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Abstract

The overall objective of this project was to design and synthesize cysteinyl protease
inhibitors that are envisaged to have antimalarial activity. Several synthesis routes leading to
the rigid heterocyclic 2-pyridone scaffold were explored. The syntheses of the 2-pyridones
involved constructing and investigating derivatives with hydrophilic and hydrophobic
moieties, using a methodology that seems to have a wide scope. Intermediates as well as the
target pyridones were docked into the falcipain-2 active site and tested against chloroquine-
sensitive and resistant Plasmodium falciparum strains; three 3-cyano-2-pyridones showed
promising results. Using this collection of synthesis methodologies, a wide variety of di- and
tripeptides based on a substituted 2-pyridone scaffold in the P2 position, have become

accessible.

Keywords:  Plasmodium; protease; cysteinase, 2-pyridone; antimalarial.
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Introduction and Background

Malaria is an infectious disease caused by the mosquito-borne parasite Plasmodium and, with

HIV and TB, is one of the three major human infectious diseases targeted by the World

Health Organization (WHO, 2014). There are four infective species of Plasmodium that can
be transmitted to humans. The most severe and deadly malaria is caused by Plasmodium

falciparum. The other species, namely Plasmodium vivax, Plasmodium ovale and

Plasmodium malariae cause a milder form of malaria that is usually not fatal to otherwise

healthy humans (White, 2004).

1.1 Malaria as a disease

The disease is a result of multiplication of the malaria parasite within the red blood cells after

somebody is bitten by a mosquito, which is called the vector. The lifecycle of the

Plasmodium parasite (Figure 1.1) is complex and involves three stages, which are the

exoerythrocytic cycle (A), the erythrocytic cycle (B) and the sporogonic cycle (C). Several

sub-stages are numbered 1 to 12 in the following discussion. The sexual phase of the

parasite's life-cycle occurs in mosquitoes, which are the vectors for the malaria parasites. The

sexual phase, called sporogony, leads to the development of a large number of infecting

forms of the parasite within the mosquito that induce disea
the mosquito bite (1). Plasmodium survives in the saliva of female Anopheles

se in the human host after their

injection by

n an infected mosquito bites a person, it injects saliva that contains

s into the human bloodstream. After this first stage injection, the

mosquitoes. Whe

infectious sporozoite
sporozoites are carried to the liver by the circulatory system. Once the sporozoites are in the

liver cell (2), the cell becomes infected and the sporozoites develop into schizonts (3), which

develop into merozoites and the cell ruptures (4). The merozoites migrate to the erythrocytes
(5) in the erythrocytic stage and undergo a period of enlargement known as the ring stage

trophozoite. The trophozoite is more metabolically active and develops into the merozoite,

and the erythrocyte ruptures (6) releasing a large number of merozoites. Apparently, the

rupture and reinvasion of erythrocytes at this stage requires proteases; the degradation of

haemoglobin by trophozoites also requires proteases. The trophozoites ingest the cytoplasm
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and transport it to the large central food vacu(®)ef-4¢hp~parasite. Here, the haemoglobin is

metabolized to haem and globin, which is hydrolysed to its constituent amino acids. The food
vacuole is acidic in nature with pH 5.0, which is acidic enough to degrade haemoglobin

(Krogstad and Schlesinger, 1987).
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Figure 1.1  The Plasmodium lifecycle is complex, consisting of three sub-cycles (CDC,
2013, reproduced under the terms of the Creative Commons attribution license). Sub-
cycles: A: Exoerythrocytic cycle; B: Erythrocytic cycle; C: Sporogonic cycle. The
sequence of events can be summarized as: 1. Mosquito bite; 2. Host liver cell
infection; 3. Schizont formation; 4. Cell rupture and merozoite release; 5. Merozoite
entry into human blood stage; 6. Schizont re-infection; 7. Gametocyte development;
8. Gametocyte extraction by mosquito bite; 9. Gamete development; 10. Zygote

formation; 11. Oocyst development; 12. Release of sporozoites.
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At this stage, the host exhibits malaria sympto suetr-as fever and chills. The other
merozoites in the blood cells develop into female and male gametocytes (7), which are

extracted by a biting mosquito (8). Within the mosquito, the gametocytes form female and

male gametes (9) in the sporogonic stage. The gametes fuse to form a zygote, which further

develops into the oocyst (11). The oocyst undergoes mitotic division to form a large number

of sporozoites (12), which then migrate to the mosquito’s salivary gland. This completes the

cycle.

It has been estimated that about 198 million malaria cases are reported every year, with about

580 000 people, mostly children, infants and pregnant women dying annually, mostly in sub-

Saharan Africa (Scheidt ez al., 1998). The disease has its greatest morbidity and mortality in

the poorest of the countries because of inaccessible and unaffordable treatment. This

perpetuates the cycle of poverty in the countries where the disease is endemic. Parasite

infections are increasing at an alarming rate, with Plasmodium falciparum showing

increasing resistance to existing anti-malarial drugs (White, 2004). It must be noted, however,

that malaria is a preventable and treatable disease through prophylaxis and drug treatment.

1.2 Prevention and treatment of malaria

Malaria may be prevented by various methods, for example, using mosquito repellents
uito nets, wearing long sleeves and trousers and removing stagnant
ding (White, 2004). Drugs that are used for treatment

Antimalarial treatment is designed to

(creams, coils efc.), mosq
water, which promotes mosquito bree
and prevention of malaria are called antimalarials.
prevent or cure the disease. Malaria can be treated by a variety of drugs, most of which are

alkaloids bearing a quinoline unit. The common treatment practice is based on the concepts

of either single drugs or combination dru
advantages: reduced treatment failures, reduced risk of dev

side-effects. It is important to confirm the infection of suspect malaria cases as soon as

gs. Combination drug therapy has several

eloping resistance, and reduced

possible before starting treatment. Starting treatment simply because malaria is suspected, is

not advisable because most malaria symptoms are common for many other diseases.

Malaria has been treated for many years by several single drug therapies. The structures of

some of the most common antimalarial drugs are shown in Figure 1.2.

© University of Venda
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Figure 1.2 Structures of some common antimalarials.

1.3  Treatment and drug resistance

Antimalarial resistance is a major health problem that makes malaria control and treatment

less effective. Resistance of Plasmodium falciparum to some of the antimalarial drugs, and

chloroquine in particular, is spreading fast in many of the countries where malaria is endemic.

Antimalarial medication is intended to prevent or cure the disease; there are varieties of

antimalarial drugs that are currently used with various properties and specific treatment

requirements. The traditional antimalarial drug is quinine, which is less effective and more

toxic than chloroquine and is used in areas where a high level of resistance to chloroquine

occurs.

Currently the treatment and control of malaria is through chemotherapy with single or

combination drug regimens, but it is now common knowledge that resistance to existing

antimalarials has rendered the control and treatment often ineffective as a result of the

increasing resistance and development of new strains (Breman ef al., 2004). Therefore, it is

important to continue searching for safe, potent and more effective antimalarial drugs for the
control and elimination of malaria.

Malaria is currently mostly treated by combination therapy, because lower doses of

individual drugs are used, which result in lower risks of resistance developing, treatment

failure and side-effects. It should however be noted that combination drugs are generally

© University of Venda
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more expensive (about 10 times) (Breman et al.@ummf@"e“veral factors can lead to drug
resistance. Generally, it is accepted that the resistance is due to spontaneous and evolutional
chromosomal mutation of the genes of the parasites, which enables the parasite to survive in
the hostile host environment. The most effective strategy for the treatment of P. falciparum
infection, recommended by the WHO, is the use of artemisinin in combination with other
antimalarials. It is also recommended that atovaquone be used in combination with another
antimalarial for the treatment of resistant parasites. However, it is accepted that no current
single drug or combination drugs can offer total protection against malaria. Therefore,

prevention of malaria is of absolute public health importance.

