structure analysis [125].
In the current study, the corresponding Ser421 residue was mutated to Ala, however, the results
showed that this residue has no effect on the processing reaction but its mutagenesis resulted in
decreased enzyme activity. These results show that in the parasite an alternative mechanism is
involved where another residue provides the hydroxyl group needed for processing but similarly
to the human protein, Ser421 does influence enzyme activity, probably due to its proximate
location to the active site. This result was unexpected and indicated that differences exist
between the processing mechanisms of human and P. falciparum AdoMetDCs that needs to be

investigated further.

Previously it was shown that residues Arg34 and Argl8 from 7. cruzi and plant AdoMetDC,
respectively, are essential for processing to occur [184,187]. Arg34 represents the key structural
change to explain why 7. cruzi AdoMetDC processing is not stimulated by putrescine. In this
study, the corresponding residue Argl1 from PfAdoMetDC was also shown to be essential for
the processing reaction [120]. These results did not only confirm the importance of Argl1 in the
PfAdoMetDC processing reaction but also showed that expression of such a mutant protein
results in the production of a single PfAdoMetDC species instead of the heterogeneous mixture
of processed and unprocessed proteins obtained with wild-type protein expression. This protein,
despite it being inactive, could be advantageous for future crystallisation studies in which a

homogeneous protein solution is required.

This study has therefore shown that monofunctional PfAdoMetDC forms a dimer in solution and
that dimerisation is stabilised by various factors. More information could also be obtained on the
structure as well as the unique mechanism of processing of this protein. However, since the
major aim of this study was to characterise Pf/AdoMetDC in order to obtain insights into the
contribution of this domain to the bifunctional complex, enzyme kinetics of the monofunctional
domain were compared to the kinetics of PfAdoMetDC within the bifunctional complex.

Previous studies have shown increased substrate affinity of PfAdoMetDC within the bifunctional
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complex [71], which is hypothesised to be introduced by subtle changes as a result of
interdomain protein interactions with the PfODC domain. In Chapter 2 this was further
investigated whereby the critical role of the O1 parasite-specific insert was implicated in these
interactions. In this study, initial activity analyses of monofunctional PfAdoMetDC reinforced
previous studies [69,71], which showed that both the hinge region and the PAODC domain play
important roles in the kinetic properties of PfAdoMetDC. Previous studies have shown that the
removal of a central part of the hinge region (residues 573-752) from the bifunctional protein
decreases PfAdoMetDC activity by 24% relative to its activity within the bifunctional complex
[69]. Further removal of both the PAODC domain as well as half of the hinge region to create the
wtPfAdoMetDC-hinge protein (660 residues) increased activity by 20% [71] while, as shown in
this study, the further deletion of 88 residues from the hinge region (572 residues) increased
activity by 55% relative to the activity within the bifunctional complex (Figure 3.19). However,
the kinetics analyses showed reduced substrate affinity of the latter enzyme (K, of 250 uM)
compared to that of the Pf/AdoMetDC domain in the bifunctional complex (K, of 43 uM )
(Figure 3.19) [71]. The K, value obtained here is surprisingly similar to that of homodimeric
trypanosomal AdoMetDC (Table 3.9) suggesting that, in the absence of the hinge or the PfODC
domain, monofunctional PfAdoMetDC behaves like kinetoplastid AdoMetDCs. However,
PfAdoMetDC is still a less catalytically efficient enzyme compared to AdoMetDCs that are
activated by putrescine (human, 7. cruzi) or prozyme (kinetoplastids). In the presence of
prozyme the k., of T. brucei AdoMetDC is increased 1200-fold [163] while a similar situation
was seen for 7. cruzi where both prozyme and putrescine increased the enzyme efficiency to a
level similar to that of the fully activated counterpart in 7. brucei (Table 3.9) [164]. Therefore, it
can be postulated that the bifunctionallity of Pf/AdoMetDC/ODC allows the parasite to mediate
regulatory mechanisms between the two decarboxylase domains but an allosteric effector
remains to be identified that could increase the enzyme efficiency of PfAdoMetDC to the levels

observed for human and heterodimeric trypanosomal AdoMetDCs.

The results show that binding of PfODC results in a 6-fold change in both the specific activity
and K, of PfAdoMetDC resulting in slightly lower enzyme efficiency (k¢ of 5.3 min! versus
3.3 min™) (Figure 3.19). The K,, of monofunctional PfAdoMetDC is therefore considerably
increased so as to prevent the binding of metabolically important AdoMet when putrescine-
producing PfODC is absent. Within the bifunctional complex, the affinities of both enzymes for
their respective substrates improve (43 uM for PfAdoMetDC and 42 uM for PfODC) with

synchronised enzyme catalytic rates of approximately 3 min™ (Figure 3.19) [71] producing
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dcAdoMet and putrescine every 18-20 s for the subsequent synthesis of spermidine by PfSpdS.

These property changes of the two enzymes in the bifunctional complex is hypothesised to be

due to subtle changes in the active site centre induced by long-range effects [134] modulated by

interdomain protein interactions with PfODC [69] to regulate the polyamine levels within the

parasite.
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o L 120% > 660
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Heterodimer ~165 kDa
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Figure 3.19: Schematic diagram describing the coordinated activities of the domains within the
bifunctional AdoMetDC/ODC complex from P. falciparum.

In the central diagram, the PfAdoMetDC/ODC bifunctional arrangement is shown with the processed o- and f3-
subunits of PfAdoMetDC shown in blue and magenta, respectively. This domain is linked to the C-terminal
PODC domain (green) with the hinge region (grey). The approximate protein sizes of the heterodimeric
complex (~165 kDa) as well as the heterotetrameric bifunctional complex (~330 kDa) are indicated [70]. Above
the diagram the activities of the different constructs of PfAdoMetDC are shown, which are expressed as a
percentage of the PfAdoMetDC activity in the bifunctional complex (a) [71] by taking into account the different
sizes of the proteins in relation to the 1419-residue bifunctional protein. The lengths of the proteins are indicated
as black lines in proportion to the schematic diagram of the bifunctional protein while the deleted hinge region in
(b) is shown with a dashed line. The positions of the Strep-tags are shown as blue boxes. The AdoMetDC and
ODC reactions produce dcAdoMet and putrescine, respectively, and enzyme kinetics have shown that within the
bifunctional complex these domain activities are coordinated such that equimolar quantities of the products are
synthesised. The activities of (a) and (c) as well as the enzyme kinetics data were obtained from [71], the activity
of the hinge deletion mutant is from [69] while the result of the shortest protein was obtain in the current study.

Trypanosomal AdoMetDC behaviour was also observed when PfAdoMetDC was treated with

CGP48664. In contrast to what was shown for human AdoMetDC [124], this substrate analogue

inhibited PfAdoMetDC non-competitively. Similarly, non-competitive inhibition was also shown
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for T. cruzi AdoMetDC [186] where enzyme activity was actually increased in the presence of
<10 uM CGP48664 while inhibition was only observed at higher concentrations or in the
presence of putrescine (K; of 6 uM). The authors suggested that in the absence of putrescine, the
compound binds to the putrescine-binding site and acts as an agonist of activity as putrescine
would and when bound to the active site it acts as an inhibitor. The data also suggested that the
inhibitor binds with higher affinity to the putrescine-binding site and only inhibits at higher
concentrations when it saturates the active site. For PfAdoMetDC, the inhibitor concentrations
used were below 10 uM and no increase in activity was observed, which was expected since the
putrescine-binding site is absent and is replaced with analogous positively-charged residues. This
result shows that both the substrate and inhibitor can either fit within the active site, which
suggests that the active site is large enough to accommodate both or that another more complex
kinetic model is required. Alternatively the inhibitor might be binding at a site different from that
of the active site, thus resulting in a negative allosteric effect. For 7. cruzi the observed effect
could be explained by the presence of Leu242, which, if mutated to the human counterpart (Thr),
abolished inhibitor activation of activity and resulted in pronounced inhibition at lower inhibitor
concentrations [186]. In PfAdoMetDC this residue corresponds to Phe413, which is located
adjacent to Phe415, an essential residue involved in substrate binding. Interestingly, human
AdoMetDC inhibition with CGP48664 was shown to be extremely effective only in the presence
of putrescine and subsequent co-crystallisation showed inhibitor binding within the active site

[124].

Currently, AdoMetDC from various sources are classified into five distinct subclasses based on
oligomeric structure (a- and B-subunits as well as prozyme binding), mechanism of autocatalytic
processing and activation factors [196,197]. The subclasses can be divided into two main groups;
those from bacterial or archeal origin are in Group 1 while the eukaryotic AdoMetDCs fall into
the second group (Table 3.10). Group 1 is further subdivided based on oligomeric status and the
requirement of a metal ion for activity (subclass la: gram-negative bacteria, tetramer) or an
unknown activation factor (subclass 1b: gram-positive bacteria and archaea, dimer). Group 2
constitutes the eukaryotic enzymes that are not affected by putrescine (subclass 2a: plant,
monomer) and those that do bind putrescine are further subdivided into the human (subclass 2b-
I, dimer) and the trypanosomatids (subclass 2b-II, heterodimer with prozyme) AdoMetDC
classes [196]. Based on these different groupings and with respect to monofunctional activity
and oligomeric arrangement, Pf/AdoMetDC seems to belong to the parasitic AdoMetDC subclass

2b-1II. However, properties such as the unique bifunctional arrangement, the presence of parasite-
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specific inserts and lack of activation by putrescine or prozyme denote that AdoMetDC from
Plasmodium spp does not fall within the subclasses that are currently described. We therefore
propose a distinct subclass for plasmodial AdoMetDCs, namely subclass 2b-III for which a

possible activation factor remains to be indentified (Table 3.10).

Table 3.10: Subclasses of AdoMetDCs from different organisms

Subclass Fold Oligomer Stimulation/activation Organism

la (af)4 Tetramer Metal ion E. coli

1b (ap), Dimer Unknown T. maritima
2a of Monomer None S. tuberosum
2b-1 (ap), Dimer Putrescine H. sapiens
2b-11 af+prozyme Heterodimer Putrescine and prozyme  T. cruzi, T. brucei
2b-II1 (af)+PfODC  Heterotetramer PfODC? P. falciparum
3.5.Conclusion

In conclusion, this study has shown that PfAdoMetDC expressed from a codon-harmonised gene
appears as a monomer in moderate protein concentrations but we have strong indications that at
high concentrations an oligomer appears that corresponds to that of the human protein, an (af);
dimer. This dimer was also shown to be stabilised under oxidising conditions by the formation of
a disulphide bond between the Cys505 residues from each monomer. PfAdoMetDC has therefore
not lost its ability to dimerise and shares quaternary structure similarities to that of human
AdoMetDC. Nevertheless the dimer affinity of PfAdoMetDC is orders of magnitude lower than
the human orthologue. The results also showed that, according to the estimated Ky values and at
the concentration used for determining the specific activity of PfAdoMetDC, more than 95% of
the protein exists in the (af) monomeric form. This correlates with a suggestion made previously
that putrescine binding and dimerisation is linked [185]. Kinetics here and elsewhere [71]
showed that monofunctional, monomeric Pf/AdoMetDC behaves like other parasite AdoMetDCs
while the bifunctional complex causes changes in the kinetic properties, which might be due to
interdomain protein interactions imposed by the PfODC domain that result in coordinated
domain activities. The results also show that an allosteric regulator remains to be identified that
can activate the in vitro PfAdoMetDC to the levels observed with the trypanosomal AdoMetDC
and prozyme interaction [164,213]. Allosteric binding could induce conformational changes in
one domain of the bifunctional complex that are then transmitted to the neighbouring domain. In
our experiments PfODC seems the most likely target for such an effect as this domain is more

refractory to change [69,103].
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These studies contribute to the structural and functional characterisation of PfAdoMetDC, which
points towards the classification of this protein into a distinct structural class, suggested as 2b-
ITII. Furthermore, this study has provided important starting points for crystallography from
which the structure can aid in the identification of drug-like lead compounds for the inhibition of

PfAdoMetDC activity.
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Chapter 4: Crystal structure of PfSpdS
Chapter 4:

Validation of pharmacophore-identified inhibitors against
Plasmodium falciparum SpdS with X-ray crystallography

4.1.Introduction
The ensemble of the polyamines; putrescine, spermidine and spermine has been shown to occur
in millimolar concentrations within the parasite and correspondingly increase during the asexual,
intra-erythrocytic developmental cycle of the parasite [10,67,100]. Upstream precursor
metabolites required for the synthesis of polyamines including L-ornithine as substrate also
increase during maturation of the parasites [214]. The stoichiometric by-product of spermidine
formation, MTA, is catabolised and recycled to adenine and methionine within the parasites
[215]. The level of spermidine exceeds that of other polyamines, emphasising the role of PfSpdS
as a major polyamine flux determining protein [100]. Additionally, spermidine appears to have
greater metabolic importance compared to the other polyamines as it is a prerequisite for the
post-translational activation of eIF-5A (involved in translation initiation and elongation [216])
and in trypanosomes for the biosynthesis of the gluthathione mimic, trypanothione [217]. Some
effects of polyamine biosynthesis inhibitors have therefore been attributed to the accumulation of
unmodified eIF-5A due to spermidine depletion while null mutants of SpdS have also
demonstrated their essential role in the survival of L. donovani parasites [218]. Moreover, in the
plasmodial parasite, biosynthesis of spermine has also been attributed to the action of PfSpdS
[98], highlighting that attenuation of this protein holds promise to disrupt not only spermidine-

dependent processes but also the formation of the downstream spermine metabolite [219].

