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Abstract: Since the recent renaissance of phenotypic screening in the fipltozoan drug discovery, is there still an
opportunity for the structure-based design of new anti-protoagants? Target-based approaches should be used in parallel
to phenotypic screening to strengthen the pipeline of anti-pratoagants We give an overview of the protozoan drug
discovery landscape highlighting four protein targets of interest: cytochrarrdhydroorotate dehydrogenase, dihydrofolate
reductase and calcium-dependent protein kinase 1. We discussstegeture-based design efforts to inhibit these targets,
reviewing their crystal structures andithability to accommodate potent and selective compounds. Finalgliscuss future
opportunities to apply structure-based methods to promising molecular taittsprotozoan parasites discovered using

chemical genomics.
Keywords: Apicomplexan drug discovery, CDPK1, Cytochrobee, DHFR, DHODH, Structure-based design.
Apicomplexan parasites and the challenges of protozoan drug discovery

The phylum Apicomplexa is composed of a highly diverse groupbtifate intracellular parasites which are
responsible for a number of human infectious diseases includingsiosis (Babesia), malaria (Plasmodium),
cryptosporidiosis (Cryptosporidium parvum), Cyclosporiasisci@pora cayetanensis), Isosporiasis (Isospora
belli) and toxoplasmosis (Toxoplasma gohﬁl. These parasites actively invade and replicate within host
cells, modifying their host cells to prevent immune clearance andaseirvival and disseminatiﬂ [3]. Such
diseass effect >500 million people worldwide each year, mainly in the dewedoworld, resulting in 438,000

deaths for malaria alone in Zoﬁ [4].

One of the challenges targeting apicomplexan parasites is that they have multiple life-stagsatfon within
their human h05]. This has implications when selecting molecular tasgets all validated targets will remain
essential across all relevant life stages since metabolic states and cell machin#ifercgg). The majority of
drug discovery programmes targeting protozoa, a broad definittamedin parasites of Apicomplexa, has centred
on treatments for malaria. Together with toxoplasmosis and crypid&sis, which share some antimalarial drug
targets, these parasitic diseases affect human health to a sericees aedyiwill therefore be the focus of this

review.

Malaria is caused by infection with one of the species in the genus Rliasmtbat are transmitted to humans via
a bite from the female Anopheles mosq [7]. Of the six parasite speataafdtt humanﬂS], Plasmodium
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falciparum Pf, 60-75% of the global malaria burden) and Plasmodium vivax25-40% of global burden) are
responsible for the majority of malaria cases. The symptoms associated witta miatdr as fever, joint pain,
vomiting, anaemia, and chills can be attributed to the blood stages of licati@p cycle of the parasite. The
majority of deaths are due to cytoadherance of infected erythrdoytesinside of capillaries causing a blockage

of blood flow, which is particularly life-threatening if cerebﬁl. [8

Toxoplasma gondii is readily transmitted, promiscuous parasite that is estimated to affect whitd af the
world’s population [9]. Although infections in humans are usually asymptomaticsetdimiting within immuno-
competent individuals, they are potentially fatal in immuno-comprmunigatients (AIDS, cancer, organ
transplant . Toxoplasmic encephalitis (TE a leading cause of death amongst AIDS patients when HAART
is not obtained or aﬁordab. Transmission to humans is usually via an environmentaé r@ug. ingesting
contaminated meat/water), but transplacental transmission can occur nargreggmen leading to congenital
infections with serious consequences for the unborn baby: misedstifihirth and chronic degradative ocular
lesions. Again, the existence of multiple life stages of the T. gmadésite within the human host presents a
challenge in treating toxoplasmoﬁ [6]. Although the tachyzoite stage issiisie for the acute symptoms, it is
the bradyzoite stage, responsible for forming highly resilient cyskeibrain and central nervous system (CNS),
which poses the greatest challenge regarding treatment, as without elimih#tieseacysts recrudescence of the
disease is possible. The chronic nature of the infection can causes semoplications when combined with the
long term nature of many immuremmpromising conditions, as many patients may develop intolerance to
treatments. Current treatments of the acute infection are largely basadanpmalarial agents including
combinations of pyrimethamine & sulfadiazine, spiramycin and at@rag(iTable 1) which target the tachyzoite

stage of the infectioﬁ. There are currehyt no effective treatments to eliminate bradyzoites.