1.4 Malaria proteases as drug targets

The complete genome sequence of the malaria pathogen (Gardner et al., 2002) and that of its
host Homo sapiens (GIC, 2001) are available. This has enabled the identification of potential
enzymes present in the pathogen and absent in the host, so that in principle enzyme inhibitors
may be found that target the enzymes of the parasite rather than those of the human host. It is
important that the enzyme inhibitors do not interfere with human biological processes.
Finding those enzyme targets with the lowest possible similarity to the human enzymes is not
easy, because the Plasmodium genome consists of 32 million bases and is highly unstable and
susceptible to recombination and genome fusion (Maelicke, 1999). Nevertheless, analysis of
the genome sequence has provided some important knowledge on metabolic pathways of

Plasmodium regardless of the life-cycle stages involved (Gardner et al., 2002).

Several of the discovered metabolic pathways are targeted by the existing antimalarial drugs
(Gardner et al., 2002). For instance, chloroquine, artemisinin and quinine inhibit the
breakdown of haemoglobin to haemozoin in the parasite food vacuole (Dahl and Rosenthal,
2005), fosmidomycin acts in the apicoplast on the DOXP pathway (Ralph e al., 2001), and
thiolactomycin and triclosan interfere with fatty acid biosynthesis (Jomaa et al., 1999; Kemp

etal.,2002).

1.4.1 Proteases as primary targets

The parasite hydrolyses haemoglobin to provide amino acids for protein synthesis and to

maintain osmotic stability (Rosenthal, 2004). Hydrolysis of haemoglobin is therefore a key

© University of Venda
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catabolic process, and members of the plasmep@ﬁmm,:easpartic proteinases), the falcipain

family (cysteine proteinases) and falcilysin (a metallopeptidase) involved in this process,
have been identified clearly and occur in all the blood stages. At least four aspartyl proteases
and three cysteine proteases have been linked to haemoglobin degradation in the acidic food
vacuole (Rosenthal and Meshnick, 1996; Francis et al., 1997a). The falcipains and

plasmepsins, therefore, are logical targets for antimalarial drug development.

Among several strategies for the development of antimalarial chemotherapy is the synthesis
of protease inhibitors, since parasitic cysteine proteases and aspartic proteases play a major
role in the malaria disease (Lv et al., 2010). It is known that cysteine and aspartic protease
inhibitors interfere with the life cycle of Plasmodium falciparum, the parasite responsible for
most of the malaria morbidity and mortality (Verissimo ef al., 2008). Proteases are enzymes
that, like proteins, are made of a sequence of amino acids linked together by peptide bonds or

amide bonds. Each protease is unique with regard to its amino acid sequence.

In the past two decades, di- and tripeptides have become increasingly important in the
treatment of malaria by targeting malaria parasite proteases (Caffrey et al., 2000; Rosenthal,
2004). This is because many short peptide sequences have potential pharmacological
properties. Both natural and synthetic peptides have for a long time proved to inhibit a broad
spectrum of pathogens and microorganisms (Bulet and Stockling, 2005; Hancock er al.,
1995). The peptide sequences (termed substrates) are specifically recognized by proteases
and hence the interaction between the proteases and the drug (peptide). In malaria drug

design, it is important, therefore, to have knowledge of the proteases of the host and the

parasite (Ramjee et al., 2006).

Currently, many medicinal chemical and biochemical strategies for developing drugs to
attack infectious bacteria and parasites, involve the interference with metabolic pathways of
the host parasite and not that of humans. This often means drugs are intended to disrupt or
inhibit the natural biosynthesis of the enzyme responsible for a disease, for example, a drug
such as the well-known antibiotic, penicillin (Frere et al., 1992). Penicillin inhibits the
enzyme that catalyses D-alanine transfer in a very specific way, during the bacterial cell
synthesis. In this way, it mimics the natural substrate when it reacts with the enzyme and
deactivates it by blocking the OH group at the active site (Scheme 1.1). In its action,

penicillin imitates D-alanine and binds with the enzyme, allowing the OH group of serine to

© University of Venda
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attack the strained B-lactam and open it. Cons&g#ently, the synthesis of the bacterial cell

(

walls cannot be completed and the bacteria die.
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Penicilloylenzyme complex
(enzymatically inactive )

Scheme 1.1  Penicillin inhibits the enzyme that catalyses D-alanine transfer by mimicking

the natural substrate (after Frere ef al., 1992).

142 The aspartic proteases

The aspartic proteases are protease enzymes that use an activated water molecule bound to
two aspartate residues to catalyze hydrolysis of their peptide substrates (Scheme 1:2).: Fwo
classes of aspartic protease have received attention as potential drug targets, viz. the pepsin-
like family (for example, renin, BACE-1) and the plasmepsins (Blum ez al., 2008). About ten
plasmepsins have been found in the Plasmodium falciparum genome and five of these have
been intensively researched, namely plasmepsins I, II, IV, V, and histo-aspartic protease,
Wwhich is related to the plasmepsins. These are present in the acidic food vacuole of the

parasite (Cunico et al., 2009; Ersmark et al., 2006; Rosenthal, 1998; Shenai et al., 2000;
Sijwali et al., 2001).

Plasmepsins I and II have received most attention as targets for potential antimalarials.
Plasmepsin 1 is thought to be responsible for initial cleavage of haemoglobin in the hinge
region that maintains quaternary structure, after the molecule has been transported to the food

vacuole (Gluzman et al., 1994). This strategic cleavage is thought to unravel the

© University of Venda
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haemoglobin, exposing it to further proteolysMy a cysteinyl protease (falcipain) and
plasmepsin II. Plasmepsin I is synthesized shortly after the invasion of the erythrocytes by the
parasite, while the synthesis of plasmepsin II is formed later (Francis et al., 1997a). In 1996,
the crystal structure of the complex of plasmepsin II with pepstatin A was published,

revealing the structure of the enzyme active site (Silva et al., 1996).

Scheme 1.2 Aspartic protease mechanism of action of peptide hydrolysis (after Brik and

Wong, 2003).

1.43 The cysteine proteases

The family of cysteine proteases, also known as thiol proteases, are proteolytic enzymes that
share a common catalytic mechanism involving a nucleophilic cysteine thiol in a catalytic
triad or dyad (Scheme 1.3). The papain-like cysteine proteases, especially FP-1 (Greenbaum
et al., 2002), FP-2 (Shenai et al., 2000), FP-2’ (Singh et al., 2006), and FP-3 (Sijwali et al.,
2001), are found in the Plasmodium falciparum food vacuole. The roles of FP-1 had FP-2’
are less well understood, but they are certainly involved in haemoglobin degradation,
erythrocyte invasion and oocyst production (Kumar et al., 2007; Greenbaum et al., 2002;
Goh et al., 2005). FP-2 had FP-3 play key roles in parasite hydrolysis of haemoglobin and are

therefore potential chemotherapeutic targets, but falcipains may also be necessary in the

initial stages (Gamboa de Dominguez and Rosenthal, 1996).

Falcipain 2 plays a key role in parasite hydrolysis of haemoglobin and is therefore a potential
chemotherapeutic target. The binding of haemoglobin to falcipain 2 is regulated by pH, so

that the enzyme normally processes haemoglobin within the acidic food vacuole (Ettari et al.,
2008).