The design of SpdS inhibitors has proven more challenging than expected with the most
effective compound being 4AMCHA (K; of 1.4 uM, Figure 4.1)[220]. Throughout the 1980s and
early 1990s various putrescine and dcAdoMet analogues were synthesised but none were found
to inhibit SpdS activity within the nanomolar range [221-226]. However, with the release of the
first SpdS crystal structure from 7. maritima (1JQ3) in 2002, which was co-crystallised with the
multi-substrate, transition state analogue AdoDATO (Figure 4.1) [132], SpdS has again received
attention. This is moreover evidenced by the release of 38 SpdS crystal structures of which ten
are from H. sapiens and seven are from P. falciparum. Furthermore, PfSpdS and its importance
as a possible drug target has also been revisited in the last couple of years with the use of

transcriptomics and inhibitor co-crystallisation studies [119,182,227].
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Figure 4.1: Chemical structures of various SpdS inhibitors.

Chemical structures were obtained from ChemSpider (http://www.chemspider.com/) where oxygen and hydroxyl
groups are shown in red and nitrogen and amine groups are in blue. Abbreviations: AdoDATO, S-adenosyl-1,8-
diamino-3-thio-octane; APA, 3-aminooxy-1-aminopropane; APE, 5-amino-1-pentene; CHA, cyclohexylamine;
dcAdoMet, decarboxylated S-adenosyl-L-methionine; 4MCHA, trans-4-methylcyclohexyl amine; MTA, 5'-
methylthioadenosine.

Despite the release of the PfSpdS crystal structure, studies directed at polyamine biosynthesis as
a drug target in P. falciparum have mainly been focused on PfAdoMetDC and PfODC with
attention only being paid to PfSpdS in the last couple of years. Simultaneous targeting of these
enzymes may also present a promising strategy in which to deplete polyamine biosynthesis
within the parasite. In addition, since PfSpdS is expressed during erythrocytic schizogony with
both the mRNA and protein levels peaking at the late trophozoite stage [98], which coincides
with the transcriptional abundance of the bifunctional PfAdometdc/Odc (Figure 1.7),
simultaneous inhibition of all of the polyamine biosynthetic enzymes could take place during the
same stage of the life cycle. Further studies are therefore needed to identify novel inhibitory
compounds that can be used to explore PfSpdS as a potential drug target for the

chemotherapeutic treatment of malaria parasites.

The active site of SpdS contains two binding cavities, one for the adenosine substrate dcAdoMet
and the other for the diamine putrescine. Early spatial deductions concerning the active site of
SpdS suggested that the putrescine-binding cavity has favourable hydrophobic interactions with
central primary alkyl components of putrescine and other alkylamines [226]. Other requirements

for inhibitory activity of putrescine cavity binding compounds appeared to be related to the
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atomic length of the alkyl chain and the flanking amine groups, illustrated by the fact that
inhibitors 5-amino-1-pentene (APE), 4MCHA and APA have similar alkyl chains lengths
(Figure 4.1) [98]. Of these, 4AMCHA is considered as the most promising PfSpdS inhibitor. This
cyclohexylamine-based inhibitor was shown to occupy the putrescine-binding cavity where the
cyclohexyl ring and methyl group align with the methylene groups of putrescine and the amine
group occupies the region of the non-attacking nitrogen of putrescine [119]. Binding of the
inhibitor was shown to be extremely effective with a Kj of 0.18 uM and an ICs, value of 35 uM
on the parasites cultured in vitro. However, spermidine supplementation did not reverse the
effects of inhibition and the possibility of 4MCHA having non-selective inhibition could
unfortunately not be excluded [98]. Continuous in vivo administration of 4MCHA only reduced
body-weight gain in rats and resulted in non-lethal altered spermine content in various tissues
[228]. The inhibitor also had no effect on parasite proliferation in vivo and failed to cure P.
berghei-infected mice [93], possibly due to assimilation of 4MCHA in the host organism.
Extensive structure-activity relationship studies of this compound did not result in improved
inhibitory compounds [226]. AdoDATO, resembling the dcAdoMet and putrescine transition
state, has been shown to have remarkably good binding characteristics to PfSpdS with an in vitro
enzyme inhibitory activity of 8.5 pM. Subsequent X-ray co-crystallisation studies confirmed that

the compound occupies both the dcAdoMet and putrescine-binding cavities [119].

Crystallographic evidence has sparked interest for the development and application of
computational structure-based drug design approaches against PfSpdS [119]. A study by
Jacobsson et al. in 2008 identified several active site binders using a structure-based
pharmacophore model, virtual screening and experimental validation with NMR. Two of the
compounds were predicted to bind in the putrescine-binding cavity. Interestingly, these two
compounds were shown to have stronger binding affinity in the presence of MTA, which could
be due to the known feedback regulatory effects of MTA on PfSpdS activity thereby providing
additive inhibitory effects [98] or that the occupied dcAdoMet-binding site stabilises the binding
of the compounds within the putrescine-binding pocket [97,119]. Several other compounds were
predicted to bind in the dcAdoMet-binding cavity and were shown to compete with MTA.
However, two weaknesses of this study include the treatment of the protein as a rigid body,
which means that induced fit effects of compounds were not considered and several promising
compounds could therefore have been missed as well as the similarity of the compounds to
AdoMet. Since the binding interactions of AdoDATO were used as the search model in the

pharmacophore model, many of the compounds resemble the AdoMet structure and may
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therefore display off-target effects and reduced specificity due to the many important functions

that AdoMet perform [178].

The lack of the discovery of effective compounds against PfSpdS activity by following both
ligand and receptor-based approaches warranted the need of a different approach to identify
novel lead compounds. The development of a receptor-based, “dynamic” pharmacophore model
(DPM) was consequently selected as the method of choice. This methodology was developed by
Carlson et al. and attempts to account for the inherent flexibility of the active site, thereby
aiming to reduce the entropic penalties associated with ligand binding [229]. The need to
incorporate protein flexibility during virtual screening has been a long standing challenge and it
is estimated that top docking algorithms incorrectly predict binding poses 50 to 70% of the time

when a single rigid receptor structure is used [230].

In the doctoral study by P. B. Burger (University of Pretoria, [231]), a receptor-based DPM was
developed to identify potential inhibitory compounds against PfSpdS that could be optimised as
good inhibitors of PfSpdS [231]. The results from this study form the basis of this chapter in
which the compounds that were identified were validated with the use of protein X-ray

crystallography.

4.1.1. Identification of novel compounds against PfSpdS with the use of a dynamic
pharmacophore model

At the start of this study, several PfSpdS structures had been deposited in the PDB database and
therefore provided valuable starting points to develop a novel, receptor-based DPM for PfSpdS.
An area of 7 A’ containing 62 residues of the PfSpdS active site co-crystallised with AdoDATO
(2I7C, chain C) was used to create a subensemble, which was subsequently used in a MD
simulation. This approach ensured a better sampling of the active site conformational changes
than using a rigid protein backbone [229]. The clustering was performed separately for each
monomer of the simulated dimer and the centre structures of the top five representative clusters
of both monomers were selected and compared based on their root mean square deviation
(RMSD) values. From these structures five structures were selected to best represent the RMSD
range between the structures and were subsequently used in further studies (Figure 4.2). These
selected structures were representative of 96.2% of the sampled phase space and should therefore

be statistically more meaningful than randomly selected structures from the MD simulation.
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Figure 4.2: Clustering of the MD trajectory of PfSpdS in the absence of ligands.

(A) The representative cluster sizes in percentage of total structures sampled for both monomers B and C of the
structures selected to represent the PfSpdS subensemble (i.e. Cluster 1 of monomer B (Clus1B) represents 68%
of the total structures sampled for monomer B). (B) The representative structure ensemble obtained during phase
space sampling of PfSpdS using MD. The active site surface is displayed in black. (C) The RMSD values of both
the backbone and active site residues of the substructure ensemble. The RMSD values of the crystal structure of
PfSpdS (2PT9 monomers A to C) are also included.

A comparison between the MD starting structure and the subensemble of structures revealed
important conformational changes within the putrescine-binding cavity. Most significant is the
conformational change that residue GIn229 undergoes in the absence of AdoDATO. The amide
group of this residue orientates itself perpendicular in the apo-state compared to the orientation
within the holo-state, which was later confirmed by the release of the apo-PfSpdS crystal
structure (2PSS). The adopted orientation of GIn229 would not allow for the identification of
pharmacophore features (PhFs) that represent binding of the attacking nitrogen of putrescine.
Therefore, although the conformation of GIn229 adopted during the MD simulation was
confirmed by the apo-PfSpdS structure, it was clear that using only the subensemble of structures
for the development of a DPM would not adequately represent the binding characteristics of the
active site and in particular the putrescine-binding cavity. Subsequently, the three monomers of
PfSpdS co-crystallised with 4AMCHA and dcAdoMet (2PT9) were included in the negative image
construction of the PfSpdS active site. It was concluded that these structures provided adequate

phase space sampling for both the bound- and apo-states.
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The chemical space within the active site was subsequently explored using molecular interaction
field (MIF) analysis to find energetically favourable binding hotspots by using probes
representing hydrogen bond donor (HBD), hydrogen bond acceptor (HBA) and hydrophobic
(HYD) pharmacophore features (PhFs). Visual inspection of the active site of the PfSpdS crystal
structures 2I7C and 2PT9 containing AdoDATO and 4MCHA, respectively, revealed two
solvent molecules that make important interactions with their respective PhFs (residues Glu231
and Glu46) [119]. A water probe was therefore used to identify these binding hotspots for the
water molecules within the subensemble of structures. These water molecules therefore facilitate
PhF identification by providing important HBD and HBA characteristics within the binding
areas of interest. The most common chemical moieties were found to be the NH, OH, CH, and
NH;" entities and were subsequently considered in the selection of probes to explore the PfSpdS

active site.

As mentioned before, the active site of PfSpdS is divided into two binding cavities, one for
putrescine and one for dcAdoMet. The r-shaped cavity of the active site and its dimensions led to
the subdivision of the entire active site into four binding regions, namely DPM1 through to
DPM4, to facilitate the pharmacophore searches as well as to explore specific regions of interest
within the protein (Figure 4.3). For each of these regions various DPMs represented by different
combinations of PhFs were constructed. Figure 4.3A shows a 2D representation of the PfSpdS

active site with the natural occurring substrates within their respective binding cavities.
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Figure 4.3: 2D representation of the active site of PfSpdS illustrating different regions used to explore and
construct DPMs.

(A) The PfSpdS active site containing the natural occurring substrates dcAdoMet and putrescine within their
respective binding cavities. (B) to (E) DPMs 1 to 4. The distances in A between the furthest apart HBD PhFs
within the entire binding cavity are shown in (B).

The DPM1 binding region was selected to explore the putrescine-binding cavity (Figure 4.3B,
green). DPM2 was selected to explore the chemical space extending from the putrescine-binding
cavity into the dcAdoMet-binding cavity by bridging of the catalytic centre (Figure 4.3C,
yellow). DPM3 included the catalytic centre and was used to explore the dcAdoMet-binding
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cavity (Figure 4.3D, dark blue) while DPM4 was used to explore the entire active site of PfSpdS
(Figure 4.3E, red).

The drug-like subset of the ZINC database containing 2 011 000 unique entries was screened for
compounds using the DPMs. The compounds identified during these searches were fitted to their
corresponding DPM to obtain the best fitting compounds and these were ranked accordingly.
Visual inspection of these compounds was then performed to select the top compounds based on
their fit values and orientation within the active site. Selected compounds were finally docked
using AutoDock 4 [232] to evaluate their energy scores and poses within the active site.
Representative compounds were selected for the four DPMs to test in vitro against the
recombinant enzyme but only one of the nine compounds, which targets the DPM2 binding

cavity, showed significant inhibitory activity and will therefore be discussed here.

4.1.1.1. Identification of compounds targeting the DPM2 binding cavity

Besides for AdoDATO that occupies the entire active site, there are currently no inhibitors that
bind within the DPM2 cavity, which involves the catalytic centre. PhFs within this cavity were
specifically selected (Figure 4.4A) and fourteen DPMs were constructed. The ZINC database
screen resulted in 1800 hits for which the best-fit values were calculated and subsequently used
in combination with visual inspection as selection criteria. Twenty-four compounds were
selected and docked to evaluate the docking poses and related docking energies before they were

considered for in vitro testing.

The compound N-(3-aminopropyl)-trans-cyclohexane-1,4-diamine (NACD) was rationally
derived by taking into consideration the information obtained from MIF analysis as well as
confirmed PhFs (protein-ligand interactions) and represents a basic structure or scaffold for an
inhibitor of PfSpdS, which is similar in structure to spermidine (Figure 4.4B). NACD is not
commercially available but has been tested for inhibition against deoxyhypusine synthase and
found not to inhibit the latter [233]. NACD was docked to PfSpdS resulting in the expected
binding poses with good binding energies. The cyclohexylamine ring of NACD would bind in a
similar manner as 4MCHA does while the aminopropyl chain would bind to the same cavity as
the aminopropyl group of dcAdoMet (Figure 4.4B). It is also expected that the hydrogen bonds
between the nitrogen connecting the aminopropyl chain of NACD to the cyclohexylamine ring
would reduce the binding penalty an aliphatic carbon would have by bridging the catalytic centre

and thus increase the binding affinity and inhibition.
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Figure 4.4: PhFs selected to describe the most important binding characteristics of the DPM2 binding
cavity as well as the proposed docking poses of NAC and NACD within PfSpdS.