Another opportunistic apicomplexan is Cryptosporidium whidm be life-threatening in an immuno-
compromised individuals and young children; it is responsible foioajpately15-20% of cases of diarrhoea in
African children. Unlike malaria, this parasite does not require another organism to achéecsinm vector,
with transmission largely a result of environmental contamination, particutaryaminated water. Unlike
Plasmodium and Toxoplasma, the basic biology of Cryptosporidipmody understood and drug screening is
difficult . Clinical treatment for cryptosporidiosis is limited to one FDA-appra¥red, nitazoxanide (Table

1), which is not effective in immuno-compromised patis [2].



Drug Target Efficacy [5/15] Combination Partner
Malaria EGso(strain)
Artemisinin Unknown, several proposed mechanisms 15 nM (Dd2)
action including interference with parasi
Artemether heme-detoxification pathways ar 3.1nM (K1)
Artesunate inhibition of PTATP6.
Lumefantrine  Unknown 0.45 nM (W2) Artemether
Sulfadoxine Dihydropteroate synthetase (DHPS) 30 nM (3D7) Artesunateor
pyrimethamine
Pyrimethamine Dihydrofolate reductase (DHFR) 23 nM (3D7) Artesunate and
sulfadoxine
Qu[nméf + Not fully elucidated; believed to be relate 10.8 nM (W2) #Dihydroartemisinin
Amodiaquine to hemoglobin degradation 4.4 M (W2) or *artesunate
Mefloquine* 9 9 ' 7 nM (W2)
Pyronaridine* 9.5 (W2)
Chloroquine* 19 nM (3D7)
Piperaquine* 12.5 nM (W2)
PIELET Disrupts the inner membrane potential of 1 7400 nM Atovaquone
mitochondria.
Atovaquone Cytochromeébc, complex (l11) 0.53 nM (W2) Proguanil
Toxoplasmosis
Pyrimethamine See Malaria 0.8 uM (RH) Sulfadiazine or
clindamycin[L6]
Atovaquone See Malaria
Spiramycin Ribosome 23 uM (RH)

Cryptosporidiosis

3.9 uM

Nitazoxanid Interference with the pyruvate:ferredox

oxidoreductase (PFOR)

Table 1. Frontline treatmentsfor infections by the apicomplexans Plasmodium, Toxoplasma and Cryptosporidium.

Many of the first-line treatments for these apicomplexan parasites (Tablgfd) fsom major drawbacks
including the spread of resistance to anti-malarial drugs, poor tolerbdagys to treat toxoplasmosis aathck

of effective medicines for cryptosporidiosBurrently available drugs are unable to treat the dormant form of
these parasitic diseasey( P. vivax hypnozoites/T. gondii bradyzoites). To address this therapeeticand to
keep pace with the threat of drug resistance, it is essential that @notdrgy discovery programmes develop

new medicines with either novel scaffolds and/or modes of action.

A lack of drug targetsand the renaissance of phenotypic screening

There are few clinically validated targets for known anti-protozoan ajEP"SQ. Despite many efforts during

the genomic era in target-based high-throughput screening for theetisod novel anti-infectives, most newly-

identified targets proved unsuccessful as they were not essentied farrvival of the parasi .Consequently,



much of the recent drug discovery progress for the treatmemotizoan infections has focussed on phenotypic
screening. Pharmaceutical companies such as GlaxoSmithKline (GSK) and Novartis, togéth&t
Jude Children’s Research Hospital, have released phenotypic screening data against the blood stage of
Plasmodiumin the hope of seeding antimalarial drug disc.y([)ver six million compounds have been tdste
to date, 25,000 of which had 4€ralues 4 pM against Plasmodiu . The pinnacle achieved by this research
is the creation of theMalaria Box and the'Pathogens Boxfrom Medicines for Malaria Venture (MMV). Each
is a collection of 400 drug-like compounds with either potent antimalarialityctselected from the 25,000
antimalarial hit, or anti-protozoan activity, selected as interesting leads against a vanethofens by a
panel of experts. Thesboxes are freely available upon request andeéhbeen screened in vit@gainst many
molecular targets by the worldwide scientific community in order to estabksmode of action (MoA) of these
phenotypic hits. These datasets also seed drug discovery against otbeogroparasites, T. gondii and