Falcipain 3 is structurally similar to falcipain 2, but is involved twice in cleaving

haemoglobin. Falcipain 3 is essential in asexual growth and this suggests that it also is a

8
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prime target for development of new antimalaria‘MfaTClpam 3 together with falcipain 2, are
the major cysteine proteases involved in hydrolysis of haemoglobin. Therefore, targeting this

enzyme family is a valid strategy in the development of new malaria chemotherapy (Selzer et

al., 1999).

e b, 15
R A _ BN
5
S § 3 S g
N N
» +R-CO-NH-R' »
Q - R-COOH O\Q
C—OH CENH
74 7 \
R R R
R b 0
sadis Yl
< H |
MDA SN otcing N
foo i
R RiER

A
¥y
2
By

S
|
Q’;? {:‘i +H,0 o:? H
R \ - H2N'R R H2N\
PON R

Scheme 1.3  The cysteinyl protease mechanism of action involves the thiol function (after

Roberts, 2005).
1.4.4 Inhibition of plasmepsins and falcipains as antimalarial strategy

The falcipains and plasmepsins all generate fragments corresponding to cleavage of the

haemoglobin ¢-33Phe/34Leu bond, and are inhibited synergistically by cysteine and aspartyl

© University of Venda
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protease inhibitors. These proteases are thereR$€ “10gical targets for antimalarial drug

development.

The synthesis of protease inhibitors is based on mimicking the amino acid sequence of the
substrate peptides. In the development of potential antimalarial and HIV/AIDS drugs and
antibiotics, the strategy has been to target the proteases of the parasites and viruses,
specifically focussing on protease inhibitors (Caffrey et al., 2000; Rosenthal, 2004). Cysteine
and aspartic proteases of malaria parasites play a pivotal role in malaria. They are responsible
for erythrocyte rupture, invasion and degradation of haemoglobin (Ramjee et al., 2006; Eksi
et al., 2004). Treatment of malaria with protease inhibitors blocks the hydrolysis of human
haemoglobin by the parasite, thus causing abnormal swelling of the parasite food vacuole
(Caffrey et al., 2000) and inhibiting the development of host parasites. Cysteine protease
inhibitors usually consist of a dipeptide or tripeptide moiety attached to an electrophile that
chemically reacts with the cysteine active site, which is the thiol function (Scheme L3

Similarly, aspartic protease inhibitors engage the aspartate function (Scheme 1.2).

A number of peptide-based cysteine protease inhibitors as well as carbonyl and vinyl
sulphone containing inhibitors (such as compounds 1-3, Figure 1.3) have been synthesized
(Rosenthal, 2004: Bulet and Stockling, 2005) and exhibit cysteine protease inhibition activity
(Hancock er al., 1995; Ramjee et al., 2006). The action of these compounds is to alkylate
cysteine residues 13 to 15 at the active site irreversibly (Ramjee ez al., 2006; Eksi et al.,
2004; Frere et al., 1992). The substrates 1 and 2 are open chain peptides while 3, a
peptidomimetic derivative, has a non-peptidic, rigid pyridone scaffold, hence less
conformational flexibility. Among the more recent successful synthetic protease inhibitors is
K777 (4, Figure 1.3), which is currently clinically developed to treat Chagas disease (Breman
and Holloway, 2001). Analysis of these peptide structures has shown that an aliphatic or

heterocyclic ring may serve as a linker binding the inhibitor to the active enzyme site.

A large number of cysteine protease inhibitors have been synthesized to date (e.g., Figure
1.3), and compounds such as tokaramide (5, Figure 1.4) (Konno et al., 2011) and pfHDAC-1
(6, Figure 1.4) (Patel et al., 2009) have shown promise in mouse models, but most
compounds have enjoyed limited practical success (Turk, 2006). The synthetic approach in
this study is based on the planned construction of a dipeptide or tripeptide mimic that
incorporates the heterocyclic ring of the 2-pyridone scaffold in the P2 position, a

phenylalanine analogue at the P1 position and a phthalimido moiety in position P3. The 2-

10

© University of Venda




b

pyridone scaffold-based derivatives have show@;g\l"/%ﬂ%:r‘gﬁe analgesic, anti-inflammatory,
antibacterial and anticancer activities in various tests (Lv et al., 2010; Gezegen et al., 2014).

The design of inhibitors is usually based on the mimicry of transition states formed during
peptide hydrolysis by a cysteinyl protease. Inhibitors mimic the hydrophobic and hydrogen-
bonding interactions of the parasite’s enzyme, but as potential substrates they also possess
disadvantages as potential drugs; for example, they may be susceptible to enzymatic or
chemical hydrolysis and further metabolism. These disadvantages may be overcome by

systematic chemical modification of the amino acid backbone and/or side chains (Bryant ez

al., 2009).
0 o}
H Q0 H 0.0
I/\NJL No~Sp Ph/\o’[LN NS,
O L 8 B
Ph \ll
1 2 h
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e J\/EOAC 0 ~ PI
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g 4 SRt T @l
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P3 Ell
3 K-777 (4)

Figure 1.3 Examples of peptidic and peptidomimetic cysteinase inhibitors.

L5 General inhibitor design principles

So far, most approaches to the synthesis of protease inhibitors have focused on
peptidomimetics. Typical cysteine protease inhibitors are di- or tripeptides linked to an
electrophilic ‘warhead’ that reacts reversibly or irreversibly with the cysteine thiol function.
Peptidyl vinyl sulfones, such as K11017 (Mu-Leu-Hph-Vsph) (7, Figure 1.4) (Kerr et al.,

2009b), are potent irreversible inhibitors of falcipains, acting as Michael acceptors of the

catalytic cysteine residue.

The malaria cysteine proteases (falcipains) are enzymes that can cleave small peptides by

nucleophilic attack by the thiol group on the substrate. They differ structurally sufficiently

1L

© University of Venda




.:20 1
&5 | ) Unive ersIFIz“:fL:I:ﬂr:ga
from the human cysteine proteases to make them Mrestmg targets for inhibitor design (Sajid

and McKerrow, 2002). Of the four falcipains (Dahl and Rosenthal, 2005), falcipain-2 (FP2)

and falcipain-3 (FP3) are localized in the food vacuole; they are able to degrade haemoglobin

and are the best known.

HO
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NH\)J\ \C‘ JJ\ 2 N )l\/\/\/u\ SOH
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H H

%

//\\

h ﬁm? ﬁ

8

Figure 1.4 Structures of tokaramide (5), pfHDAC-1 (6), K11017 (7), and sulphone

8.

Elucidation of substrate specificity requirements unique to the falcipains has led to the
expectation that specific inhibitors with antimalarial activities may be designed, for example
by replacement of certain amino acids near the binding site. Maximal FP2 and FP3 inhibition
seems to be consistently obtained by peptidyl analogues with a leucine residue at the P2
position and the unnatural homophenylalanine at position P1 (Lee et al., 2003; Verissimo et

al., 2008). Conformationally constrained sulphones, for example compound 8 (Figure 1.4),

also demonstrate high FP2 inhibition activity (Scheidt ef al., 1998).

Basic structural functions (such as found in quinoline) also seem necessary for transport of

the inhibitor to the acidic parasite food vacuole site.

12
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1.6  Specific approaches to peptidominiefic design

1.6.1 Mimicry

Most current frontline approaches to drug design start by mimicking a substrate for an
enzyme active site, usually a di- or tripeptide. This is then modified to become less ‘peptide-
like’ and more ‘drug-like’. Phenylnorstatine 9 (Figure 1.5) and  allophenylnorstatine 10
(Figure 1.5) are structurally similar to L-phenylalanine (Phe); therefore, they could be used to
replace Phe residues in the substrate. Other amino acid residues could also be replaced by
isosteres (Nguyen e al., 2008). In some of the drug designs, a 2-pyridone structure is

decorated (Czodrowski et al., 2014) by placing various substituents and increasing the

peptide chain length on the 2-pyridone base structure.

NH, O >
OH o
OH NH,
9 10 L-Phenylalanine

Figure 1.5 L-Phenylalanine and related compounds phenylnorstatine 9 and

allophenylnorstatine 10.

1.6.2 Conformational restriction

Conformational restriction can play an important role in rational design of peptidomimetics,
with the aim of reducing conformational flexibility and biodegradability, and improving

receptor selectivity. The incorporation of conformational restraints enhances the selectivity,

efficiency, stability, and effectiveness of the di- or tripeptide.