(A) The PhFs best describing the binding characteristics of the DPM2 binding cavity within PfSpdS. The red
spheres represent the positive ionisable features and the blue sphere represents the hydrophobic feature.
AdoDATO is shown in green and 4MCHA and dcAdoMet are shown in grey. The residues in white represent
some of the residues that define the PhFs shown. (B) The docking pose of NACD (grey). Hydrogen bonds are
predicted to form with Ser197 and Tyr102 upon binding. The aminopropyl chain of NACD bridges the catalytic
centre and binds within a similar chemical space as the aminopropyl chain of dcAdoMet. 4AMCHA and
dcAdoMet are shown in green. (C) The docking pose of NAC (grey). NACD only differs in the additional amino
group on the cyclohexyl ring, which is predicted to form a hydrogen bond with Asp199 that forms part of the
gate-keeping loop (grey ribbon). 4AMCHA and dcAdoMet are shown in green.

However, since NACD was not commercially available at the time, substructure searches using
SciFinder were performed to identify similar compounds. N-(3-aminopropyl)-cyclohexylamine
(NAC) was subsequently identified and was docked to PfSpdS to evaluate its binding pose and
docking energies. Good binding poses and low binding energies were obtained. NAC differs
from NACD in that its ring moiety is a cyclohexylamine and not a 1,4-diaminocyclohexyl ring
and therefore assumes the same binding pose and hydrogen bond pattern as NACD except for the

missing amino group (Figures 4.4B and C). This made NAC a good alternative to test.

In this study we report the evaluation of two lead inhibitory compounds against PfSpdS that were
identified in silico with the use of a dynamic DPM with the aim of further chemical optimisation
to promote these to potential antimalarial therapeutics. These hits were tested against the
recombinant PfSpdS protein followed by the kinetics of inhibition. These compounds were
furthermore tested for their effect on the survival of in vitro cultured malaria parasites. Finally,
protein crystallography was performed to validate the in silico predicted interactions of these
compounds within the active site of the protein. Besides for the large AdoDATO complex, this is
the first study that has identified an inhibitory compound that crosses the catalytic centre of the

PfSpdS active site and thereby competes with putrescine and dcAdoMet binding.
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4.2.Methods
4.2.1. Enzyme kinetics of PfSpdS treated with lead inhibitor compounds

These studies were performed by S.B. Reeksting [101]. A 87 bp N-terminus deletion of PfSpds
cloned into pTRCHisB (Invitrogen) was expressed and purified from E. coli BLR (DE3)
according to Haider et al. [98]. Purified PfSpdS was subsequently assayed and the spermidine
reaction product was visualised and quantified using thin layer chromatography and liquid
scintillation counting as described previously [98]. Statistical analysis was performed using
paired Students t-test with GraphPad Prism v5.0 (GraphPad Software, Inc.) in which P-values

below 0.01 were considered statistically significant.

Additional kinetic experiments were performed to determine the K; of NAC (TCI Europe, 251
g/mol) by varying the putrescine concentrations and keeping the concentration of dcAdoMet

fixed at 100 uM. Reaction incubation and enzyme inactivation was performed as before.

4.2.2. In vitro growth inhibition of P. falciparum

These studies were performed by D. Le Roux [234]. P. falciparum strain 3D7 was maintained as
described in the method of Trager and Jensen [235]. Parasites were synchronised with D-sorbitol
(Sigma-Aldrich) according to established methods [236]. In vitro growth inhibition was
monitored with the Malaria SYBR Green I Fluorescence assay [237,238]. The binding of
SYBR® Green I (Invitrogen) to parasitic nucleic acids during the ring stage of parasite growth
(1% parasitaemia, 2% haematocrit) was monitored at the end of a 96 h incubation period at
37°C. NAC and NACD (PharmaAdvance Inc, China, 280.61 g/mol) were selected for ICsg
determination. NAC was dissolved in dddH,O and NACD in 1xPBS and the compounds were
diluted two-fold from starting concentrations of 1 mM and 600 uM in culture medium. Treated
and untreated parasites were run in parallel and all assays were performed in triplicate in 96-well
micro titre plates. A volume of 0.2 pl of SYBR Green I/ml of lysis buffer (20 mM Tris/HCI pH
7.5, 5 mM EDTA, 0.008% (w/v) Saponin, 0.08% (v/v) Triton X-100) was added to each well
followed by gentle mixing. After 1 h of incubation in the dark at RT, fluorescence was measured
with a Flouroscan Ascent FL Fluorimeter 2.4 with excitation and emission wavelengths of 490

nm and 520 nm, respectively and an integration time of 1000 ms.

Analysis of the fluorescence obtained was performed with SigmaPlot v11.0. Fluorescence
readings were plotted against the logarithm of the compound concentration to produce a

sigmoidal dose response curve. Curve fitting by non-linear regression was performed to yield the
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ICsp values, which represent the concentrations that produced 50% of the observed decline from

the maximum counts in the untreated control wells.

4.2.3. Near-UV CD of PfSpdS in the presence of active site ligands

Near-UV CD was performed to test whether any structural changes take place when the active
site is occupied by substrates or the NAC and NACD inhibitors. The results could also be used to
validate possible structural changes observed with the protein co-crystallised with the inhibitors.
Previous results have shown that binding of dcAdoMet or MTA stabilise the active site gate-
keeping loop, which contains residues DSSDDPIGPAETLFNQN. The JASCO J815 CD
instrument was used to determine the near-UV spectra of the purified PfSpdS protein at a
concentration of 1 mg/ml (28.9 uM) in crystal buffer (10 mM HEPES pH7.5, 500 mM NaCl).
The protein samples were incubated at RT for 30 min with [2.5 mM NAC] or [2.5 mM NACD],
[2.5 mM putrescine], [20 uM dcAdoMet+2.5 mM spermidine] and [20 uM dcAdoMet]. The low
amount of dcAdoMet relative to the protein concentration (20 uM versus 29.8 uM) that was used
due to limited quantities of this compound could mean that possible structural changes as a result
of dcAdoMet binding would not be detected. As control, the spectrum of the apo-protein was
also measured. Measurements were conducted in 10 mm cuvettes at a wavelength range of 320
to 250 nm at 20°C, using a wavelength interval of 0.5 nm, a bandwidth of 1 nm and a scanning
speed of 20 nm/min. Five readings were accumulated per sample, the spectrum of crystal buffer

was subtracted and the data points were averaged.

Since near-UV CD gives a much weaker signal than far-UV CD double the amount of protein
was used (1 mg/ml) than before (section 3.2.6) as well as a cuvette with a longer path length (10
mm versus 1 mm). The molar ellipticity ([#]m) of each data point in units deg cm” dmol™ was

calculated as follows according to Bale et al. [185]:

A x MW
[6]m =

S 10x1xC
Where A@ is the reading in degree, MW is the molecular weight of the protein in g/mol, 1 is the path length in cm
and C is the concentration of the protein in mg/ml.

Signals that arise in the region from 250-270 nm are attributable to Phe, signals from 270-290
nm are from Tyr and those from 280-300 nm are from Trp. Disulphide bonds give rise to broad

weak signals throughout the spectrum.
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4.2.4. Protein crystallisation of PfSpdS in complex with lead inhibitor compounds
4.24.1. Protein purification

For protein crystallisation of PfSpdS, the gene sequence corresponding to a protein lacking 39
residues at the N-terminus and cloned into the p15-TEV-LIC vector was obtained from the
Structural Genomics Consortium in Toronto (http://www.sgc.utoronto.ca/). Protein expression
and isolation was followed according to Dufe et al. and included purification via both anion
exchange (alEX) and SEC [119]. Briefly, clear cell lysate after cell disruption and
ultracentrifugation was loaded onto a DEAE Sepharose column (GE Healthcare) previously
activated with 2.5 M NaCl and equilibrated with binding buffer (50 mM HEPES pH 7.5, 500
mM NaCl, 5 mM imidazole, 5% (v/v) glycerol). The column was washed with 20 ml binding
buffer and the flow-through was collected in 0.5 ml fractions at a flow rate of 0.5 ml/min. The
sizes of the proteins within the fractions that gave rise to large protein peaks at an absorbency of
280 nm were analysed with SDS-PAGE to identify the monomeric PfSpdS with a size of ~30
kDa. These fractions were then combined and loaded onto a 2 ml Ni-NTA column (Sigma-
Aldrich), pre-equilibrated with binding buffer. The beads were subsequently washed with 200 ml
wash buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 30 mM imidazole, 5% glycerol) followed
by protein elution with 15 ml elution buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 250 mM
imidazole, 5% glycerol). A final concentration of 1 mM EDTA was added to the eluate followed
by 5 mM DTT approximately 15 min later. The eluate was concentrated using a 15 ml Amicon
Ultra centrifugal filter device (MWCO 3000, Millipore) to a volume of 1 ml. The concentrated
protein was subsequently loaded onto a Superdex®-S200 10/300 GL SE column (Tricorn, GE
Healthcare) connected to an Akta Prime System (Amersham Pharmacia Biotech) pre-
equilibrated with crystal buffer at a flow rate of 0.5 ml/min and 0.5 ml fractions corresponding to

the homodimeric ~60 kDa protein were collected.

His-tag cleavage with 500 U ProTEV protease (Promega) was performed overnight at 4°C in the
presence of | mM DTT. ProTEV protease contains an N-terminal HQ-tag (HQHQHQ, Promega)
such that, together with the cleaved His-tag from the recombinant PfSpdS protein, it can be
removed from the reaction by incubating it with a metal-affinity resin. The PfSpdS protein
without the His-tag was therefore purified via a second Ni-NTA purification by collection of the
flow-through. The column was washed with an additional 10 ml of binding buffer and the eluates
were combined. The ProTEV and cleaved His-tag was subsequently eluted with elution buffer.
Cleavage of the His-tag was confirmed with Western immunodetection using 1:2500

HisProbe™-HRP (Pierce Biotechnology) and 1:2500 of polyclonal PfSpdS antiserum, which
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(02@-

was raised in rabbits. For the latter Western blot goat anti-rabbit IgG-HRP was used as
secondary antibody. Western blotting was then performed as stipulated in section 2.2.6. Finally,
buffer exchange was performed in crystal buffer with a centrifugal filter to a protein

concentration of 22.8 mg/ml and stored at 4°C.

4.2.4.2. Protein crystallisation

Purified PfSpdS was crystallised in the presence of NACD, MTA and NAC using the hanging
drop vapour diffusion method at 293 K. Protein solution was mixed with reservoir solution
containing 25% (w/v) PEG3350 (Sigma-Aldrich), 0.1 M MES pH 5.6 and 0.1 M (NH4),SO,. The
PfSpdS-NACD complex was obtained by using 10 mg/ml protein pre-incubated with 2.5 mM
NACD for 30 min at RT before mixing 1 ul with 2 ul reservoir solution. The PfSpdS-NACD-
MTA complex was obtained with pre-incubation of 5 mg/ml protein with 2.5 mM of both NACD
and MTA followed by mixing 1 ul with 1 pl of reservoir solution while 10 mg/ml protein was

used at the same ratio for the PfSpdS-NAC-MTA complex.

Prior to data collection, crystals were transferred to cryo protectant solution containing the
reservoir solution and 15% glycerol before being flash frozen in a liquid nitrogen stream at 100
K. Data was collected at beam line 1911-2 (MAX-lab, Lund, Sweden) and processed using the
XDS package [239].

Molecular replacement was performed with CNS v1.2 [240,241] using apo-PfSpdS (2PSS) as
template for PfSpdS-NACD and PfSpdS-MTA (2HTE) for both PfSpdS-NACD-MTA and NAC-
MTA. The programmes Coot, CNS v1.2 [240,241] and CCP4 [242] were used for model
building and refinement. The library files for NAC and NACD were generated using the
PRODRG server [243]. The electron density maps were visualised to localise the traces of the
polypeptide chains in the molecular graphics programme COOT. Model refinement was then
performed with refmac v5.5 (CCP4 v6.1.13) [242,244] and CNS v1.2 followed by the manual
adjustment of residues according to several geometrical constraints and also for improved fitting
of atoms within their respective densities. The updated coordinate files were then used to
calculate improved electron density maps, which was followed by another cycle of model
building. With each iterative cycle of model building, map generation and model refinement, the
side chains became correctly assigned with acceptable peptide geometries (bond lengths and

angles) and side chain rotamers.
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The main chain polypeptide conformations of the crystal structures were verified by
Ramachandran plots [245] with the programme RAMPAGE [246]. In these plots the dihedral
peptide angles phi (¢) and psi (y) are plotted for each residue (i.e. for each residue in all of the
monomeric chains that are solved), and the positions of these data points should then lie in the
allowed regions of ¢ and y angles that correspond to energetically acceptable protein secondary
structures [247]. The goal is to obtain a structure in which all the solved residues lie within the
favoured or at least allowed regions except for Gly residues, which are not restricted by ¢ and y

angles and may therefore be located at any position.

Model quality was evaluated with PROCHECK (Appendices I, II, III) [153] and the Joint
Structural Genomics Consortium (JCSG) Quality Control v2.7 (http://smb.slac.stanford.edu
/jcsg/QC/), which contains MolProbity (http://molprobity.biochem.duke.edu/) [248] and ADIT
(http://deposit.pdb.org/validate/) checks.