Entamoeba histoltic, Cryptosporidium, Trypanosomatid as well as chemogenomic efforts to

identify targets through machine learning techni [

Arecent publicatio relating to the theme of this article is the identification of MM8088from the Malaria

Box which targets isoprenoid biosynthesis via the non-mevalonate (peEERYyay This biosynthetic pathway is
inhibited by the antibiotic fosmidomyciid,(Fig. 1), a potent antimalarial, targeting the second enzyme 1-deoxy-
d-xyluose5-phosphate reductoisomerase (IspC) in this path@ Whilst the production of isoprenoid
precursors has previously been identified as the only essential furfdierapicoplast organelle in P. falciparum
blood-stage parasit, MMV008138 @, Fig. 1) is the first inhibitor of P. falciparum 4-diphosphocyttid C-
methyl-d-erythritol cytidylyltransferasePfispD), the third enzyme in the pathway, to be identif.[
Unfortunately, no crystal structure BfispD has yet been solved, although structures do exist for Mycobacteriu
tuberculosis and Escherichia coli Is. IspD has been less extensively studied than IspC, the target of
fosmidomycin, but is known to possess a polar active site, commomngatmVIEP enzym. An interesting
feature of IspD from the eukaryote Arabidopsis thaliana is the idettikifn of an allosteric pocket adjacent to
the active site which binds 7-hydroxytriazolopyrimidine compoﬁ@, Fig. 1) highlighting the possibility

that MMV008138 acts oRfispD through a similar MoA.
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Fig. (1). Structures of inhibitors mentioned in this review.

Opportunitiesfor structure-based design in the discovery of antiprotozoal agents

Structure-based techniques use the structural knowledge of a protein targetetalrdg discovery and
development by optimising both enzyme and parasite inhibition in parallektwebihtrolling selectivity if a
human orthologue is present. The advantage here is that a design hypothiesidefamed from the outset and a

smaller number of compounds need only be synthesised. Tkiotyarget-based approaishmost successful



when paired with molecular targets that have been validated, usigllyhenotypic screening. Target-based
approaches can help develop drugs that attack other stagesrafiepdife cycle . This is important in the
context of treating Plasmodium and Toxoplasma since there is danewnlv medicines to block reactivation by

dormant parasites in the liver (P. vivax hypnozoites) or central nerystesrsand brain (T. gondii bradyzoites).

Herein, we describe four targets of interest to the structure-based commithity parasite drug discovery
cytochromebc, dihydroorotate dehydrogenase, calcium-dependent protein kinase ihgaebfiblate reductase.
These represent current targets to be pursued in the development of eeatigerof anti-protozoan drugh.

key feature of these molecular targets is that they are not specific to ere ggicomplexan parasite.
Cytochrome bc: (complex 111)

Cytochromebg; is the third complex in the mitochondrial electron transport cfraiR TC) which has been the
focus of intense drug discovery research over the last 10 @riﬂ{le mMtETC in Plasmodiui responsible for

(i) maintaining an electro-potential across the inner membrane necess#ignsport and (i) regeneration of
ubiquinone to support pyrimidine biosynthe[ Both are essential functions which, when inhibited, result in
parasite death. Cytochronte; (complex Ill) carries out energy transducing electron transfer throlg
reduction and oxidation of ubiquinone and ubiquinol respectively. The meggcling of ubiquinone (CoQ) is
called the Q-cycle which is catalysed by the two active sites present in the ogtedhrsubunit, known as the
Qo (oxidation) and Q(reduction) sites respective. Both substrate binding sites are located within the
hydrophobic transmembrane portion of the complex, on opposite ditles oytochrome b subunit. Therefore,
short proton transfer pathways are required for proton uptake anderelaang ubiquinone/ubiquinol redox-

coupled reactions.