The incorporation of chiral and achiral amino acids that have a quaternary a-carbon atom into
peptides is a very useful and versatile approach to restrict conformational freedom; as a
result, the secondary structure is fixed and the stability towards chemical and enzymatic

hydrolysis may be improved, as was demonstrated by peptides containing substructure 11

(Figure 1.6) (Morera et al., 2000).

Many bioactive peptides contain reverse turns, which influence protein folding (Rose et al.,

1985), and especially so-called p-turns are well known. They form the basis for recognition
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in the interactions of peptides with receptors (Bur%ezsc,m%mdnlm). The B-turns are often stabilized
by intramolecular hydrogen bonds between the first and fourth residues of a tetrapeptide, to
form a 10-membered ring 12 (Figure 1.6) (Rose et al., 1985). Particularly interesting is the
use of conformationally constrained di- and tripeptide scaffolds (isosteres) into a peptide,
causing a specific folding of the peptide chain. A recent example of this approach is the work

by Scheffelaar er al. (2009) who synthesized 3,4-dihydropyridin-2-ones 13 (Figure 1.6).

Peptide mimics containing trans-substituted cyclopropanes stabilize extended conformations
of oligopeptides, and it is thought that cis-cyclopropanes stabilize a reverse turn (Martin er
al., 2000). Replacing the a-carbon, nitrogen, and B-carbon, or the a-carbon, carbonyl, and f3-

carbon with cyclopropane, two novel modifications (14 and 15, Figure 1.6) are possible.

2 =

H,N" “CO,H

Quaternary cysteine analogue

11 14 13

R o
0 3

)J\ H
R1 H \RZ ‘\~\\~ O R3 H
'Y
H. H
” o e NHR, 15
RN |/
0

Figure 1.6  Examples of structural features causing conformational restriction.

Epoxysuccinyl (16) and aziridinyl (17) peptides (Figure 1.7) (Hanada er al., 1978) are also
irreversible and selective inhibitors of cysteine proteases. In this case, nucleophilic ring
opening by the cysteine of the active site results in alkylation and irreversible inhibition of
the protease. Bicyclic dipeptide mimetics such as 18 (Figure 1.7) can also provide rigid

scaffolds with numerous possibilities of stabilizing B-turns (Qiu ez al., 2001).
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Figure 1.7 Examples of rigid peptidomimetic scaffolds.

1.6.3 Lipophilicity

Introducing hydrophobic, particularly aromatic, moieties in receptor ligands can affect
recognition and activation of receptors having lipophilic domains; therefore, many ligand
mimics have been designed to contain such an element, especially phenyl substituents or
fusions (Giannis and Kolter, 1993). Examples of lipophilic cysteine protease inhibitors which
block intracellular processing of falcipain-2 and -3 are morpholino-urea-leucine-
homophenylalanine-phenyl vinyl sulfone (Mu-Leu-Hph-VSPh) 7 (Figure 1.4), N-acetyl-
leucine-leucine-norleucinal (ALLN) 19, and (28,38)-trans-epoxysuccinyl-L-leucylamido-3-

methylbutane ethyl ester (E-64d) 20 (Figure 1.8) (Dahl and Rosenthal, 2005).

HiCi . CHy
O S 0 . 0 H
)J\N N\/U\N o HiC \n/_l """" | ]/ CHj
H :
e 8 \( H 0 9 H/\/kcm

19 20

Figure 1.8 Examples of lipophilic cysteine protease inhibitors (Dahl and Rosenthal,

2005).

1.6.4 Electrophilicity

Electrophilic building blocks such as fumarate and other activated olefins can covalently
block the active site Cys residue of FP2 via a Michael-type reaction (Scheme 1.4; Barrett et

al., 1982; Machon et al., 2009; Darkins et al., 2007; Santos and Moreira, 2007). For example,

15
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heptapeptides containing the tripeptide RNH-(Phe/ - /GT;SNZRFumarate-Gly-OR were active

in the micromolar to nanomolar range against FP2 (Machon et al., 2009).

RO—Gly—O
RO—Gly—O_  {)—CO:H O _Michael ; etk
. addition

4 S R ) S—>_(O
NHR
RHN R
RO-Gly fumarate Cysteinyl-R

Scheme 1.4  Nucleophilic addition of fumarate to a cysteine residue yields an S-(2-

succinyl) substituted cysteinyl residue by Michael addition reaction (Santos

and Moreira, 2007). R indicates a peptide chain.
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Chapter

Motivation, aims and objectives

Malaria is an infectious mosquito-borne disease, which causes morbidity and mortality in
tropical Africa and elsewhere. Malaria is endemic in tropical and sub-tropical regions in
Africa, Asia and South America (Scheidt et al., 1998; CDC, 2013). It is widespread in these
regions because of significant rainfall and prevalent hot temperatures. The warm
temperatures and moisture provide mosquitoes with the ideal environment to breed
continuously and spread to many places (Scheidt et al., 1998; CDC, 2013). This severe and
deadly disease is caused by Plasmodium falciparum. The other species, namely, Plasmodium

berghei, Plasmodium vivax, Plasmodium ovale and Plasmodium malariae cause milder forms

of malaria that are usually not fatal to humans (Machon ez al., 2009).

Malaria is the third of the major infectious diseases after HIV and TB (WHO, 2014), and is
one of the deadliest diseases that the world is facing. Malaria causes an estimated 198 million
clinical cases and over 580 000 deaths per year, with most of them in Africa, Southeast Asia
and South America (Scheidt e al., 1998). According to the World Health Organization,
almost 4 billion people, (more than 50% of the world’s population) suffer from parasite
infections, which can cause chronic infections, leading to severe mortality and morbidity
(Desai et al., 2006; WHO, 2014). Parasite infections are increasing at a fast rate, with some
of them, like the Plasmodium falciparum increasing in resistance to existing antimalarials

(White, 2004). Therefore, an urgent provision of more effective antimalarial drugs is required
to limit the number of deaths caused by the malaria parasite.
Some common drugs currently used as antimalarials are chloroquine (21), quinine (22) and

artemisinin (23) (Figure 2.1). As a result of the growing resistance of the Plasmodium

parasite to common antimalarial drugs, combination drugs such as artemisinin and
atovaquone (24) combined with other antimalarials are being used.

Many heterocyclic compounds with a 2-pyridone scaffold have been reported to be effective
as inhibitors of P. falciparum (Upadhyay ef al., 2009) and with antitumor activity, such as the

3,5,6-trisubstituted-2-pyridones 25 (Figure 2.1) (Brik and Wong, 2003). Encouraged by such

biological activities much research has been done and continues to attract interest in the

synthesis and screening of these types of compounds.
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Chloroquine (21) Quinine (22) Artemisinin (23)
Cl
R2
(©, : F ’
R \ R
o \\ N //PS
B e}
ki
o B2
(0)
25

Atovaquone (24)
Figure 2.1 Some well-known antimalarial compounds.

As mentioned in Chapter 1, cysteine proteases play a pivotal role in malaria (Sajid and
McKerrow, 2002). This study, therefore, focuses specifically on the development of synthesis
methodology for cysteine protease inhibitors of Plasmodium. Most of the synthetic strategies
were designed to produce substances that will mimic the natural substrate and hence will
target the enzyme active site. The compounds selected are dipeptidic or tripeptidic, based on
a rigid heterocyclic 2-pyridone scaffold. Synthetic strategies based mostly on known
literature methods for synthesising 2-pyridone derivatives were chosen. The 2-pyridone
scaffold could be an important heterocyclic building block and has been employed over the
years by organic chemists for the synthesis of naturally-occurring biologically active

alkaloids.