4.3.Results

4.3.1. Enzyme Kinetics and in vitro parasite treatment of novel inhibitory
compounds against PfSpdS

In vitro testing of NAC at a 100 uM concentration showed a remarkable 86% reduction in
PfSpdS activity, which warranted further investigation of this compound. Enzyme kinetics was
subsequently performed for the compound and the K; value was determined (Figure 4.5A). Data
from a Lineweaver-Burk extrapolation indicated a similar K;, value for putrescine at 25.1£3.2
UM and a slightly lowered Vi, value at 96.4+2.7 pmol/min/mg than previously reported [98].
Additionally, in the presence of NAC the K, and Vi,.x parameters of PfSpdS were affected. For
NAC to be a true competitive inhibitor of the putrescine-binding site, only the K, value is
expected to change. However, the kinetic data showed that the V,x was not re-established at
putrescine concentrations far greater than its Ky, suggesting that NAC also affected the binding
of the second substrate, dcAdoMet and that the additional putrescine was not able to disrupt the
tight binding interaction of NAC. A secondary plot from the Lineweaver-Burk plot was used to
calculate the K; value of NAC, which was found to be 2.8 uM (Figure 4.5B). Inhibition kinetics
with NACD was unfortunately not performed due to the compound not being commercially

available at the time of recombinant protein testing.
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Figure 4.5: Inhibition Kinetics of PfSpdS treated with NAC.
(A) Lineweaver-Burk plot and (B) secondary Lineweaver-Burk plot of the slopes obtained from the plot in (A)
versus inhibitor concentration to determine K;. Results are the mean of five independent experiments £S.E.M.

Furthermore, the ability of compounds NAC and NACD to inhibit the growth of P. falciparum
parasites cultured in vitro was determined using standard growth inhibition assays. Subsequent
ICsp determinations showed that NAC has an inhibitory activity of 10513 uM (n=5) while that
of NACD is slightly more effective at 81.2+13 uM (n=7) (Figures 4.6A and B). The
physiological effects of the inhibitors on parasite growth were also investigated via the treatment
of the parasite cultures with 2xICsy concentrations of each inhibitor immediately following the
infection stage. Parasite morphology showed changes at 72 h post-treatment with NAC whereas
changes were observed as soon as 48 h post-treatment with NACD [234]. Treatment also
resulted in delayed cell cycle progression compared to the untreated culture. Furthermore, co-
treatment of either NAC or NACD with the AdoMetDC inhibitor MDL73811 or ODC inhibitor
DFMO showed additive inhibition [234]. These results indicate that the simultaneous inhibition

of PAODC and PfSpdS could result in a polyamine depleted state within the parasites.
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Figure 4.6: Dose response curves of P. falciparum cultures treated with NAC (A) and NACD (B) for
determination of ICs, values.

Results are shown as S.E.M and were obtained from five individual experiments for NACD (n=5) and seven
experiments for NACD (n=7), performed in triplicate.

Based on the in vitro results it is anticipated that, compared to NAC, the inhibition efficiency of
NACD on the recombinant protein would be more effective, since the extra amine group on the
cyclohexyl moiety is predicted to stabilise inhibitor binding within the active site via interaction
with Aspl199. Subsequently, the in silico predicted binding interactions of the lead inhibitor
compounds were validated with the use of X-ray crystallography of the protein in complex with

these compounds.

4.3.2. Preparation of high yields of pure PfSpdS for protein crystallography

Large-scale expression of PfSpdS for crystallisation studies was obtained from 2.5 liters of
bacterial culture followed by protein purification involving alEX, batch purification with Ni-
NTA resin and SEC. alEX analyses of the total soluble lysate collected after cell disruption and
ultracentrifugation showed the elution of four major peaks corresponding to fractions #7 (V. 5
ml), #17 (10 ml), #21 (11.8 ml), #26 (14.2 ml) (Figure 4.7A). PfSpdS consists of 283 residues
and has a pl of 6.18. The presence of PfSpdS within these fractions was confirmed with SDS-

PAGE with an expected monomeric protein size of ~31 kDa under denaturing conditions.
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The SDS-PAGE results showed the presence of a protein ~31 kDa in size in fractions #17 and
#21, with a small amount in #26 (Figure 4.7B), which could correspond to the monomeric
PfSpdS protein under the denaturing SDS-PAGE conditions. Several contaminating proteins
were also present within the collected samples to be removed during the secondary and tertiary
purification steps. Fractions 12-24 were pooled and concentrated for subsequent affinity
chromatography using Ni-NTA resin. The 5 mM imidazole within the binding buffer should not

interfere with His-tag binding and was therefore not removed prior to column loading.
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Figure 4.7: The alEX chromatogram (A) and subsequent SDS-PAGE analysis (B) of the PfSpdS fractions.
MW: PageRuler Unstained Protein Ladder; #7, #17, #21, #26: fractions collected with alEX. The expected size
of the monomeric PfSpdS protein is shown.

The His-tagged PfSpdS sample eluted from the Ni-NTA resin in 15 ml elution buffer was further
purified by separation with SEC. The results showed the presence of a major protein peak at a V.
of 16.3 ml (Figure 4.8A), indicating the successful removal of the untagged, contaminating
proteins as seen in Figure 4.7B during the washing step of affinity chromatography. The protein
peak corresponds to a calculated size of the ~60 kDa homodimer and fractions 13-18 were
collected and pooled (Figure 4.8). Denaturing SDS-PAGE analyses of the affinity and SE
chromatography-purified proteins showed the presence of the pure monomeric PfSpdS protein at
~31 kDa. A small amount of protein ~70 kDa in size could represent E. coli Hsp70, a protein that
often co-purifies during plasmodial proteins expression in E. coli, but still needs to be verified

with MS.
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Figure 4.8: SEC of affinity-purified PfSpdS (A) followed by SDS-PAGE analysis (B).

(A) The protein sample eluted with affinity chromatography and the concentrated pooled fractions obtained from
SEC are shown in lanes 1 and 2, respectively (B). MW: PageRuler Unstained Protein Ladder. The expected size
of the monomeric PfSpdS protein is shown.

Affinity tags such as 6xHis and Strep are short, flexible peptides and can often hamper the
crystallisation process by interfering with the establishment of crystal contacts. In general it is
therefore beneficial to remove these prior to crystallisation screens with the use of proteases that
cleave the tags at engineered protease recognition sites. In the case of PfSpdS, a seven residue
ProTEV cleavage site (EXXYXQG/S) is present prior to the C-terminal His-tag, which could
therefore be removed with the use of the highly site-specific ProTEV enzyme. The cleavage
reaction in the presence of DTT was optimised for PfSpdS-His in terms of reaction temperature
and duration. Subsequent Western immunodetection with both the HisProbe®-HRP (Figure
4.9A) and a polyclonal PfSpdS antibody (Figure 4.9B) confirmed the absence of the His-tag in
the PfSpdS protein after Ni-NTA elution (lane 2).

B

Figure 4.9: Western immunodetection of the ProTEV cleavage products collected after affinity
chromatography using HisProbe®-HRP (A) and a polyclonal PfSpdS antibody (B).

Lane 1: PfSpdS-His collected from SEC as control of recombinantly expressed protein containing a His-tag; lane
2: flow-through of PfSpdS (cleaved His-tag) collected from Ni-NTA; lane 3: eluted His-tag and Pro-TEV
(containing HQ-tag) with elution buffer; lane 4: sample collected during washing of the Ni-NTA resin.
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Western immunodetection confirmed the absence of the His-tag on PfSpdS collected from the
flow-through during Ni-NTA purification since removal of the tag prevents the protein from
binding to the resin (Figures 4.9A and B, lane 2). The cleavage reaction was, however not 100%
efficient, since His-tagged PfSpdS protein was detected in the sample collected during the
elution step (Figures 4.9B, lane 3) while the eluate probably contained cleaved His-tags, Pro-
TEV protease (with HQ-tag) and PfSpdS-His (Figures 4.9A, lane 3). Cleaved His-tags were also
eluted during the washing step (Figures 4.9A, lane 4). The flow through collected (sample in
lane 2) was finally concentrated to 22.8 mg/ml (total yield of 11.4 mg) and the protein was stored

at 4°C until the crystallisation trials were performed.

4.3.3. Near-UV CD analyses of PfSpdS in the presence of NAC or NACD

Prior to solving the crystal structures, the tertiary structures of PfSpdS in the presence of various
active site ligands were determined with near-UV CD (Figure 4.10). In this way, changes in
specifically the aromatic amino acids (as an indicator of tertiary structure) and possible effects
that the compounds may have on the conformation of the active site and gate-keeping loop can
be observed, which can then be validated with the crystal structures. Previously it was suggested
that the sulphide atom on dcAdoMet or MTA is involved in stabilisation of the loop [119] and
from a drug discovery perspective it would therefore be of interest to determine the effect of

NAC or NACD in the presence of MTA or dcAdoMet on this loop.
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Figure 4.10: Near-UV CD analyses of PfSpdS in the presence of various ligands.

The purified PfSpdS protein was treated with putrescine, spermidine, dcAdoMet, NAC and NACD in different
combinations and at specific concentrations and the spectra in the near-UV CD wavelength range of 250 nm to
320 nm were measured. Results are given as molar ellipticity ([#]y) in units deg cm” dmol ™.

The spectra of the PfSpdS incubated with NAC (yellow line), NACD (green) and dcAdoMet

(blue) showed remarkable similarity with no major differences therefore indicating that the
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tertiary structures of these proteins are similar (Figure 4.10). Additionally, this result may
indicate that binding of these ligands results in similar conformations of the active site and gate-
keeping loop. On the other hand, in comparison to the spectra of the apo (Figure 4.10, pink line)
and putrescine (black) samples, the ligand-bound samples show differences in terms of the signal
strength and peak overlaps. The spectra of the apo and putrescine samples show high similarity
and could indicate that the structures of the PfSpdS protein with empty or partially filled active
sites are similar. As previously suggested, the flexibility of the gate-keeping loops of these
protein samples may also contribute to the observed spectra [119]. Finally, the difference in the
Tyr absorption area (270-290 nm) between the apo and NAC/NACD spectra may be due to the
movement of Ty264, which could be involved in the stabilisation of the cyclohexyl rings, as

previously observed for 4AMCHA binding [119].

4.3.4. Growth of diffraction quality PfSpdS protein crystals in complex with NAC
or NACD

To validate the predicted binding of NACD and NAC within the active site of PfSpdS, the
compounds were co-crystallised with the protein to provide atomic resolution information on the
inhibitor interactions. Several manual crystal screens of the His-cleaved, pure PfSpdS protein in
complex with NAC, NACD and MTA were performed using the hanging drop vapour diffusion
method at temperatures of 288 and 295 K. The buffer system, pH, amount of PEG3350, protein
concentration and drop sizes were varied until diffraction quality crystals were obtained. All
crystals grew within a couple of days at 295 K in either 2 or 3 ul drops of 5 or 10 mg/ml protein
treated with 2.5 mM inhibitor in 0.1 M MES pH 5.6 precipitant solution containing 25%
PEG3350 and 0.1 M (NH4),SO,. The crystals were shaped as three-dimensional hexagons with
average dimensions of 0.1x0.3x0.06 mm (Figure 4.11). The crystal structures previously
published for PfSpdS were crystallised in 0.1 M BisTris pH 5.5 containing 23% PEG3350 and
0.1 M (NH4)>SOs.
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Figure 4.11: Images of PfSpdS crystals in complex with NAC or NACD.
Crystals were grown at 295 K in 0.1 M MES pH 5.6 precipitant solution containing 25% PEG3350 and 0.1 M
(NH,4),S0, with the hanging drop vapour diffusion method.

4.3.5. X-ray crystallography verifies binding of NAC and NACD in the active site of
PfSpdS

4.3.5.1. Crystal structure refinement results

Following crystal rotation data collection, several key steps were followed to arrive at the stage
where the models could be built, these included 1) analysis of the observed reflections and
positions thereof in the detector plane and optimisation of the detector distance; 2) integration of
the diffraction intensities; 3) spacegroup definition and 4) correction of data followed by data
scaling. Prior to the collection of the full data sets, several parameters were studied to examine
the quality of data and to assign the spacegroup. The correct parameters could then be specified
as required by the spacegroup in order to collect the maximum number of possible reflections.
The observed diffraction patterns showed the positions of the recorded reflections for a particular
plane of the crystal. The crystals were then rotated at specified angles such that exposure with X-
ray could detect the remaining reflections. The XDS package was used in this study to perform

these initial tasks [239].

In the case of the PfSpdS-NACD crystal, two data sets were collected; firstly for the intensities
in the low resolution range (1-8 A), 200 frames were collected at an oscillation of 1° and an
exposure time of 50 s after which the exposure time was decreased to 15 s for collection of 100
frames with an oscillation of 2° to collect the intensities in the high resolution range (1-2.5 A).
This strategy ensured that the intensities at low resolution were detected with the longer
exposure time while overloading of the intensities at high resolution was prevented by collection
of the high-resolution data with the shorter exposure time. These two data sets were then
integrated separately and merged prior to reflection scaling. A single dataset was collected for

PfSpdS-NACD-MTA consisting of 200 frames of 20 s per frame. Although crystals for the
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PfSpdS-NAC complex were obtained, diffraction data could not be collected possibly due to a
high degree of crystal disorder. In addition, only 132 frames were collected for the PfSpdS-
NAC-MTA crystal due to a problem that occurred with the cryo stream during diffraction,
however with the collected data ~93% completeness in the high-resolution shell was still

obtained.

The reflection files were then used to solve the phase problem, which in this study was
performed by molecular replacement with published crystal structures of PfSpdS as templates.
These structures provided information on the phase angles and by incorporating translation and
rotation functions the test and template molecules could be aligned within the asymmetric unit
(ASU), such that, together with the structure factors, the models could be built with the
corresponding electron density maps. The data collection and refinement statistics of the solved

crystal structures are listed in Table 4.1.