The antimalarial drug atovaquone inhibits cytochrobw at the Q site, a therapeutic target amongst
apicomplexan parasites. It is used as part of the combination therapy Makldtbrproguanil (Table 1) for the
prophylactic treatment of ataria. Atovaquone is also an effective inhibitor of T. gorm& imurine mode
and for the treatment of babesio[ The central ring system is a 2-hydroxyquinone which is an analofy

the substrate ubiquinonklowever, mutations at the,@ite which cause drug resistance are seen with a high

frequenc.

In 2015Capper et a solved two bovine cytochronte; crystal structures (PDB ID 4D6T and 4Dpghbund

to GSK’s clopidol derivatives GW844520 and GSK9321 (4 and 5, Fig. 1), determining that these
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compounds bind at the; @eduction) site (Fig. 2A). This discovery confirms that thesi€¢ is druggable and
facilitates new structure-based design opportunities at this binding sitg.retaant compound series based on
4-(1H)-quinolone/4-pyridone scaffolds are also proposed to bind to ithﬁeﬂ. This motif appears to be a

privileaged scaffold for the inhibition of cytochrorbe; in both Plasmodium and Toxoplas@. There are

a number of advantages to targeting the Qi sijeta(geting a novel site within a validated target increases
confidence that inhibition of this target will have the desired phenotypic respfisthere are no existing

resistance mechanisms. This has been demonstrated with various putatifii@rs which show no cross

resistance to atovaquone-resistanmegites (Tm90—CZE.

Analysis of the Qsite within the bovine crystal structures (4D6T and 4D6U) suggesimphiphilic nature: a
deep narrow pocket flanked by residues with the ability to hydrogedh, Ibext to a hydrophobic pocket adjacent
to a solvent-exposed region (Fig. 2). Within the hydrophilic environntlea amino acid residues Ag28 and
His-201 are seen to form hydrogen bonds with GW844520/GSK93#1#ie bovine crystal structure. There

would also appear to be an opportunity for a hydrogen bondiegaation with the Se205 (Fig. 2A).
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Fig. (2). (A) The crystal structure of GSK932129, green) bound within bovineiQ@ite with residues in closest proximity
(orange). (B) Inhibitor GSK932125,(green) positioned inside a homology model offthgondii Q site. (C) 4-LH)-Pyridone
binding pocket (red) with key binding residues, His-201 and Aspadibw). (D) Q site pocket showing areas occupied by
larger 4-(LH)-quinolones (blue), adjacent to the binding site of th&H)-pyridone motif (red), and the two hydrophobic

pockets (green).

The overall sequence identity between the bovine cytochbmmerystal structure and the human orthologue is
high (~70%) buta much lower sequence conservation exists between the mammalian and patedit®icye
structures (~40%). Within the; @ite sequence identity between mammalian and parasite is comparable to the
complex as a whole (~40%) (Fig). Analysis of the 4D6U/4D6T crystal structures revealed that the most
significant difference is Ser-35 in bovine (and human), whiekes a hydrogen bond with the carbonyl oxygen

of the 4-pyridone ring (Fig. 2B). This amino acid residue is RI843in Plasmodium/Toxoplasma and may have
significant effects on ligand binding conformations. This igpsuted by work on a similar series of compounds

based upon a larger quinolone scaffold. In these compounds, ibe&wved there was a delicate balance between



compounds inhibiting at the (&ite and the Qsite, and that this could be effected by subtle changes in the
compounds structures. However, the rationalisation discussed was lmasedigped’ conformation of the
inhibitor within the binding site which was based on a homologyehofithe Plasmodium cytochrorbe; .

In this “flipped’ conformation the NH of the quinolone interacted with 223%as opposed to Hi$97. Obtaining

a crystal structure for either Plasmodium or Toxoplasma with adhiabibitor would determine the precise mode

of binding.