It is hypothesized that antimalarial drug discovery and synthesis have the potential to produce

potent and selective lead compounds. It is envisaged that these compounds will exhibit

competitive protease inhibition at the enzyme active site.
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2.1 Aims

The ultimate aim of this study is to synthesise a new class of compounds with the envisaged
ability to inhibit cysteine proteases, especially of Plasmodium, with the focus on a 2-pyridone

ring moiety such as found in the antiviral compound 26 (Figure 2.2) (Lv et al., 2010).

OEt
/©/U\CL
NS
MeO (®,

26

Figure 2.2 Antiviral 2-pyridone 26.

Proteases are enzymes that catalyse the hydrolysis of peptide bonds in protein substrates. A
peptide bond cleaved by a protease is called the scissile bond. The product of protease-

catalysed hydrolysis of a peptide bond is two polypeptides, and new carboxyl and amino
termini are formed by lysis of the amide bond (Cronk, 2014; Scheme 2.1). Cysteine or thiol
proteases catalyse proteolysis by means of nucleophilic attack by the sulfhydryl group of a

cysteine residue. Examples of cysteine proteases are papain, cathepsins B and L, caspases,

and falcipains.
scissile bond
Il

CJY 3 - &
H3l+\l N-terminal polypeptidel’ E/rc-termlnal polypeptldeﬂ—CO2

protease '+ H,O

0]
I

C\O- .

Hsﬁ/ﬁ-terminal ponpeptidgl—COZ

H3rtl—| N-terminal polypeptide

new C terminus new N terminus

Scheme 2.1 Proteolysis of a scissile bond (after Cronk, 2014).

To assist in the discussion of protease mechanisms and specificities, a brief explanation of the

nomenclature used for protease substrates may be helpful (Cronk, 2014). The substrate
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residues on the N-terminal side of the scissile boere fabelled P1, P2, P3, etc., in the C-to-N
direction. The substrate residues on the C-terminal side of the scissile bond are indicated by

the symbols P1°, P2’, P3’, etc., in the N-to-C direction (Scheme 2.2).

scissile bond
BBE ﬂRe of R |
oM. 0 L R o4 : : 1% C terminus
Nteminusyi Y~ N~ ¢t Y N)\ﬂ’f \)L”N)\rr‘
. H ol TE: H H : : M -
M D5 N MW oF
P3 P2 P1 P1’ P2’ P3'

Scheme 2.2 Scissile bond and residues of interest in the proteolysis of a scissile bond

(Cronk, 2014).

Protease substrate specificity is provided by the recognition of substrate residues in the P1,
P2, P3, ..., and P1°, P2’, P3’, ..., positions. The corresponding enzyme residues are designated
using a similar nomenclature: The side chain of the P1 residue is accommodated by the S1

site of the enzyme; other sites of the enzyme are named in corresponding fashion.

In this study, the synthetic approach was initially based on the construction of dipeptide
mimics that incorporate the heterocyclic ring of the 2-pyridone scaffold in the P2 position, a
phenylalanine analogue at the P1 position and also the phthalimido moiety in position P3 (54
Scheme 3.8). Since the 2-pyridone based derivatives have shown favourable bioactivity in
various tests (Lv ef al., 2010), inclusion of the amino acid residues arginine (Arg) at P1,

phenylalanine (Phe) at P1°, leucine (Leu) at P2, and a variety of different groups at the P3

position, will be attempted.

2.2 Objectives

The immediate objective was to use a number of literature synthetic methods targeting the 2-
pyridone scaffold, which could be adorned to include dipeptide and tripeptide structural
features. The study will in future also be extended to non-peptidic compounds with known
activity. In this study the aim was to explore syntheses of parasite cysteine protease inhibitors
with favourable substrate-inhibitor interactions and that were likely to have drug-like

properties (Bryant er al., 2009). Non-peptidic fragments such as 5- and 6-membered
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heterocyclic rings will also in future be surveyed ™potential P2/P3 moieties. The work will
be followed by structure-activity studies once one or more potential lead compounds have

been discovered.
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Synthesis of 2-pyridone-based drug candidates

The aim of this project was to prepare various 2-pyridone derivatives that may lead to the
discovery of new antimalarial drugs. After briefly reviewing the construction methodologies
found in the literature, this discussion will focus on the chemistry results. The next chapters
will briefly discuss the computer modelling and docking of selected target compounds, which
was done in collaboration with a co-student (Makungo, 2015), followed by screening of

selected target compounds (done by Dr Panayides of the CSIR).
3.1 Introduction: Literature precedents for the methodologies followed

A broad range of non-natural peptide-mimicking attachments may be used as amide bond
replacements to obtain new classes of peptidomimetics. For example, retro-amides, ureas,
carbamates, sulphonamides, thiazoles, and triazoles have all been applied as amide bond
mimics (Sureshbabu et al., 2008). In this exploratory study, the heterocyclic 2-pyridones 27
(Figure 3.1) are applied as rigid amide bond isosteres. In a later phase, 1,2,4-oxadiazoles 28
(Figure 3.1) may be introduced as ester bond isosteres. The oxadiazoles have been applied to
synthesize drug-related molecules, including ligands of benzodiazepine receptors (Watjen et
al., 1989), muscarinic receptor agonists (Messer et al., 1997), antiviral compounds,
angiotensin II receptor antagonists (Kohara er al., 1995), and HIV-1 reverse transcriptase
inhibitors (Medebielle er al., 2005). Their general synthesis involves reaction of an
amidoxime (29) with an activated carboxyl equivalent, yielding an O-acylamidoxime, which
is then cyclised to 28 by dehydration (van Ree and Steglich, 1982). The starting material
usually is a nitrile 30 (Scheme 3.1) (Sureshbabu ef al., 2008).

0
R” N
| R\N)\< Y\NHP
= 3, N—O
27 28

Figure 3.1  Examples of amide and ester isosteres.
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NH, Me,N | N :
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A. R\N)\< " Meo A e )\( N ONHP
N—OH 2 A
H MeO H N-O
29 28
B. R R R
NH,OH, HCI :
' F
PHN*CN K;CO;, ETOPT PHN)\I(NHZ . \n/\NHP
N. o)
OH R
30 %
1. NMM, EtOH pHN)\(N\ :
2. NaOAc \
N\o>-’\NHP
28

Scheme 3.1  Synthesis of 1,2,4-oxadiazoles: A. From amidoximes; B. From nitriles

(Sureshbabu et al., 2008).

N-Unsubstituted dihydro-2-pyridones (31, Scheme 3.2) may be synthesised using Horner-
Emmons olefination as the key step (Upadhyay er al., 2009). However, this structure is still

relatively flexible.

o] (o] (o]
OMe OMe 5 OMe
i R N 0]
2. Boc,0 2. Wittig-H R 2. NaHCO;, H
RNy R” “NHBoc R” ~NHBoc
31

Scheme 3.2 Synthesis of dihydro-2-pyridones 31 (Upadhyay et al., 2009).

Nucleophilic addition of malonic esters to alkynyl imines (Hachiya et al., 2002), or reaction
of appropriately substituted acetophenones, aldehydes, and ammonium acetate with ethyl
cyanoacetate, or malononitrile (Abadi er al, 2010), may lead to highly substituted 2-
pyridones (32) or 2-imino-1,2-dihydropyridines (33) (Scheme 3.3).

In a similar approach, controlled microwave irradiation can assist in the synthesis of 2-

pyridones 34 from 3-oxobutanoates and 2-cyanoacetamides (Scheme 3.4) (Mijin et al., 2010).

Finally, pyridones 39 may be obtained from commercially available 3-nitropyrid-2-one (3-
nitro-2-hydroxypyridine) 35, by selective reduction of the nitro group, followed by protection
of the aminopyridinol 36 as a carbamate 37. The triflate 38 is then condensed with the

pyridone fragment 37 to give intermediate 39, a possible drug candidate with a suitable amide
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precursor (Verissimo et al., 2008). In our hands)

1s proved to be the most successful

Strategy.
R4 R4
R R EWG
2
\Al\ . OJ\H 4 B = 32
R3 6} CO,Et Rs N o
H
OR R
Ry=Ar EWG NH,OAc R, X EWG
R, =H or alkyl < I RS | 33
Rz = Ph CN A
EWG = -CN or ester Rs H NH

Scheme 3.3 Synthesis of highly substituted 2-pyridones 32 and 2-imino-1,2-
dihydropyridines 33 (Hachiya et al., 2002; Abadi et al., 2010).