The cell dimensions of the PfSpdS-NACD-MTA and NACD structures are identical and data
was collected in the same resolution ranges for both. The data collection for NACD-MTA was
complete in the high resolution shell and provided good estimates for the quality of data scaling
and averaging as given Ry, (Table 4.1). The latter is the multiplicity-independent factor, which
means that it does not increase with an increase in redundancy (multiplicity) as Rmerge does [249].
The multiplicity for the NACD data sets was between 4 and 5, which means that each reflection
was measured 4 to 5 times during data collection, these were then averaged during data scaling
to give rise to approximately 98 000 unique reflections (multiple observations of the same and
symmetry-related reflections). Finally, I/o(I) gives an indication of the signal strength of the

observed intensities and, as observed for the data here, should not be less than two (Table 4.1).
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Table 4.1: Crystallography data collection and refinements statistics

Data collection

NACD-MTA NACD

NAC-MTA

Space group
Unit cell dimensions

Cl121

a=196.8 A; b=134.6
A, c=48.5 A, p=94.6°

Cl121

a=196.80 A,°b=134.59
A, c=48.46 A, B=94.55

Cl21
a=196.71 A, b=134.33,
c=48.33 A, f=94.7

Molecules per asymmetric unit 3 3 3
Resolution range (A) 20.1-1.89 20.0-1.89 19.8-2.39
No. of reflections 413846 492876 137713
No. of unique reflections 98147 98435 45723
Completeness (%) “ 99.8 (100) 99.6 (99.8) 92.4 (94.3)
Multiplicity 4.2 5 3
Rueas (%) “° 5.9 (41.1) 5.1 (39.8) 8 (43.6)
Ilo(l) “ 18.5 (3.9) 19.3 (4.1) 13.9 (4.3)
Refinement statistics
Number of reflections 93239 93506 43435
Ryord/Riree 0.18/0.21 0.21/0.24 0.19/0.24
No. of atoms 7493 6780 6999
protein 6745 6481 6656
water 617 211 243
NACD 36 36 -
MTA 60 - 60
glycerol 18 18 18
1PG 17 34 17
SO, - - 5
<B> (A% 25.4 36.5 29.6
RMS deviations
Bond length (A) 0.029 0.026 0.022
Bond angles (°) 2.08 1.995 1.938
Ramachandran statistics (%) d
Favoured 97.2 96.2 96.1
Allowed 99.9 100 99.9
Outliers 0.1 0 0.1

“ The numbers in parentheses are of the highest resolution shell.

P Roens = (3 (:—‘1) Y| L) AT Z(L)), the redundancy-independent factor, where n is the number of

observations for reflection i.

¢ Riree 18 the same as Ry, but calculated on 5% of the data excluded from refinement. Ryop = (Z |F0-Fc D/ X F,),
where F, and F| are the observed and calculated structure factor amplitudes, respectively.

¢ Ramachandran statistics were calculated using Molprobity [248].

Model refinement resulted in well defined structures such that crystallographic solvent molecules

could be identified. A good indicator of model progression was given by the R-factor (Ryork),

which was calculated throughout the refinement steps and gave an indication of the agreement

between the observed and the calculated data (Table 4.1). However, the over interpretation or

over fitting of data, for example when too many solvent molecules are fitted resulting in a

compensation for model errors, can result in a value that is too low regardless of the correctness

of the model. The so-called Ry.. factor was therefore assessed, which used reflection data from a

test set (representing 5% of the total data) that was not subjected to model refinement and

therefore represented an unbiased indicator of model quality [247]. The Ry is therefore slightly

higher than the Ryok. For the PfSpdS structures the Ry Values were in a range that resulted in
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well defined structures from which residues and solvent molecules could be clearly localised

(Table 4.1).

The main chain polypeptide conformations of the crystal structures were verified by
RAMPAGE-generated Ramachandran plots [245] (Figures 4.12 and 4.13) [246]. RAMPAGE
uses a plot in which the borders of areas were computed by analyses of 81234 non-Gly, non-Pro,
and non-pre-Pro residues with B-factors of less than 30 from 500 high resolution protein crystal
structures. This resulted in a plot with sharp boundaries at the critical edges between regions as
well as clear delineations between the empty areas and regions that are allowed but not favoured.
The Ramachandran plot of the structure of PfSpdS co-crystallised with NACD showed that no
residues were located in the outlier regions (white areas) while 96.5% of the residues were
positioned in the favoured regions (Figure 4.12 and Table 4.1). In addition, all Gly and Pro
residues were in the favoured areas while a few pre-Pro residues were located in the allowed

regions.
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Figure 4.12: Ramachandran plot of the PfSpdS-NACD structure.
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For both the PfSpdS-NACD-MTA and NAC-MTA structures residue Glu231 was detected as the
single outlier on chain C and A, respectively. Interestingly, this residue is located within the
active site and has been shown to interact with 4MCHA [119]. The observed geometric
differences for this residue between the NACD and NACD-MTA/NAC-MTA structures alludes
to a difference in ligand binding in the absence or presence of MTA, respectively, which will be
clarified by the structures themselves. Nonetheless, the overall geometries were of high quality

with >95% of the residues being in the allowed regions (Figures 4.13 and 4.14, Table 4.1).

oy
™ g 231 6Ly

0 180

LR General/Pre-Pro/Proline F: d " a e Allowed

Glycine Favoured X Glycine Allowed

Figure 4.13: Ramachandran plot of the PfSpdS-NACD-MTA crystal structure.

" A General/Pre-Pro/Proline Favoured L General/Pre-Pro/Proline Allowed

x Glycine Favoured x Glycine Allowed

Figure 4.14: Ramachandran plot of the PfSpdS-NAC-MTA crystal structure.
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4.3.5.2.  Overall structure of PfSpdS

Crystallisation was performed with the addition of the inhibitors as well as in combination with
the byproduct of the SpdS reaction, MTA. This was done as a result of previous studies that
showed that inclusion of only one substrate leads to disordered gate-keeping loops [97,119].
Additionally, MTA was included since the kinetics results showed that NAC binding competes
with dcAdoMet and could therefore result in a structure that does not have both the inhibitor

bound within the active site and an inflexible loop (section 4.3.1).

The results of PROCHECK analyses of the three models are included in Appendices I to IIL
PfSpdS was crystallised in space group C121 with three monomers (Matthews coefficient of
3.04) in the ASU and the solvent area occupying 50-60% of the unit cell. A representation of the
crystal packing within the unit cell is shown in Figure 4.15 while the unit cell dimensions for the
three structures are listed in Table 4.1. Subsequent analysis with PISA [250] showed that two of

these subunits (chains B and C) form a homodimer with a buried interface of 1424 A

Figure 4.15: Diagram to illustrate the crystal packing of PfSpdS-NACD crystallised in spacegroup C121.
The diagram was obtained with the RCSB Atlas programme. Each colour represents the three monomers within
the ASU of which two interact to form the homodimer (an example of such a homodimer is shown within the
blue box).

PfSpdS consists of two domains including an N-terminal B-sheet consisting of six anti-parallel
strands and a catalytic domain consisting of a 7-stranded B-sheet flanked by 9 a-helices forming
a Rossmann-like fold, which is typical of methyltransferases and nucleotide-binding proteins
(Figure 4.16A) [97]. Each monomer contains its own independent active site, which is located

between the two domains and is enclosed by a flexible gate-keeping loop (Figure 4.16A).
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Figure 4.16: Overall fold of PfSpdS (A) and superimposition of the solved crystal structures (B).

(A) The N-terminal and catalytic domains of each monomer are shown in grey and green, respectively. The
active sites containing MTA and NACD are shown in magenta while the gate-keeping loops are in blue. (B)
Alignment of the PfSpdS-NACD (magenta), NACD-MTA (blue) and NAC-MTA (grey) crystal structures are
shown. The active site ligands are shown in green.

The overall structures of all complexes obtained were nearly identical except for the gate-
keeping loop, which was disordered in the PfSpdS-NACD structure (residues 199-210 located
between strand B-10 and helix a5) (Figure 4.16B). The RMSD value between PfSpdS-NACD
and the apo structure (2PSS), which was used for its molecular replacement during structure
solving, is 0.21 A. The RMSD values between the PfSpdS-MTA structure (2HTE) and PfSpdS-
NAC-MTA and NACD-MTA structures are 0.18 A and 0.29 A, respectively. The active site
consists of the two substrate-binding pockets for putrescine (identified here with NACD/NAC

binding) and dcAdoMet (identified here with MTA binding) (Figure 4.16B). As will be
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described in the next sections, the residues involved in substrate binding are conserved and were

also shown to play a role in inhibitor binding.

4.3.5.3. Binding of NACD and MTA

In vitro studies on malaria parasites showed that the NACD inhibitor is effective in the
micromolar range, with slightly improved activity compared to NAC, possibly due to the
inclusion of an extra amine group on the cyclohexyl ring, which is predicted to align with the
amine of 4AMCHA (2PT9) and in turn aligns with the non-attacking nitrogen of putrescine.
Subsequent crystallisation of PfSpdS co-incubated with NACD and MTA confirmed the binding
orientation of NACD within the putrescine-binding pocket (Figure 4.17). The N° amine on the
cyclohexylamine ring is hydrogen bonded to Glu46 via a solvent molecule (2.8 A) and directly
to the side chain of Asp199 (3 A). Even though density was observed for the solvent molecule
that was identified in the dcAdoMet-4MCHA structure (2PT9) as being involved in hydrogen
bonding with the amine of 4MCHA [119], a bond was not observed between Glu231 and one of
the solvent molecules due to a distance of >6 A between them. Tyr102 (3.4 A) and the carbonyl
group of Ser197 (3.2 A) interact with the bridging amino group (N?, the nitrogen connecting the
aminopropyl chain of NACD to the cyclohexylamine ring) while Asp127 and Asp196 bind to the
terminal amine Nl, which crosses the catalytic centre. These interactions confirm the in silico
predictions of NACD binding (Figure 4.4). The gate-keeping loop was also clearly defined
(Figure 4.17), which corroborates previous studies in which binding of a ligand to only the

putrescine-binding pocket resulted in a flexible loop [119].
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Figure 4.17: Stereo view of the PfSpdS-NACD-MTA active site.

The MTA and NACD ligands together with their electron densities are shown in magenta. The residues involved
in NACD binding are annotated while the gate-keeping loop is shown in blue. Solvent molecules involved in
inhibitor binding are shown as yellow spheres.
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The PfSpdS-NACD-MTA structure superimposes well with the apo structure (2PSS) with an
RMSD value of 0.31 A, however, several conformational changes take place in order to
accommodate the cyclohexylamine ring of NACD (Figure 4.18A). Most notably is the 90°
rotation of Tyr264 to allow stacking of the aromatic side chain to the cyclohexylamine ring. The
Cs atom of GIn93 is shifted 1.7 A to accommodate interactions with the C2 and C9 atoms of
NACD. Ser197 also undergoes an almost 180° flip such that its carbonyl group can interact with
the bridging amino group (Figures 4.17 and 4.18A). As previously predicted, GIn229 undergoes
a significant conformational change in the presence of the inhibitor, which corroborates the DPM
in which PhFs that represent binding of the attacking nitrogen of putrescine were identified by
inclusion of the 2PT9 structure during negative image construction. Without the inclusion of this
structure, NACD would probably not have been identified as a possible inhibitor due to the short
distance of <1.86 A between the position of GIn229 in the apo-state and the ring. The structures
of PfSpdS-NACD-MTA and dcAdoMet-4MCHA (2PT9) are very similar with an RMSD value
of 0.33 A. Residues involved in ligand binding are also conserved (Figure 4.18B).
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Figure 4.18: The active site of PfSpdS-NACD-MTA superimposed with the 2PSS (A) and 2PT9 (B) crystal
structures.

The MTA and NACD ligands of PfSpdS-NACD-MTA are shown in magenta while the residues involved in
NACD binding are shown in green. The corresponding residues of the apo structure are shown in yellow while
those of the dcAdoMet-4MCHA (cyan) structure are shown in grey.
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Protein crystallography provided important insights into the inhibitor efficiency of NACD in the
presence of MTA, which binds within the DPM2 site and competes with both putrescine and
dcAdoMet binding (section 4.3.1 and Figure 4.18). In addition and compared to 4MCHA,
NACD forms additional binding interactions within the active site since the aminopropyl chain
of NACD aligns with the terminal amine of dcAdoMet and further stabilises ligand binding
(Figure 4.19). The structure also shows the binding of NACD to Asp199, which forms part of the
gate-keeping loop.

Figure 4.19: Electrostatic surface potential of the PfSpdS active site.

Alignment of NACD and MTA (magenta), 4AMCHA and dcAdoMet (2PT9, cyan) and putrescine (human
structure 2006, green). Blue represents nitrogen atoms, red represents oxygen and yellow represents sulphur
atoms.

4.3.54. Binding of NACD

Crystallisation of PfSpdS in the presence of only NACD did not show electron density of the
inhibitor at the expected putrescine-binding site where NACD was located in the PfSpdS-
NACD-MTA structure. Instead the density map showed that NACD was bound within the
dcAdoMet-binding pocket (Figure 4.20). The density was, however, much less defined than that
observed for the NACD-MTA structure, which could be due to the flexibility of the aminopropyl
chain and/or cyclohexylamine ring at this position. Furthermore, and as predicted from previous
studies [119], the gate-keeping loop of the structure was disordered (residues 199 to 210) and
loop flexibility could further have contributed to the flexibility of NACD. The suggestion that
the sulphide atom of dcAdoMet or MTA is required for loop stabilisation is therefore supported
by this result [97,119]. Binding of the inhibitor at the dcAdoMet-binding site could be
substantiated by the ionic interactions that are detected between the carbonyl group of Cys146
and the terminal N' amino group (2.96 A), GIn93 and the N° amine as well as between Ser197
and the bridging N* nitrogen (3.1 A) of NACD. Residues that normally bind the natural substrate
such as Glul47, GIn72 and Aspl178 can also stabilise the interaction and favour the binding of

NACD at this position (Figure 4.20).
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Figure 4.20: Stereo view of the PfSpdS-NACD active site.