P00157| BOVIN MTNIRKSHPLMKIVNNAFIDLPAPSNISSWWNFGSLLGICLILQILTGLFLAMHYTSDTT 60
P00156| HUMAN MTPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLFLAMHYSPDAS 60
Q02768| PLAFA ----- MNFYSINLVKAHLINYPCPLNINFLWNYGFLLGIIFFIQIITGVFLASRYTPDVS 55

020672 | TOXGO -MVSRTLSLSMSLFRAHLVFYRCALNLNSSYNFGFLVAMTFVLQIITGITLAFRYTSEAS 59

P00157| BOVIN AFHFILPFIIMAIAMVHLLFLHETGSNNPTGISSDVDKIPFHPYYTIKDILGALLLILAL 239
P00156| HUMAN TFHFILPFIIAALATLHLLFLHETGSNNPLGITSHSDKITFHPYYTIKDALGLLLFLLSL 239

Q02768| PLAFA VLHFILPFIGLCIVFIHIFFLHLHGSTNPLGYDTA-LKIPFYPNLLSLDVKGFNNVIILF 229

020672| TOXGO VLHFILPFIGCIIIVLHIFYLHLNGSSNPAGIDTA-LKVAFYPHMLMTDAKCLSYLIGLI 234

Fig. (3). Sequence alignment of the $te from bovine, human, Plasmodium and Toxoplasma specigstéSidues form the

binding site (within 20 A ofibound inhibitor) with blue residues in closer proximity (within 4 A).

A promising result of the Q site selectivity of #H)-quinolone compounds was the discovery that inducing
resistance for the Qi specific compounds was challe . These observations strongly suggest that either a
mutation within this site must carry a high fitness cost or that tedimited capacity within this site for viable
mutations. Both of these conclusions are promising indicators of a teguopensity for the development of

resistance in the enzyme itself. If this is the case the possitfildaycombination of Qand Q inhibitors may

nce[

Overall, the discovery of inhibitors selective for this site, the availabilityghf fesolution crystallographic data,

require an infeasible fitness cost for the parasite target to develop res

an indication of a low propensity to develop resistant mutationgsaexistence as a validated target for protozoan

parasites, makes this a promising new target with a great deal of poterdiatifocture-based design approach.



DHODH - targeting pyrimidine biosynthesis using structure-based methods

Dihydroorotate dehydrogenase (DHODH) catalyses the fourth and rate-lint#imgnsthe de novo pyrimidine
biosynthesis pathwayyrimidines are essential metabolites required for DNA and RNA biosynthekigran
acquired through either a salvage or de novo pathwalst higher eukaryotes use both pathways to significant
levels the picture is more complex amongst apicomplexan parasites. Plasmodjum@sthe de novo pathway
highlighting its essential functioﬂ?], whereas Cryptosporidiuneficiént in de novo capabilities and relies on
the salvage pathw. Toxoplasma utilizes both pathways and inhibition of the @@ rpathway leads ta
reduction in acute virulence of the T. gondii parasite in mice, highlightipgiential as a point of chemotherapy
. To date, due to the essential nature of the de novo pathway, lasipdtlium DHODH has been the focus
of significant drug discovery research. This has been facilitatedebgvidlability of crystal structures and the

subtle differences between the human and P. falciparum DHODHs which allowvBlemment of selective

inhibitors|[51 52]. Inhibition of T. gondii DHODH has been investigated using a crestesm of known DHODH

inhibitors, but as yet only modest inhibitors have been identified and wisklactivity forTgDHODH . A

crystal structure ofgDHODH would greatly aid its potential as a target for chemotherapy.

Since the first crystal structure BIDHODH was solved (PDB ID 1TV , a number of research groups have
embarked on the structure-guided design and optimisati¢hDHiODH inhibitors. The most
advanced programme has been the development of triazolopyrimidinge@t?fidHODH inhibitors(ICso <50

nM) conducted by Phillips at thgniversity of Texas Southwestern, in collaboration with Monash University,
GSK Tres Cantos andMV . This has led to DSM26%( Fig. 1) which has just completed a Phase Il clinical
trial, exemplifying the potential of target-based approaches to the field oficdatial drug discovery. The
development of this compound has been well documented elsewhere and eaddirected to the latest
publication@ for more information Despite the success of DSM265,(back upPDHODH inhibitors with
novel chemical structures are required to mitigate for the potential shortcarhiD§81265 during clinical trials.