R1 R1
o EWG b X EWG
% /E Microwave |
e H,N” YO

o M D

34
Scheme 3.4  Microwave-initiated synthesis of 2-pyridones (Mijin et al., 2010).

H
OaNoriagi 2t st HaN o v B0 * el ™
| — —— |
e g o
HO N HO N HO N
35 36

8
Bot” Y~
0 i T IE
(0] N
N H

* R1\‘/COZR2

OoTf

39 38

Scheme 3.5 Substituted 2-pyridone synthesis from commercially available 3-nitropyrid-2-
one (Verissimo et al., 2008).
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3.2 Results and discussion

3.2.1 Imine condensation with propargyl aldehyde and malonate derivatives

In an ideal 2-pyridone synthesis, all positions on the heterocyclic ring should be amenable to
chemical modification or substitution. Our own first approach was therefore based on
nucleophilic addition of a malonic ester (46) to an alkynyl imine (43), followed by a base-

catalysed rearrangement, which would form the highly substituted 2-pyridone 47 (Scheme
3.6) (Hachiya et al., 2002).

Phenylalanine hydrochloride methyl ester 41 was synthesized by reaction of L-phenylalanine
40 with thionyl chloride in methanol (Tietze and Eicher, 1981). The 'H-NMR of the salt 41
showed a three-proton singlet at & 3.82 for the methyl ester, two double doublets at § 3.21
and 3.34 for the methylene group, a double doublet at 6 4.42 for the chiral methine, and the
characteristic aromatic 2-proton multiplet at 5 7.28 and 3-proton multiplet at 6 7.37-7.45. In
the "C-NMR spectrum, the methoxy group appeared at & 54.1 and the methine attached to
the ammonium group appeared at 6 53.6. Treatment with NaHCO; produced the free amino
acid ester 42, with a broad peak occurring at § 3.21 for the amino protons, a three-proton
singlet at 6 3.77 for the methyl ester, a 2-proton multiplet at  3.13 to 3.29 for the methylene
group, a triplet at & 4.36 for the chiral methine, and the characteristic aromatic 2-proton
multiplet at § 7.12 — 7.13 and 3-proton multiplet at § 7.34-7.37. The >C-NMR showed the
characteristic peak at 6 54.2 for the methine carbon, and peaks at & 35.7 for the methoxy, 53.7

for the methylene, and & 128.2, 129.5, and 133.8 for the aromatic carbons. The carbonyl
carbon appeared at § 170.1.

The Schiff base 43 was prepared in 74% yield (purified) from L-phenylalanine methyl ester
(42) and 3-phenyl-propargylaldehyde (Przybylski et al., 2005). The residue obtained was
purified by column chromatography (CC) to yield 74% 43 with NMR spectroscopic data

consistent with imine. Furthermore, the vinylic proton singlet appeared at & 6.07.

Diethyl phthalimidomalonate 46 was prepared by treating phthalimide 44 with potassium
hydroxide to give the salt 45 (Osterberg, 1927, 1941). The salt was reacted with diethyl 2-
bromomalonate in a nucleophilic substitution reaction (Nguyen et al., 2008) to obtain

malonate 46 in 46% overall yield. The low yield may be explained by the probable inclusion
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of product in the solidified reaction melt. Diethy -(4—methylpiperazino)malonate 48 was

prepared similarly (Scheme 3.7).

HaN.,, _C< CHaN., _C
g o HN-., C<ome
SOCl, NaHCOs
—
MeOH Toluene
40 41 42

47

43 46
condensation with propargyl aldehyde and

Scheme 3.6  Reaction scheme for imine
et al., 2002): A. Synthesis of Schiff base 43; B.

malonate derivatives (Hachiya
Synthesis of malonate 46; C. Attempted synthesis of 2-pyridone 47.

CO,Et
| Br
N CO,Et ¢ e, COEt
b e —N N
[N _HBr S 0Kt
i 48

Scheme 3.7  Synthesis of diethyl 2-(4-methylpiperazino)malonate 48.

In several attempts to prepare one of the 2-pyridone derivatives (47, Scheme 3.6), solutions
8 in dioxane Were treated with a solution of sodium methoxide

of compounds 43 and 46 or 4
26
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in dioxane and stirred at room temperature. Intractable mixtures were obtained instead of the

desired product 47.

Although the desired product would have been the result of a thermodynamically favoured
ring closure, apparently entropy played a dominant role. It was therefore decided to

investigate a related procedure based on condensation of a suitably substituted secondary

amine with a glycine derivative.

3.2.2 Amide condensation

In this approach, tertiary amide 353, obtained by DCC/DMAP promoted reaction of
phthalylglycine 52 with secondary amine 50, was expected to participate in a base-catalysed
ester condensation and elimination to yield dihydropyridone 54 (Scheme 3.8) (Ellis ef al.,

2009).

Secondary amine 50 was obtained in 80% yield by Michael reaction of L-phenylalanine
methyl ester 40 with methyl acrylate 49. The 'H-NMR confirmed the presence of two methyl
ester groups as singlets at & 3.68 and 8 3.77, and the vinylic hydrogens of the starting acrylate
were not observed in the spectrum, indicating that the addition reaction was successful.
Phthalylglycine 52, required for further reaction, was synthesized (Upadhyay er al., 2009) in
56% yield by heating phthalic anhydride 51 with glycine. The product showed four aromatic
protons at & 7.84 and & 7.91, and methylene protons at & 4.42 in the 'H-NMR spectrum. The
PC-NMR spectrum had peaks at & 167.63 and & 169.40 ascribed to the amide and acid
carbonyls, respectively. The key amide 53 was obtained by reacting phthalylglycine 52 with
amine 50 using DCC and DMAP. Unfortunately, all attempts at base-catalysed ring closure
failed.

3.2.3 Malonate chemistry

Reaction of appropriately substituted acetophenones, aldehydes, and ammonium acetate with
ethyl cyanoacetate, or malononitrile (Abadi et al., 2010), reportedly leads to substituted 3-
cyano-2-pyridones (55) or 3-cyano-2-imino-1,2-dihydropyridines (56) (Scheme 3.9). These
compounds are known to have many biological and anticancer (Abadi et a/, 2010) activities
and are therefore of great interest. Hydrolysis and Hofmann rearrangement of the nitrile
would open the way to dipeptide (57 or 58) and tripeptide (59) mimic syntheses (Scheme
3.10).
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Scheme 3.8 Condensation-cyclization (Ellis et al., 2009): A. Synthesis of amine 50 by

Michael reaction; B. Synthesis of phthalimidoglycine 52; C. Attempted

synthesis of 2-pyridone 54.