The MTA (2HTE) and NACD ligands are shown in cyan and magenta, respectively. Residues involved in
NACD binding are annotated and shown in green while the corresponding residues of 2HTE are shown in grey.
The solvent molecule is shown as a yellow sphere.

The cyclohexylamine ring is positioned perpendicular to the ribosyl group of MTA and the N'
and N* amino groups of the inhibitor overlap with N' and N’ from MTA, which allows NACD to
form interactions with Cys146 and Ser197, respectively (Figure 4.20). Interestingly, a water
molecule was identified in the PfSpdS-NACD structure that occupies the site of one of the
hydroxyls on the ribosyl moiety of MTA. Previously, it was shown that solvent molecules do not
mediate interactions between ligands within the dcAdoMet-binding site and the active site
residues [119]. However, in the absence of the ribosyl moiety, a solvent molecule was detected
that forms hydrogen bonds with GIn72 (2.6 A) and Glu147 (2.7 A) and may thereby stabilise the
ring moiety of NACD (3.1-3.3 A) (Figure 4.20).

Superimposition of the PfSpdS-NACD structure with the MTA complex (2HTE) showed several
changes in active site residues to accommodate inhibitor binding. Ser197 rotated 90° towards
NACD to form an interaction with the bridging amino group. GIn93 shifted 2.2 A towards the
amine group on the cyclohexylamine ring (Figure 4.20). The cause of the movement of Asp178

away from the ligand to a distance of >7 A is unclear.

These results showed that the efficiency of the NACD compound may be more pronounced in
the presence of MTA, which shifts binding to the putrescine-binding pocket. In the presence of
MTA the gate-keeping loop also becomes inflexible and may be locked in a fixed or closed

position, resulting in an increase in the inhibitor binding efficiency. Nonetheless, the crystal
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structures of PfSpdS in complex with NACD validated the in vitro inhibition results as well as

the use of a DPM to identify novel lead compounds.

4.3.5.5. Binding of NAC

The last structure that was solved was of PfSpdS co-crystallised with NAC and MTA. Similar
results to that of the NACD-MTA complex were expected, except for the absence of the terminal
amine on the cyclohexyl ring. Docking results of NAC predicted a very similar binding pose to
that of NACD (Figure 4.4). However, upon solving of the crystal structure at a lower resolution
than that of the NACD structures (2.39 A versus 1.9 A), some unexpected results were observed.
Firstly, density of NAC within the putrescine-binding pocket that could fit the ligand could not
be identified but instead showed the presence of two well defined solvent molecules occupying
the sites where the N' and N° nitrogen atoms of the ligand were expected to be located (Figure
4.21). Furthermore, even though NAC was absent, the residues previously identified as being
involved in NACD binding were orientated in such a way that indicated the presence of the
ligand. As expected, binding of MTA resulted in the gate-keeping loop being inflexible and

could therefore be solved in the structure (Figure 4.21).
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Figure 4.21: Stereo view of the PfSpdS-NAC-MTA active site.

NACD from the PfSpdS-NACD-MTA structure is shown in cyan while MTA from the NAC-MTA structure is
shown in magenta together with its electron density. Residues previously shown to be involved in NACD
binding are annotated and shown in green while the corresponding residues of the NAC-MTA structure are in
grey. The gate-keeping loops are also shown. The solvent molecules are shown as yellow spheres.

The orientations of the residues, which suggested a ligand-bound state of the protein becomes
even more obvious when the PfSpdS-NAC-MTA structure is superimposed with the apo
structure (2PSS) (Figure 4.22). Tyr264 is positioned in such a way to allow stacking against a
ligand with its aromatic side chain, Ser197 is orientated perpendicular to that of the residue in the
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apo structure while GIn229 and Glu231 are also shifted as if to participate in interactions with
the ligand. Furthermore, even though the majority of the solvent molecules in the active site of
the NAC-MTA structure align with that of the apo one, the molecule occupying the site where
the non-attacking nitrogen (N') of NAC is predicted to be positioned is not conserved (Figures
4.21 and 4.22) and could indicate that this molecule fulfills the binding interactions with the

repositioned residues in the absence of NAC.
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Figure 4.22: Stereo view of the PfSpdS-NAC-MTA active site superimposed with the apo structure.

MTA from the NAC-MTA structure is shown in magenta together with its electron density. Residues previously
shown to be involved in NACD binding are annotated and shown in grey for the NAC-MTA structure while the
corresponding residues of the apo structure are in cyan. The gate-keeping loop of PfSpdS-NAC-MTA is also
shown as a blue ribbon. The solvent molecules belonging to the NAC-MTA structure are shown as yellow
spheres while that of the apo structure are in green.

These results show that either the flexibility of the ligand was too high such that density could
not be detected where NAC was predicted to bind, or the protein was not co-crystallised with the
inhibitor. Another possibility could be that the observed residue orientations that were previously
shown with the NACD-MTA structure to accommodate ligand binding could indicate that the
ligand was in fact present within the active site but was replaced with solvent molecules during
crystal soaking in the cryo protectant due to the weaker binding interaction of the ligand within
the active site compared to NACD. No direct conclusions could therefore be obtained from the
crystal structure of PfSpdS bound with NAC. However, based on the inhibitory efficiency of
NAC as well as the detailed results obtained from the NACD-MTA crystal structure it is likely
that the binding pose predicted in Figure 4.4 pertains to that of NAC binding within PfSpdS.
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4.4.Discussion

The identification of effective inhibitors against SpdS with the application of ligand- or receptor-
based approaches has proven difficult and largely ineffective [226,251]. 4AMCHA was identified
with a ligand-based approach by synthesising putrescine analogues and, despite its poor target
specificity [98], still represents the best inhibitor of PfSpdS to date [220]. In 2008 the first
structure-based study for PfSpdS was released and although no promising leads were identified it
provided a proof of principle for the application of in silico methods to screen thousands of
compounds for subsequent in vitro testing [251]. Due to the lack of highly effective and specific
inhibitors of PfSpdS activity, we decided to follow a different approach for inhibitor design,
which could add to the list of current PfSpdS inhibitors (Table 4.2).

Table 4.2: Inhibitors tested in vitro on PfSpdS or in whole-cell assays against P. falciparum.

Only inhibitors for which in vitro PfSpdS inhibitory values are available are included, which are listed from the
most to the least effective. When available, the ICs, values of the inhibitors against in vitro P. falciparum are
also included.

Inhibitors Ki (pM)  1ICsy (uM) Binding cavity Size (Da)
4MCHA 1.4 342 putrescine and unknown 113
NAC 2.8 105 - 159
NACD - 81 putrescine (in presence of MTA) 281
APE 6.5 83.3 putrescine 85
AdoDATO 8.5 - dcAdoMet and putrescine 425
Cyclohexylamine 19.7 198 putrescine 99
2-Mercaptoethylamine 76 254 unknown 77
APA 84 1.0 putrescine 90
MTA 159 - dcAdoMet 313
Dicyclohexylamine >1000 342 unknown 181

Interaction of the inhibitors within the putrescine, dcAdoMet, the entire active site or unknown binding sites is
indicated. All the results were obtained from [98] except for the AdoDATO data [119].

The DPM computational approach used in this study allowed individual pharmacophore sites to
be probed using distinct chemical moieties that displayed favourable binding properties.
Pharmacophore modelling therefore provided a powerful tool for extracting representative
biologically active components from both inhibitor ligands and their intended protein target
receptors. It also allowed for the incorporation of information from previous studies as well as
information derived during the discovery process. The methodology furthermore addressed the
problem of protein flexibility during structure-based drug design, which is one of the major
challenges that computational chemists currently face [229,230]. This approach resulted in the
identification of novel inhibitors against SpdS of P. falciparum, which were tested on the

recombinant PfSpdS protein (Table 4.2).
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Binding cavities were selected to identify specific binding hotspots that could be used in the
identification of ligands. For this purpose the PfSpdS active site was divided into four binding
cavities. Most relevant to this study was the DPM2 binding cavity, which was selected to
identify compounds that favourably bind within the putrescine- and a part of the dcAdoMet-
binding sites and therefore represented an area that has not been studied. The premise for
selecting this binding cavity is based on the knowledge that SpdS catalyses the aminoproyl
transfer from dcAdoMet to putrescine, wherein product release is mediated by a gate-keeping
loop that opens and closes over the active site. It was therefore hypothesised that compounds
binding favourably to the DPM2 cavity will also form interactions with residues from the loop
(Ser197 and Asp199) and thereby maintain the loop in a closed conformation for longer periods
of time resulting in increased inhibitor potency. Alternatively, the loop may be locked in a closed

position, which inactivates the protein indefinitely.

Currently, AdoDATO is the only known inhibitor that crosses the negatively-charged catalytic
centre of PfSpdS. The crossing of the catalytic centre by the aliphatic aminopentyl chain of
AdoDATO can be attributed to the substrate-like characteristics of this compound, which are
strong enough to overcome this unfavourable interaction. The 4MCHA and APE inhibitors are
more effective against PfSpdS than AdoDATO [98], and they are also much smaller molecules
with sizes of 85 and 113 Da compared to the 425 Da of AdoDATO (Table 4.2). Furthermore, it
is known that the strong inhibition characteristics of 4MCHA and APE are due to cooperative
binding with either dcAdoMet or MTA. It can therefore be postulated that the higher K; value of
AdoDATO is partly due to the unfavourable interactions of the aliphatic part of the aminopropyl
moiety, which crosses the negatively-charged catalytic centre. This highlights the importance of
finding chemical entities that are able to link ligands bound within the dcAdoMet-binding cavity
to ones within the putrescine-binding site by bridging the catalytic centre. It is also known that
the catalytic centre binds positive ionisable groups to catalyse the transfer of an aminopropyl
group and the residues involved in binding the attacking nitrogen of putrescine are Tyr102,
Asp196 and the backbone carbonyl group of Ser197 [97]. Therefore in this study, the PhFs and
binding poses of AdoDATO, dcAdoMet and 4MCHA were used to derive compounds, which

could bridge the catalytic centre and favourably bind within this region.

The compound NACD was identified by taking into account these considerations and represents
a basic scaffold for an inhibitor of PfSpdS. NACD docking to PfSpdS was used to predict its

binding poses and it was shown that the cyclohexylamine moiety binds in a similar manner to
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4MCHA. It was anticipated that hydrogen bond formations would reduce the penalty that an
aliphatic carbon would have by binding within the catalytic centre and thereby increase the
binding affinity as well as inhibitory activity. The aminopropyl chain of NACD was also
predicted to bind in the same cavity as the aminopropyl chain of dcAdoMet. Due to the
unavailability of NACD at the time, NAC was identified as a similar, commercially available
compound. The compound is an analogue of cyclohexylamine containing an additional
aminopropyl chain. Similar binding poses and hydrogen bond patterns as NACD were therefore
predicted, except for the missing amino group. This made NAC a good alternative to test and
subsequent enzyme kinetics of this compound showed a high inhibitor activity against PfSpdS
with a Kj of 2.8 uM, which is comparable to that of 4AMCHA (Table 4.2). Kinetics also showed
competitive binding, which suggested that the interaction involves competitive interaction with
both putrescine and dcAdoMet. The low K; could be due to specific hydrogen bond formation of
NAC with PfSpdS, which can only be true if NAC binds in the predicted docking pose by
bridging the catalytic centre and if the aminopropyl chain binds in the aminopropyl binding
pocket of the dcAdoMet cavity. This binding mode of NAC would also accommodate the
simultaneous binding of MTA, which would allow the gate-keeping loop to close over the active
site. Furthermore, the ability of the compound to form hydrogen bonds with residues Tyr102 and
Ser197 may significantly contribute to the strong binding of the compound in the active site,
which could play a role in the stabilisation of the gate-keeping loop and to keep it closed for a
longer period over the active site. A similar phenomenon was observed in the co-crystallisation
of PfSpdS and 4MCHA where the binding of 4AMCHA could only be resolved in the presence of
dcAdoMet. It was therefore suggested by the authors that dcAdoMet binding occurs prior to
4AMCHA or putrescine binding hence resulting in inhibition or catalysis, respectively [119]. A
similar phenomenon was observed for putrescine and MTA binding to human SpdS [97].With
this information in mind, it can be speculated that, if the kinetic data holds true and NAC also
requires cooperative binding of a second compound within the dcAdoMet cavity, then the true K;

of NAC is observed when MTA is bound within the dcAdoMet-binding pocket.

Even though NAC was shown to be extremely effective on the recombinant enzyme level, in
vitro determination of the effect of NAC and NACD on the parasite cultures resulted in 50%
growth inhibition in the micromolar range, which is approximately double the ICsy of 4AMCHA
and in the range of inhibition provided by APE (Table 4.2). These results suggest poor uptake or
instability problems of the compounds in vitro. Analyses of the druggability of NAC showed that
it conforms to the Lipinski’s rule of five, which makes the drug orally active [252]. NAC
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contains only two hydrogen bond donors, no hydrogen bond acceptors, it has a LogP value of
1.57 and the size of the compound is 159 Da, which is below the required limit of 500 Da.
Alternative drug-delivery strategies may improve the in vitro whole-cell activity of these
compounds to acceptable ranges (<1 uM) as specified by e.g. the MMV (http://www.mmv.org/).
However, preliminary results provided by the co-inhibition of PfSpdS with either NAC or
NACD and the rate-limiting enzymes of the polyamine pathway showed additive inhibition.
These results indicate that the specific and simultaneous inactivation of the parasite-specific
bifunctional PfAdoMetDC/ODC enzyme together with the flux-determining PfSpdS enzyme
could result in improved inhibitory effects and lead to possible cessation of in vivo synthesised
polyamines. Currently, inhibitors such as MDL73811, DFMO and 4MCHA can be used to
simultaneously target these enzymes but these only result in cytostatic growth effects and we
therefore need to find strategies beyond those that are currently available. Future studies, in
combination with the crystal structure results, could improve the inhibition efficiency, target
specificity and drug delivery of these compounds that may have an increased inhibitory effect on

the parasite cultures by targeting the polyamine biosynthetic pathway.