A research programme at the University of Leeds is being catitectaddress this, using structure-based de

novo design tools.

The binding site oPDHODH inhibitors is dominated by hydrophobic contacts (Fig. 4A). Kggrogen-bond
contacts used by the triazolopyrimidines and other chemical series are the amnesidoies Arg265and Hs-
185 highlighted in Figure 4ATwo inhibitor classes have been crystallised WfDHODH to date: the

aforementioned triazolopyrimidines (PDB ID 3SF@ and the thiophene-2-carboxamides (PDB3D8A)

10



, The structures reveal that the inhibitor binding pocket is directly adjéezd¢né FMN cofactor (shown in
red in Fig. 4A) which can be divided into two portions: (i) thacgpimmediately next to the FMN which is
generally fully occupiedy structurally-diverséfDHODH inhibitors (i.e. the triazolopymidine ring in Fig. 4B
black circle). The hydrogen-bond contacts Arg-265 and His-185 are Idnated space, as well as a number of
hydrophobic contacts Val-532, lle-272 and lle-273 (white residuéaésyrFig. 4); (ii) a hydrophobic pocket
either above (blue circle) or adjacent (green circle). The hydrophobic pocketthleariazolopymnidine ring is
occupied by a substituted aniline which makes van der Waal contacts wi?vDe Leu-531 and Met-536, and
an edgeen z-stack interaction with Ph227 (blue residues/surface, Fig. #he pocket highlighted by the green
residues/surface contains the benzimidazole group of Genz-667,348.() , which interact with Tyr-168,
Leu-172 and Cys-175 via van der Waal contacts. The difference imdpindtween these two chemical series is
goverredby the plasticityof the inhibitor binding site and in particular residue RB&-The differing position of
this residue in the two crystal structures is highlighted in FigurevihAre its position in 30O8A (green) is located
within the hydrophobic pocket which accommodates the aniline ring tfidlaelopyrimidine series. Conversely,
it is flipped down towards the benzimidazole pocket in 3SFK (blue). Thiststal knowledge can play a crucial
role in designing future inhibitors that have advantages over thentgeneration of compounds. Finally, given
the described plasticity of the inhibitor binding sitewrand alternative binding modes could also be discovered
through further cycles of high throughput screening (HTS) agaiBd$1ODH and solving the co-crystal structures

of hit compounds.
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Fig. (4). PIDHODH inhibitor binding site highlighting key features. (A) Residue®lved in binding multiple compound
series are shown in white, including the hydrogen bond contact26&@nd His-185. Residues involved in binding the
triazolopyrimidine and thiophene-2-carboxamide series are shoblonerand green respectively, FMN cofactor in red. The
orientation of the Phe-188 residues from two crystal structures hasigbéghted with a red bax (B) Overlay of the two
chemical series showing the common binding pocket (black circle)aants pf diversion (blue and green circles). The residue
colour coding is mat@dbetween panels (A) and (BT) Redox reactions catalysed by DHODH via a ‘ping-pong’ mechanism.

CoQ is provided by cytochrom;.
DHFR - revival of a resistance-compromised tar get

Dihydrofolate reductase (DHFR) is a clinically validated antimicrobial and anticance[aligng. DHFR
inhibitors such as pyrimethamine (Table 1) have also been the mdiostagating PlasmodiupToxoplasma
and Eimeria apicomplexan parasite infectioB8HFR catalyses the reduction of dihydrofolate (DHF) to
tetrahydrofolate (THF) via the oxidation of coenzyme NADPH. Tetrahydrofolates ardiasiseitding blocks
for the de novo synthesis of purines, amino acids and thymidylicraqigred for the proliferation of many
protozoan parasitef62?|. An unusual feature of DHFR in apicomplexans is that it is a tifomal protein,
associated with thymidylate synthetase (TS), whereas these are separate ctionaflamzymes in humansl].