In the present case, the general synthesis design consisted of a one-pot reaction as shown in

Scheme 3.9, and involved multicomponent aldol and mixed Claisen condensations followed

by cyclization involving an ammonium salt. The overall reactions led to the 2-pyridone

derivatives (55) and the analogous imino derivatives (56). Acetophenone, ammonium acetate,

the respective aldehyde and ethyl cyanoacetate or malononitrile were heated to reflux in

¢thanol for up to 12 h to afford solid products. All the compounds obtained (Table 3.1)

Proved to be diarylcyanopyridine derivatives. The 'H-NMR spectra of all compounds showed

the expected characteristic aromatic proton signals with multiple peaks at 3 6.5-8.10.
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Diagnostic for this series of compounds is the singWatiributed to the only ring proton at C-5

at & 6.85 (55a), 6.80 (56a), 6.77 (55b), 6.93 (56b), 6.81 (55¢), and 7.59 (55d). The broad

singlet generally appearing at about § 10.23-12.80 is assigned to the NH proton of the

pyridone ring. The fact that it appears at this low field, indicates that the pyridone enolizes

and exists largely as the enol form. The 'H-NMR and 13C.NMR spectra of 55a are shown in

Figures 3.2 and 3.3, respectively

Ar
H CN
CN NH,OAc e
< L I 55
CO,Et A N0
Ar H
0 + O)\H 4 Ar
o NH4OAC Ho et N
< s | 56
CN N~ NH
H

Scheme 3.9 Malonate condensation (Abadi et al., 2010).

it H Ar H 4
N 3
ANPZ N | G s
0 e = NSo ©
i 58
______ >

57

Scheme 3.10 Projected di- and tripeptide mimic syntheses.
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Table 3.1 Yields and melting points of synthesizga compounds”.

e PR . .
Compound Ar’ Yield, %o Melting point, °C

i e ey

56a g 65 185-186

55a @‘ % 78 332-335

e e e e ]

S6b HO

55b HO"@‘% 68 376-379

% 45 206-209
% 37 338-340

55¢ HsCO ‘@'_

S6¢ HaCO©’§ 44 296-300

55d % 63 301-305

e
56d @f % 52 244-247

Notes: * See Scheme 3.9 for general Structures 55 and 56.

® Ar = Aromatic substituent on 55 and 56.

For the 3-cyano-2-iminopyridine compounds 562, 56b, 56¢ and 56d a two-proton singlet at

about § 5.35 is assigned to amino (NH,) protons at C-2. This indicates that the imino
e r . . 13
compounds also interconvert to an amino pyridine derivative by tautomerism. The “C-NMR

signal for the cyano carbon appeared at about & 160-163. Furthermore, the phenolic proton

for compounds 55b and 56b was observed as a singlet at about & 8.10-10.20. The methoxy

group of compounds 55¢ and 56¢ showed methoxy
ks at 8 7.26 (1H, d, J = 16 Hz) and & 8.01

| (CH;0) singlets at about 5 3.80. The

cinnamyl vinyl group exhibited vinylic proton pea

(1H, d, J= 16 Hz).
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Figure 3.3  Expanded 13Cc.NMR spectrum (100 MHz, DMSO-de) of Compound 55a.

324 Pre-formed 2-pyridone

This strategy was aimed at synthesising the pyridone 61 from commercially available 3-
a sequence of steps (Verissimo el ar

nitropyrid-2-one (3-nitr0-2-hydroxypyridine) 35, by

2008, Scheme 3.11) starting with the selective reduction of the nitro group using hydrogen on

(57%). In the IR spectrum the amine N-H stretching band was

automeric OH stretch at 3300 cm” and aromatic C=C bond

'H-NMR showed a sig

palladium/charcoal to give 36
observed at 3424 cm’, the t

stretching at 1613 cm’!. The nal at & 5.03 for the amine protons

indicating that the nitro group had been reduced.

tection of the primary amine 36 using Boc anhydride gave a

_NMR showed a singlet at 8 1.47 for the
achieved. The *C-NMR also had a

Subsequent chemoselective pro

% 1
carbamate 37 as a tautomer of the 2-pyridone. The H

tertiary butyl protons, showing that the protection was
peak at § 80.52 assigned to the tertiary carbon bonded to oxygen showing that the amino
protonation of 37 with NaH, followed by nucleophilic

The 'H-NMR of 61 (Fig. 3.4) again displayed the
lets at & 0.92 and 1.27 for the

group was protected. Finally, de
und 61.
characteristic singlet at & 1.51 for the tertiary butyl protons, trip

t§1.99 and 2.27 for the acyl CHz, a quartet at b

multiplets @
plet at § 5.45 for the acyl methine, a singlet at 5 7.67 for

substitution of 60, yielded Compo

two methyl groups, respectively,

4.22 for the ethyl ester CHz, a multi
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the NH and the remaining pyridone protons appea‘@"?ﬁ%"ﬂﬁm"uﬁiplets at & 6.29, 6.96 and 7.99
ppm.

H
O,N N
: I S Hz, Pd-C H2N R t-BOCzO BOC/ I e,
e I v e
HO™ N wor N HO” N
35 36

E
N N §
\ﬂ/ ¥ Boc” /l Boc” /I
0 Joscsionk MNeH
07N N g

) /YCOZEt
EtOzc)ﬁ EtOZC/H 4

62 61 60

Scheme 3.11 3-Nitro-2-pyridone elaboration (Verissimo e/ al., 2008).
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s 70 3 60 65 50 a5

Figure 3.4  Expanded sections of the 'H-NMR spectrum (400 MHz, CDCl3) of Compound

61.

3.3  Conclusions

The main aim of this project was to synthesise 2-pyridone-derived compounds that may be

developed as possible cysteine protease inhibitors as therapeutic agents for malaria. Malaria
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is a life-threatening disease and is growing in resistance to current drugs. The synthesis of the
2-pyridone scaffold involved constructing and characterizing 2-pyridone derivatives
substituted with hydrophilic and hydrophobic moieties. Key intermediates 37, 43 and 46, 50
and 52 were prepared with the intention to form novel compounds 61 (Scheme 3.11), 47
(Scheme 3.6) and 54 (Scheme 3.8), respectively. Apart from Compound 61, which was
synthesized in low yield, attempts to synthesise the other 2-pyridone derivatives were
unfortunately not successful, partly due to logistics challenges (such as move to a new
building, loss of NMR facility locally and at UL) at crucial times, but also mechanistic
aspects. Preparation of compounds 47 and 54 would involve coupling intramolecular
cyclization and decarboxylation reactions of the respective precursors with 46 and with 52.
These concerted reactions probably failed because of the steric crowding by large groups
around the amide. Although these routes were unsuccessful, experience of a wide range of

synthesis methodologies was gained.

A series of prospective cysteinyl protease inhibitors that were expected to have antimalarial
activity was also synthesised, using a one-pot methodology that may find wide application.
These compounds (55b, 56b, 55¢, 56¢, 55d, 37, and 61; Scheme 3.8 and Table 3.1, Scheme
3.11) were therefore investigated as potential inhibitors against falcipain-2 (FP2) by docking

studies, as described in the next chapter.
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Chapter 4
Molecular modelling and docking of 2-pyridone-based drug
candidates with the FP2-E64 active site

4.1 Introduction

Molecular modelling focuses on computationally simulating the molecular recognition
process in biomolecules. It is a process that predicts and optimises the correct orientation of a
ligand bound to a protein in a stable complex. Interactions of biological molecules such as
proteins, nucleic acids and carbohydrates play a pivotal role physiologically. Furthermore, the
relative orientation of the two interacting partners affects the type of response produced by

the interaction.

More frequently, docking experiments are useful to find the binding orientation of small drug
molecules to their protein partners; this enables prediction of the affinity and activity of the
drug. The aim of structure-based drug design is to find and optimise the different interactions
between ligands and proteins. To this end, it is necessary to determine the interaction
geometries and attractive interactions of these molecules. Usually, direct hydrophilic or
hydrophobic contacts between the functional groups of ligands and the protein, are of
interest. Interactive forces between host molecules and ligands are mainly due to non-

covalent bonding, such as hydrogen bonding and van der Waals forces.

Before a docking experiment can be performed, the 3-dimensional molecular structure of the
target protein must be obtained. Protein structures are commonly determined by X-ray
crystallography, preferably of the protein/enzyms - substrate crystal. If the target protein is
not available in the Protein Databank, its structure can be deduced by homology modelling,
which, if done correctly, can reliably predict the structure of the desired protein (Aparoy et
al., 2012). The homology modelling method is uszd to determine the 3D structure of a protein

based on proteins with closely homologous structures (Bishop et al., 2008).