Protein crystallisation is an extremely valuable tool in the field of drug discovery for the
validation of predicted binding sites of inhibitors as well as to obtain insights into the
improvement of target specificity. In this study, the in silico predicted binding poses and active
site interactions of NAC and NACD with PfSpdS were therefore confirmed via the co-
crystallisation of these compounds with the protein. Analyses of near-UV CD results as well as
geometric analyses of the residues with Ramachandran plots provided an early indication of
different binding interactions of NAC and NACD in the presence or absence of MTA. The CD
results showed a difference in the tertiary structures depending on the presence of a substrate in
the dcAdoMet-binding cavity. Furthermore, the presence of Glu231 in the outlier regions of the
Ramachandran plots when both the binding cavities were filled indicated that this residue in the
NACD crystal structure may not be involved in inhibitor binding. This could be hypothesised
since it was previously shown that this residue orientates itself differently in the presence of both
4MCHA and dcAdoMet [119]. The residue is therefore strained in the presence of the ligand in

such a way as to accommodate the ring moiety of the inhibitor.

The crystal structure of PfSpdS-NACD-MTA confirmed the in silico predicted binding poses
and highlighted the interactions of this inhibitor within the active site that allowed it to display

its inhibitory properties. The observed interactions also showed how the flanking acidic regions
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of the putrescine-binding pocket accommodates the ligand with its terminal positive ionisable
groups, which forms hydrogen bonds with Glu231 and Glu46 at the non-attacking nitrogen, and
Aspl127 and Aspl96 at the attacking nitrogen. Hydrogen bonds involving Ser197 and Tyr102
with the bridging nitrogen group also showed how the ligand is accommodated despite its
presence within the hydrophobic cavity of the putrescine-binding site. Furthermore, the gate-
keeping loop became inflexible and therefore enabled diffraction data collection of the residues.
This indicates that MTA followed by inhibitor binding resulted in the closure of the loop, which
could be mediated by the sulphide atom (as previously suggested [97,119]) and/or binding of the
ligand, respectively. This hypothesis was confirmed with the crystal structure of PfSpdS-NACD
where the loop was not resolved either due to the absence of MTA or the binding of NACD
within the dcAdoMet cavity and therefore the absence of stabilising interactions with the loop.
However, a different hypothesis is proposed here where the sulphide atom of MTA is not
primarily responsible for loop stabilisation but as a result of the contribution of various
interactions of both the ligands with the loop in such a way that it becomes inflexible. From the
10 residues that constitute the loop spanning residues Asp196 to Glu205, six interactions are
formed between the two ligands and residues Asp196, Ser197, Ser198, Asp199, Pro203 and
Ala204. It therefore seems that the contribution of several stabilising interactions could close the
loop over the active site. In fact, only a single interaction mediated by the sulphide atom could be
deduced from the 2PT9 crystal structure and involves Aspl27, which would hardly constitute

loop stabilisation to a residue that is not even present on the loop.

Furthermore, even though electron density of NAC in the PfSpdS-NAC-MTA was not detected,
it could be deduced that the NAC was present within putrescine-binding site since MTA was
bound in the dcAdoMet cavity and the conformational changes of the residues that were
identified in the NACD-MTA structure were similar. The loop was also stabilised in this
structure, which indicates that both binding sites were filled. Therefore the improved inhibitory
activity of NACD is predicted to be due to the additional amino group on the ring moiety, which
forms ionic interactions within the acidic region of the non-attacking nitrogen of the active site.
This additional nitrogen also improved stability of ligand binding such that the ligand did not

diffuse out during cryo protectant soaking as is suggested to be the case for NAC.

The PfSpdS-NACD-MTA structure showed that the sulphide atom of MTA may additionally
interact with the aminopropyl chain of NACD and thereby contribute to its binding within the

active site. It can therefore be deduced that a compound that includes the chemical properties of
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NACD as well as the essential elements of MTA may represent an important candidate to test,
which would still follow the strategy of bridging the catalytic centre of PfSpdS. Previous
suggestions by P. B. Burger include N’-cyclohexylpentane-1,3,5-triaminium (NACDS), N*-
cyclohexylbutane-1,2,4-triaminium  (NACDS-alternative)  and N3—[( 1R,4R)-4-ammonio-
cyclohexyl]pentane-1,3,5-triaminium (NACDSW) as derivatives of NAC and NACD, whereby
the extra groups (boxed in Figure 4.23) can bind within the sulphide-binding cavity of MTA and
thereby display the combined inhibitory effects of NACD and MTA.

NH,

HN)/\/NH? HN NH, y

NH, NH, NH,
NACDS NACDS-alternative NACDSW

NH,

.

Figure 4.23: Derivatives of NAC and NACD as alternative chemical compounds to test for inhibition of
PfSpdS activity.

Chemical structures were obtained from ChemSpider (http://www.chemspider.com/) where nitrogen and amine
groups are shown in blue. The boxed areas represent the chemical entities that are predicted to bind in the
sulphide-binding cavity of MTA. Abbreviations: NACDS, N’-cyclohexylpentane-1,3,5-triaminium; NACDS-
alternative, Nz-cyclohexylbutane-l,2,4-triaminium; NACDSW, N -[(1R,4R)-4-ammonio-cyclohexyl]pentane-
1,3,5-triaminium.

The opening of the gate-keeping loop once the aminopropyl chain of dcAdoMet has been
transferred to putrescine resulting in the formation of MTA and spermidine also indicates that
the loop opening following catalysis may be mediated by the interactions of the aminopropyl
chain. One would expect that the presence of MTA would relieve the loop closure such that the
reaction products can be released while dcAdoMet would stabilise loop closure. A crystal
structure containing putrescine would provide more information on the possible role of the
aminopropyl chain in loop movement. An important aspect to take into account in terms of
identifying a drug that locks the PfSpdS gate-keeping loop in closed formation is the half-life of
PfSpdS. The stability of PfSpdS enzyme has not been determined but it is generally known that
SpdS is more stable than AdoMetDC and ODC [253] and studies on mouse mammary
epithelium showed a half-life of >12 h [254]. In P. falciparum it has been shown that
transcription occurs with a just-in-time manufacturing process whereby induction of a gene
occurs once per intra-erythrocytic cycle and only at a time when it is required [4]. The drug
candidate therefore needs to be specific enough such that its inhibitory properties will have an
effect during this period. In addition, target specificity therefore becomes a critical issue such
that inhibitor binding does not result in prolonged inhibition of the host protein if the drug is not

140



ITEIT YAN PRETORIA
SITY OF PRETORIA
SITHI YA PRETORIA

Chapter 4: Crystal structure of PfSpdS

target specific. Future studies include testing of the compounds identified with the DPM against
mammalian cell lines since the active site of SpdS is highly conserved. As can be seen in Figure
4.24 superimposition of the PfSpdS-NACD-MTA structure with the human protein (2006, [97])
shows that only His103 (corresponding to hGIn80) is not conserved between the two proteins.
Whether this change is significant enough to produce a target specific response should be

determined in vitro.
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Figure 4.24: The PfSpdS-NACD-MTA active site superimposed with the human structure.

MTA and NACD from the PfSpdS-NACD-MTA structure are shown in magenta while MTA and putrescine
from the human structure (2006) is shown in grey [97]. Residues previously shown to be involved in NACD
binding are annotated and shown in green while the corresponding residues of the human structure are in cyan.
The solvent molecules belonging to the NACD-MTA structure are shown as yellow spheres. His103 is the only
unique P. falciparum residue within the active site that is involved in NACD binding.

4.5.Conclusion

The compounds identified in this study have been shown to cross the catalytic centre of PfSpdS
in an energetically favourable manner by hydrogen bonding to Tyrl02 and Ser197, and
cooperatively bind MTA within the dcAdoMet cavity. Inhibition was also in the range of
4MCHA activity, while improved potency was expected since the inhibitor competes with both
putrescine and dcAdoMet. Protein X-ray crystallography subsequently confirmed the binding of
the novel inhibitory compound within the PfSpdS active site and showed how NACD is
stabilised within the active site by additional hydrogen bonds. Novel insights into the

stabilisation of the gate-keeping loop of the holo-protein were also obtained from the structures.

Therefore the promising results of these two inhibitors which target both the putrescine and
dcAdoMet binding activities emphasise the value of incorporating a “dynamic”, receptor-based
pharmacophore model and represent a valuable tool for the future design of possible

therapeutics.
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Concluding discussion

Currently, the first ever Phase III clinical trials are being conducted on a vaccine against malaria.
Unfortunately, it has already been established that its efficacy will not be 100% [255] but the
important fact is that it would contribute to a decrease in the number of new malaria cases.
Malaria prevention and eradication requires the concerted efforts of various disease-control
factors and a constant vigilance of each of these would hopefully, one day, lead to a malaria-free
world. A reduction in malaria prevalence requires the control of its transmission with methods
such as IRS and ITNs, while prevention of malaria infection requires prophylaxis and once

infected we need to be able to effectively treat the disease to prevent further transmission.

Disease-controlling factors require the joint cooperation of not only the individuals who are at
risk of contracting the disease but also the government, health authorities, aid organisations,
funding agencies, public awareness campaigns and the scientists in the field of malaria research.
Extensive malaria research has been made possible by funding from large organisations and has
become a highly competitive field in the race towards finding a novel, effective and cheap
antimalarial agent. As a result, scientists are making groundbreaking findings in both the
understanding of parasite pathogenesis as well as strategies to curb the infection of humans.
Malaria research has also become highly attractive from a scientific point of view due to the
many unique characteristics of the malarial parasite, its complicated life cycle, successful
immune evasion, advanced gene transcription and translation mechanisms as well as general
metabolism, which contains characteristics of both plants and prokaryotes alike. Understanding
this complexity has become a major challenge for scientists, which has resulted in the
development of sophisticated methods and technologies. Ultimately, we can only hope that our
research findings would contribute to the understanding of the malarial disease, which forms the
foundation in an attempt to relieve the burden of not only malaria but other debilitating diseases

including HIV-AIDS and tuberculosis.

To date, progress towards novel drug targets and antimalarials has been hampered by the
incomplete knowledge of the parasite’s biochemistry, particularly the enzymes of parasite origin
that could represent useful drug targets. However, this knowledge has increased substantially
through the application of biochemical and molecular biology studies that compare the

biochemical aspects of the malaria parasite to that of the host cell. A rational approach to achieve
142



&

ﬁ UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA ~ e . . o
o vunisesitHi va pretoria  Chapter 5: Concluding discussion

selective chemotherapy requires a thorough understanding of the metabolic and biochemical
differences between the parasite and its host cell. In this way, several parasite-specific and novel
targets have been identified by their cloning and expression, biochemical characterisation and
subsequent inhibitor screening followed by structure-function relationship studies. The success
of such an approach relies on the highly specific and selective inhibition of a specific parasite
biochemical process that is vital to parasite growth and survival without affecting the process of
the host cell. In this regard the polyamine biosynthetic pathway of the plasmodial parasite is
particularly attractive and represents a novel strategy to interfere with parasite viability. This is
particularly relevant since polyamines themselves are essential for growth and differentiation of
all cells, but has drawn little interest from investigators worldwide mainly due to the difficulty of

working with this pathway’s constituent enzymes.

Research of the polyamine biosynthetic pathway in P. falciparum as well as other parasites such
as T. brucei has identified sufficiently unique properties that would allow for its selective
targeting. Despite the availability of a considerable number of inhibitors and some structural data
of the polyamine biosynthetic enzymes already published, little information is available for the
P. falciparum polyamine biosynthetic rate-limiting enzymes. This may be due to the technical
difficulties involved in obtaining sufficiently large amounts of these proteins that are required for
structural studies. Although previous studies have reported the successful recombinant
expression of active bifunctional PfAdoMetDC/ODC as well as the monofunctional
PfAdoMetDC and PfODC proteins in E. coli, further optimisation is still needed to increase the
level of expression and to overcome the poor solubility as well as instability of these expressed
proteins before the structures can be solved through X-ray crystallography. In the absence of
crystal structures, the modelling of the proteins has been useful to permit exploration of the
predicted catalytic mechanism and effects of potential drug interactions [120,127,130]. However,
a homology model is highly dependent on the degree of sequence homology, which is generally
low for P. falciparum and can thus only provide guidance to the correct structure. Homology
models nonetheless represent a powerful tool for the rational design of substrate analogues and

screening for potential inhibitors.