The dhfrts gene which encodes for this bifunctional protein is present in Plasmodmxoplasma and

Cryptosporidiu.
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Pyrimethamine-resistancehfalciparum is widespread afglparticularly severe in endemic ar [ Clincial
isolates of P. falciparum indicate a combination of four point mua{iNB1l, C59R, S108N and 1164L) which
leads to a reduction in the binding affinities of pyrimethamiftee crystal structuresf the wild type, double
mutant (C59R/S108N) and quadruple mutant (N511/C59R/S108N/I11B4ffalciparum DHFR enzymes were
solved by Yuvaniyama et. revealing the S108N mutant to make close contacts with the NADPH cofactor
and rigid p-chlorophenyl group of pyrimethamine (Fig)5Armed with this structural information Yuthavong
etal developed the preclinical candidate P28,8+g. 5B and C) which is highly efficacious, orally available
and inhibits both wild-type and clinically relevant mutated formsP@HFR (K values11l.6 and 7.4 nM
respectively). This seminal work sets the precedent for future generafiparasite DHFR inhibitor to combat

resistance.

Fig. (5). PDHFR inhibitor binding of pyrimethamine and P283. (A) Binding of pyrimethamine (orange) to double mutant
PDHFR (C59R/S108N) showing hydrogen bond contacts (red) and the ctosmipy of N108 to NADPH (green) and the

p-chlorophenyl ring of pyrimethamine (orange). (B) Reaction ysedl by DHFR (C) Binding of P218 &, purple) to
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quadruple mutant (N51I/C59R/S108N/I1164L) showing the three key tasmpdcnext-generatiorPfDHFR inhibitors:
heterocycle, flexible linker and selectivity pocket (red bax@) Overlay of dihydrofolate (red) and P218 (purple) showing

how the binding of P218 is within the substrate envelop. The oriergaf(HDHFR are consistent throughout.

The DHFR binding site can then be divided into three section: i) the heter@giba rii) the flexible linker iii)
the selectivity pocket (Fig.®). Many diamino-heterocycles can served as good scaffolds for DHfftiion
(triazines, pyrimidines, pteridines, quinazolines and pyridopyrimidines) byckiing the pteridine ring of the
dihydrofolate substratéhe propyldiether linker present in P2X# (vas first seen on WR99210, (Fig. 1), a
triazine-base®fDHFR inhibitor, the development of which was terminated due to low bioavaiednilit toxicity
. This flexible linker is crucial in retaining activity against mutant parasite DiHBRavoiding a steric clash
with S108N The selectivity pocket contains a conserved 22¢-(Arg-70 in human DHFR) which binds P218
(8) via charge-mediated hydrogen bo[There are subtle differences in the residues surroundind. 22g-
which allow scaffolds to be fine-tuned for selectivayPfDHFR over the human orthologue, whilst maintaining

this hydrogen bond contact

Pyrimethamine is a potent inhibitof T. gondii DHFR(ICso 140 nM) and is used as the frontline treatment for
toxoplasmosis. WR9921®) and related triazine JPER67-B (10, Fig. 1) are have been investigated as highly
effective inhibitiors of[gDHFR (ICso <10 nM) and T. gondii in vitro and in vi. JPC2067B (10) is
more efficacious than pyrimethamine against T. gondii tachyzoites aihlsn cell culture. All three T. gondii
clonal types and isolates (RH, Me49 and VEG) have identical amino acid sequenag3H&Rs, highlighting

its conserved nature as a promising target for anti-Toxoplasma

The key to successfully identifying novel DHFR inhibitors such as P@1ies with designing compounds which
bind within the substrate envelope (Fig. [ This is broadly defined as the three-dimensional space filled by
the dihydrofolate (DHF) substrate. Any mutations of residues proximals@tivelope are likely to arise at a
fitness cost since they may effect binding of the subsﬁe This detailed structural knowledge BDHFR

can inform the next generation of DHFR inhibitors by providingtional design principal, with the goal of

delaying theon-set of DHFR resistance.
Calcium-dependent protein kinase 1
Calcium-dependent protein kinases (CDPKs) play a crucial role in the activatitthe @ialcium-signalling