FP2 and FP3 are active in the acidic food vacuole, where they cooperate to hydrolyse
haemoglobin (Sijwali et al., 2006). The falcipain quaternary structure consists of two main

domains, the prodomain and the mature domain The prodomain further consists of several
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different smaller domains (Figure 4.1). The prodomain has unique structural features that
enable focussed targeting of the falcipains. The C-terminal end of the prodomain is essential

for the inhibition of the mature domain (Pandey and Dixit, 2012).

Prodomain

. Hemoglobin
Inhibitory binding domain

domain

Active
site cleft

Rcfolding domain

Figure 4.1 Model of pro-FP2, reproduced with permission of the publisher (Pandey and
Dixit, 2012).

The 2.9 A crystal structure of the mature domain of falcipain-2 complexed with the inhibitor
E64 has been determined by X-ray crystallography (Kerr et al., 2009b), and the profalcipain-
2 model shows how certain residues stabilize the inhibitory domain (Figure 4.1). The mature
domain is shown in purple, the active site is shown in orange, and the refolding domain and
haemoglobin domain are also shown. The prodomain in blue is shown folding over the
mature enzyme and forms a helices containing the motifs in yellow. The prodomain of
falcipain-2 binds the mature domain in such a way that access of substrate to the active site is

blocked, inhibiting the enzyme’s catalytic activity (Figure 4.1).
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however. In addition, the enzyme surface model shown in Fig. 4.3(b) reveals that Compound

56b occupies an active site of FP2.

Table 4.1 Results of target structure docking with falcipain-2.

Ligand |CDOCKER Energy |[Consensus Score |H-Bond Interaction Electrostatic Interaction

1514 28.32 4 A:GLN36:HE22 - TS14:031  |A:HIS174:NE2 - TS14:031 (Attractive charge)
A:HIS174:HD1 - TS14:031
TS14:H33 - A:ASN81:0

T515 19.16 1 A:GLN36:HE22 - TS15:032 |A:HIS174:NE2 - TS15:032 (Attractive charge)
A:HIS174:HD1 - TS15:032

1516 6.20 5 A:CYS42:HG - TS16:036
1517 12.31 4 TS17:H37 - A:ASP234:0D2  [TS17:N35 - A:ASP234:0D2 (Attractive charge)
T518 23T i A:CYS42:HG - TS18:036

TS18:H37 - A:CYS42:5G

1522 20.74 2 A:CYS42:HG - TS22:027
A:GLY83:HN - TS22:027
TS22:H29 - A:GLY83:0

1523 23.41 2 TS23:H44 - A:GLY83:0

1525 26.32 2 A:CYS42:HG - TS25:033
A:GLY83:HN - TS25:031
A:HIS174:HD1 - TS25:032
TS25:H35 - A:ASN173:0

Notes: 1. CDOCKER_ENERGY is reported as the negative value, where a higher value indicates a more
favourable binding. This enables the energy to be used like a score. This score includes internal ligand
strain energy and receptor-ligand interaction energy, and is used to sort the poses of each input ligand.

2. The codes are:
TS14 =55b
TS15=56b
TS16 =55¢
TS17 =56¢
TS18 =55d
TS22 =237
TS23 =61
TS25=62

The docking pose of Compound 55¢ into the active centre of FP2 is shown in Fig. 4.4. The
docking results reveal that only one amino acid, Cys42, plays a role in the binding in the form
of a hydrogen bond. The docking score is high, however. In addition, the enzyme surface

model shown in Fig. 4.4(b) reveals that Compound 55¢ occupies an active site of FP2.
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The docking pose of Compound 56¢ is shown in Fig. 4.5. Only one amino acid, Asp234,
plays a role in the binding, which is stabilized by one electrostatic interaction and one
hydrogen bond. The docking score is high, however, probably because of the strong
electrostatic forces. The enzyme surface model shown in Fig. 4.5(b) reveals that Compound

S6¢ occupies an active site of FP2.

The docking pose of Compound 55d into the active centre of FP2 is shown in Fig. 4.6. The
docking results reveal that one amino acid, Cys42, located in the binding pocket of the
protein, plays a role in the binding, which is stabilized by two hydrogen-bonding modes. The
docking score is low. The enzyme surface model shown in Fig. 4.6(b) reveals that Compound

55d occupies an active site of FP2.

The docking pose of Compound 37 into the active centre of FP2 is shown in Fig. 4.7. The
docking results reveal that two amino acids, Cys42 and Gly83, located in the binding pocket
of the protein, play a role in the binding, which is stabilized by and three hydrogen-bonding
modes. Therefore, it can be anticipated that Compound 37 could well embed in the active
pocket. In addition, the enzyme surface model shown in Fig. 4.7(b) reveals that Compound

37 occupies an active site of FP2.

The docking pose of Compound 61 into the active centre of FP2 is shown in Fig. 4.8. The
docking results reveal that only one amino acid, Gly83, located in the binding pocket of the
protein, plays a role in the binding, which is stabilized by one hydrogen bond. The enzyme
surface model shown in Fig. 4.8(b) reveals that Compound 61 occupies an active site of FP2.
In contrast, Compound 62 (Fig. 4.9) presents four hydrogen bonding modes, with amino
acids Cys42, Gly83, Asnl173, and Hisl74. These residues also appear in interactions with

several other compounds.
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Figure 4.2  Compound 55b docking versus FP2: (a) in 2-dimensional representation for
hydrogen-bonding and electrostatic interactions. The blue and green arrows
indicate hydrogen-bonding interactions and the red arrow indicates a pi-sigma
or pi-pi interaction; (b) 3D docking model of Compound 55b docked with
| o
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Figure 4.3 Compound 56b docking versus FP2: (a) in 2-dimensional representation for
hydrogen-bonding and electrostatic interactions. The blue arrow indicates a
hydrogen-bonding interaction and the red arrow indicates a pi-sigma or pi-pi

interaction; (b) 3D docking model of Compound 56b docked with FP2.
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Compound 62 docking versus FP2: (a) in 2-dimensional representation for
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indicate hydrogen-bonding interactions; (b) 3D docking model of Compound

62 docked with FP2.
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4.3 Conclusions

The simulated docking of Compounds 55b, 56b, 55¢, 56¢, 55d, 37, 61, and 62 with the
falcipain-2 active site was executed to determine the probable binding mode of these
compounds. Analysis of the binding conformations in the active site showed that the
compounds were stabilized mostly by hydrogen bonds and some of them by electrostatic
attractions, with the FP2 residues GIn36, Cys42, Gly83 and His174 being most frequently
involved. The interaction of Gly83 with acylamido groups attached to the pyridone C-3,
Cys42 with the pyridone C=0O, and of GIn36 and His174 with the 4-hydroxyoxyphenyl
attached to the pyridone C-4, confirms the idea of building a tripeptide mimic based on 2-

pyridone. The 3D representations of the docking poses (e.g. Fig. 4.2b) clearly show that there

is potential for increasing the bulk of the putative inhibitors to induce a better fit, and adding

a Michael acceptor ‘warhead’. The elaboration of these compounds to di- and tripeptide

mimics (as sketched in Chapter 7) is ongoing.
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Chapter 5

In vitro antiplasmodial pLDH assays

5.1 Introduction

Five compounds were obtained in sufficient purity and stability to use in antiplasmodial
assays. These were executed by Dr Jenny-Lee Panayides of the Council for Scientific and
Industrial Research (Biosciences Molecular and Biomedical Technologies Group). The

results are presented as received, and the discussion excerpied from the standard narrative

provided in the received reports.

The 7 factor reported in these assays measured the statistical effect size and is used in high-
throughput screening to judge whether the response is large enough to warrant further
attention (Zhang et al., 1999). It is defined in terms of four parameters: the means and
standard deviations of both the positive and negative contros, and can range between zero
and one. A value above 0.5 is interpreted as an excellent assay, with Z° = 1 being the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>