Various similarities can be drawn between the bifunctional P. falciparum DHFR/TS enzyme and
that of bifunctional PfAdoMetDC/ODC. Like PfAdoMetDC/ODC, P/DHFR/TS, is also a
validated target for the inhibition of de novo folate biosynthesis in the parasite and antimalarials
such as pyrimethamine and sulphadoxine have been used as successful antimalarial strategies for

a considerable period of time. The emergence of resistance has rendered these antimalarials
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largely ineffective but they are still being used today in combination therapies and in certain
malaria treatment cases (WHO 2010). The biochemical and structural characterisation of these
two enzymes as well as the other folate biosynthetic enzymes has allowed researchers to pinpoint
the mechanism of resistance development, methods to delay this and the identification of novel
inhibitors that could in future be used to replace the current antifolates, either as single drugs or
in combinations [256]. P/DHFR/TS is a dimeric enzyme with extensive interdomain interactions
significantly mediated by the junction region (known as the hinge region in Pf/AdoMetDC/ODC)
as well as additional parasite-specific inserts in the PAIDHFR domain. The activity of the PfTS
domain depends on the integrity of the N-terminal P/DHFR as well as the junction region
[122,257] and therefore represents a unique feature that may be exploited in the development of
PfTS-specific inhibitors. Interestingly, it was shown that deletion of only five residues at the N-
terminus of P/DHFR/TS resulted in significant impairment of DHFR function, and further
deletion of 15 residues resulted in an inactive bifunctional enzyme [257]. These results indicated
that the N-terminal residues play an important role in both activities of the bifunctional complex,
even if the start of the PfTS domain is 320 residues away from the N-terminus. The crystal
structure of C. hominis DHFR/TS showed that, while parasite-specific insert 1 extends away
from the domain surface and does not interact with the core CADHFR structure, it forms an
interaction with the CATS domain and thereby contributes to the stabilisation of the interdomain
attachment [258]. The junction region, notably the “donated helix”, also forms extensive

interactions with the other CADHFR domain and includes part of insert 2.

In P. falciparum, AdoMetDC/ODC also exists as a dimer of the two PfAdoMetDC/ODC
polypeptides, which are connected by a hinge region. Autocatalytic cleavage within the
PfAdoMetDC domain for its activation as well as a- and B-subunit formation, results in the
formation of the heterotetrameric protein [70]. Biochemical studies have previously shown that
the hinge region as well as the Pf/AdoMetDC domain is important for the C-terminal PAODC
activity and that this domain is more refractory to change [69,103]. Like P/DHFR, PfAdoMetDC
is not dependent on the C-terminal domain and removal of this domain actually improves the
enzyme efficiency of PfAdoMetDC [71]. However, various interdomain interactions are formed
[69] and their interaction sites have been predicted with the help of homology models [120] and
in silico protein-protein docking experiments [152]. Delineation of these exact sites awaits the
crystal structure of the bifunctional complex, which could be identified for P/DHFR/TS and
ChDHFR/TS once their structures were solved. Further studies have also identified various
parasite-specific inserts within Pf/AdoMetDC/ODC that are important for protein activities and

are predicted to mediate interactions within the two domains [69] as has been observed for
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DHFR/TS from both P. falciparum and C. hominis [122,258]. However, and in contrast to
P/DHFR/TS, the activities of Pf/AdoMetDC/ODC are not involved in substrate channelling and
the basis for the bifunctional arrangement is largely unknown. It has been shown that PfODC is
feedback regulated by its product putrescine, which has no effect on Pf/AdoMetDC activity [71].
Furthermore, while PfAdoMetDC can function independently, monofunctional PODC is

inactive [71,103].

The evolutionary role of such a large bifunctional arrangement has extensively been questioned.
Possible reasons include the regulated biosynthesis of polyamines in Plasmodium spp [70] via
the interference of a single domain, which then communicates the change to the adjacent
domain. In addition to the enormous 5’-UTR of PfAdometdc/Odc consisting of nearly 3000
nucleotides, the hinge region has been suggested to represent the remnants of the 5’-UTR of
PfOdc as it is not predicted to have any conformational role but is within the reading frame of
translation from PfAdometdc. Further studies are needed to identify specific areas within the
UTRs that may mediate transcriptional and translational control as well as possible sites that
could bind polyamines as a feedback control mechanism as seen for the plant and human
transcripts [211,212,259]. In addition, while antizyme [102] is absent in P. falciparum and the
presence of a prozyme [213] seems improbable, PAODC may behave in an analogous fashion to
the PADHFR/TS association, and have adopted a role as regulator of the activity of Pf/AdoMetDC
(and vice versa) in the bifunctional complex. This is evidenced by the improved enzyme kinetics
of the recombinantly expressed, monofunctional Pf/AdoMetDC protein compared to its activity
in complex with PAODC [71]. This has led to the postulation that the bifunctional arrangement
could mediate the co-regulation of both activities of the polyamine rate-limiting enzymes and
that these are made possible by the various interdomain activities, which can regulate the domain
activities. Comparison between P/DHFR/TS and PfAdoMetDC/ODC has thus revealed that the
parasite may employ the bifunctional arrangement of enzymes for 1) the coordinated regulation
of enzyme activities in essential metabolic pathways; 2) to allow for the dependence of the
activity of the C-terminal domain on the N-terminal domain within the complex; 3) in the case of
P/DHFR/TS to allow for substrate channelling; and 4) to allow for additional interdomain
protein-protein interactions for the metabolic regulation of important metabolites such as folates

and polyamines.

In this study, the possibility of interdomain regulation between PfAdoMetDC and PfODC in the
bifunctional complex was studied via the delineation of specifically the O1 parasite-specific

insert of the PODC domain and its role in interdomain interactions as well as with the
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biochemical and structural characterisation of monofunctional PfAdoMetDC. Peptides as probes
to determine the possible roles of the Ol insert in interdomain interactions showed that these
peptides that are identical to the insert itself could displace the binding sites of this insert and
resulted in an increase in PfAdoMetDC activity that was comparable to the activity of this
enzyme when it exists in its monofunctional form [71]. These peptides therefore mimic the
monofunctional arrangement of the P/AdoMetDC domain and a peptide that specifically targeted
the O1 insert reduced PfODC activity, thereby mimicking the effect of expressing PfODC in its
monofunctional form [103]. These results alluded to the possibility that this insert represents the
delineating site that could mediate the activities within the bifunctional PfAdoMetDC/ODC
complex. In addition, future studies involving the crystallisation of the Pf/AdoMetDC domain
could utilise the stabilising effects of the peptides on PfAdoMetDC activity to increase its
crystallisation in the absence of its protein partner. It was subsequently necessary to characterise
the enzyme kinetics of the monofunctional PfAdoMetDC domain in order to determine whether
the kinetics of this domain are improved in the presence of PfODC and would therefore
corroborate the Ol insert peptide results. In addition, the biochemical characterisation of
PfAdoMetDC represents novel results as only limited information is available on this protein in

its monofunctional form.

Expression of monofunctional Pf/AdoMetDC (without the majority of the hinge region) showed
that while the specific activity of this enzyme is higher in this form, the substrate affinity
decreased compared to the K;, in the bifunctional complex. In addition, comparison of the
PfODC kinetics showed that this monofunctional enzyme is inactive while the presence of
PfAdoMetDC increases its specific activity as well as substrate binding affinity [71,103].
Furthermore, analyses of the turnover numbers of monofunctional and bifunctional
PfAdoMetDC or PfODC showed that the bifunctional arrangement resulted in matched rates,
which would allow for balanced synthesis of the products of the decarboxylase reactions. The
results therefore show that the rate-limiting enzymes of the polyamine pathway in P. falciparum
are co-regulated within the bifunctional complex such that their rates can concurrently be
controlled for the subsequent synthesis of the metabolically relevant polyamines via the reaction
of PfSpdS [98]. We have thus shown for the first time that polyamine biosynthesis in P.
falciparum is regulated via the arrangement of activities in a bifunctional protein. Future studies
should focus on the crystallisation of the monofunctional proteins as well as bifunctional
complex such that rational drug design can be facilitated. The studies on monofunctional
PfAdoMetDC provide important starting points for crystallisation in which a stable protein

should be used. These results also prove the relevance of targeting the already validated drug
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target, PfAdoMetDC/ODC, with a compound that could simultaneously affect both enzyme
activities and thereby inhibit the synthesis of downstream polyamines. The latter studies will
have to be performed in combination with the characterisation of polyamine transport in P.

falciparum since the uptake of polyamines as a means for the parasite to overcome polyamine

biosynthesis inhibition will have to be taken into account.

AdoMetDC represents an important drug target due to various factors, including 1) its key
responsibility in the synthesis of polyamines by downstream aminopropyl transferases; 2) the
unique utilisation of a covalently bound pyruvate as co-factor synthesised by an autocatalytic
cleavage event; 3) the maintenance of low steady-state levels of its product, dcAdoMet, as a
result of the importance of AdoMet in methyl transfer reactions; and 4) the strict control of its
activity in response to the requirement of polyamines by means of its transcription, translation,
post-translational modification (pyruvoyl formation), enzyme activity as well as its degradation
[258]. It therefore seems that AdoMetDC represents the most important enzyme in the
polyamine pathway while SpdS is involved in flux control due to its dependence on the products
of both the AdoMetDC and ODC reactions for the synthesis of spermidine. However, in P.
falciparum, the association of AdoMetDC with ODC within a bifunctional complex allows for a
unique opportunity to not only target AdoMetDC activity but also ODC. In addition, the
identification of protein-protein interactions between these two domains, especially those
mediated by the Ol parasite-specific insert, has allowed for additional strategies to target
enzyme activities with the use of non-active site inhibitors. The use of such inhibitors are
beneficial due to the limitations involved in targeting inhibitors to the enzyme active site when
high structural conservation exists between the active sites of the host and the disease-causing
parasite. The greater structural variability of protein-protein interfaces suggests that these
interface contact sites may provide important target sites that are sufficiently different between
the host and the parasite. The large PfAdoMetDC/ODC complex possesses several protein-
protein interaction regions that are absent in the host monofunctional counterparts and can thus
be selectively targeted. Another advantage of targeting areas other than the active site is the
reduced resistance pressure that is placed on the organism when a non-active site-based drug is
used. Resistance to the drug via the introduction of mutations in the active site, as is seen for
P/DHFR/TS [146], will develop at a slower rate, which is extremely valuable in drug
development against the multidrug resistant malaria-causing P. falciparum parasites [169].
Several other advantages of using peptides as therapeutic molecules include: 1) high activity and
specificity; 2) unique 3D characteristics; 3) no accumulation in organs due to small size; 4) low

toxicity; and 5) low immunogenicity [259].
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Alternatively, the use of structure-based drug design was also evaluated by using the well-
characterised PfSpdS protein as drug target in a study that applied a dynamic, receptor-based
pharmacophore model together with in silico chemical library screening. This approach
identified important factors that should be taken into account to identify a promising lead
compound and it specifically identified the importance of identifying a ligand that could bridge
the catalytic centre of this two-substrate enzyme and thereby efficiently compete with both
substrates. Two lead compounds were subsequently tested in vitro for their effects on enzyme
inhibition and whole cell-based parasite cultures. The compounds also showed promising
interactions and stabilisation within the active site as determined by the atomic resolution (1.9 A)
crystal structures. While the inhibitory results showed potential, these drugs still need to be
effectively delivered into the parasites to obtain increased inhibition in the nanomolar range.
However, in contrast to prior studies that focussed on ligand-based approaches, the dynamic,
receptor-based pharmacophore model employed here identified a compound that could bind to a
restricted site within the active site and cause inhibition. The co-crystallisation of these lead
compounds with the purified P/SpdS protein validated the in silico predictions and thus shows
the relevance of applying such a study for prioritisation of potential inhibitors to be tested

experimentally.

The results of this dissertation have thus completed a full circle in terms of identification of a
novel drug target (polyamine biosynthesis), biochemical and structural characterisation thereof in
order to identify potential unique properties that are exploitable for selective drug targeting
(PfAdoMetDC and PfODC, Chapters 2 and 3), followed by the identification of potential
inhibitors via rational structure-based drug design and validation of the mechanism of inhibition
with these novel compounds (PfSpdS, Chapter 4). This study thus shows the importance of
combining in vitro with in silico experiments to streamline the required studies that are needed to
be performed in the laboratory and shows a successful interplay of three different, yet dependent
scientific approaches, namely biochemistry, bioinformatics and medicinal chemistry. Future
studies should focus on further structural characterisation of the bifunctional Pf/AdoMetDC/ODC
complex as well as validation of interdomain interactions, followed by the identification of novel
inhibitory compounds. The efficiency of the inhibitory compounds indentified for PfSpdS should
also be improved in terms of delivery into the parasites and selectivity against host cells.
Ultimately, the aim would be to apply a combination-based approach to target bifunctional
PfAdoMetDC/ODC with a non-active site based inhibitor as well as the flux-controlling activity
of PfSpdS with a highly selective, active site inhibitor that would result in a drastic reduction of

polyamine levels within the parasite.
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Appendix I: PROCHECK results for the PfSpdS-NACD-MTA crystal structure
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Stereochemical parameter data pts value value  width  from mean
a. Yo-tage residues in A, B. L 757 80.7 85.0 10.0 0.5 Inside
b. Omega angle st dev 838 6.9 6.0 3.0 0.3 Inside
¢. Bad contacts / 100 residues 3 02 3.2 10.0 -0.3 Inside
d. Zeta angle st dev 793 24 34 1.6 -0.6  Inside
e. H-bond energy st dev 538 0.7 0.8 0.2 -0.3  Inside
f. Overall G-factor 1489 -0.1 -0.3 0.3 0.7 Inside
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Solid and dashed lines represent the mean and standard deviation values as per Engh & Huber small-molecule data.
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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Appendix II: PROCHECK results for the PfSpdS-NACD crystal structure
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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d. Zeta angle st dev 777 24 34 1.6 -0.6  Inside

e. H-bond energy st dev 528 0.8 0.9 0.2 -0.7  Inside

f. Overall G-factor 1073 -0.1 -0.5 0.3 1.4 BETTER
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Side-chain parameters
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Black bars > 2.0 st. devs. from mean.

Solid and dashed lines represent the mean and standard deviation values as per Engh & Huber small-molecule data.
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Black bars

Solid and dashed lines represent the mean and standard deviation values as per Engh & Huber small-molecule data.
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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Numbers of residues are shown in brackets. Those in unfavourable conformations (score < -3.00) are labelled.
Shading shows favourable conformations as obtained from an analysis of 163 structures at resolution 2.0A or better.
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