pathways and the regulation of the life cycle in many apicomplexan parasiteding PlasmodiupToxoplasma
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and Cryptosporidiu. Whilst apicomplexans contain a diverse family of CDPKs, several indivighotein

kinases such as CDPK1 and CDPK4 have important sI{ato etal determined that the pfcdpkl gene
was essential for parasite viability and have performed a target-baseaddTfaign against P. falciparum
CDPK1 to identify 2,6,9-trisubstituted purine-based, ATP competitivibitoins (11, Fig. 1) |2
: . The T. gondii

and Cryptosporidium parvum orthologues of Plasmodium CDPKAgE®PK1 andCpCDPK1 . These are

. CDPK4 has

been shown to be essential for the sexual reproduction and mosquitdsstmsiof P. bergh

attractive targets in Toxoplasma and Cryptosporidium since theredisamd mammalian orthologue in humans
and theycontains a small ‘gatekeeper’ residue which is rare in mammalian kinases and canonical CDPKs
(and all protein kinases in T. gond. The availability of TQCDPK1 andCpCDPK1 crystal structures

facilitates the structure-based design of antiprotozoal agents against these pgstsn tar

Substituted pyrazolopyrimidinedl?, Fig. 1), so-called ‘bumped kinase inhibitors’, have been identified as
attractive compounds for further development as antiprotozoal agentsSTglP@ K1 is sensitive to inhibition
by pyrazolopyrimidine derivatives (k<100 nM) but mammalian protein kinases show very low sensi [
Ojo et al. published the X-ray crystal structures of two pyrazoilmigines (12) in complex withTgCDPK1
(PDB IDs 3I7C and 3I7B@. The 4-amino group and N-5 of the pyrazolopyrimidine sddfbind to the hinge-
binding region, as a donor and acceptor respectively (Fig. 6A)AThad R groups fill the hydrophobic pocket
and ribose binding pocket respectively and are key for the selectikéiorhof parasite CDPK1s. Between these
pockets is the ‘gatekeeper’ residue Gly-128. This small ‘gatekeeper’ residue is unique to T. gondii and C. parvum
which allows inhibitors to access the Ar hydrophobic pocket located eddahef the CDPK1 catalytic cleft (Fig.
6A). In most mammalian kinases, access to this hydrophobic poclketvésely restricted due to a larger

‘gatekeeper’ residue.
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Fig. (6). TQCDPK1 in complex with pyrazolopyrimidind?) and 5-aminopyrazole-4-carboxyamids), (A) Schematic of
pyrazolopyrimidine 12) showing key features of binding TgCDPK1. (B) Overlay ofil2 (yellow) and13 (pink) within the

ATP binding site oTgCDPKZ1 (blue) using PDB IDs 317C and 4M84.

Zhang and co-workers exploited this structural knowleddectffold-hop’ from the pyrazolopyrimidine (12) to

a 5-aminopyrazole-4-carboxyamidi3( Fig. 1) scaffol. This compound series was rationally designed to
mimic the pyrazolopyrimidines, retaining the relative orientations of the Ar agibips and maintaining the
hydrogen bond contacts (Fig. 6). The 4-carboxamide group replecdsamino/N-5 of the pyrazolopyrimidin
scaffold, with a 5-amino group forming an intramolecular hydrofjond to orientate the 4-carboxamide group
into a favourable conformation. This compound series displayed poteibition of both TgCDPK1 and
CpCDPK1(ICs0 <100 nM), with select compounds showing >1000 fold selectivity aghiasrc kinase family,
low toxicity to mammalian cells (Bg >30 uM) and with submicromolar activity against T. gondii. A
representative 5-aminopyrazole-4-carboxyamide from the series was mgdtalithTQCDPK1 (PDB ID 4M84)

to confirm the design ration. An overlay of the both compound series is shown in FigBrd-@rther work

to improve the physiochemical and pharmacokinetic properties of thé@razole-4-carboxyamides has been
described, and indicates that inhibition of this target holds great promise in dhenapy strategies for

treating Toxoplasma and Cryptosporidium.

Conclusion and future opportunities for target-based approaches

The success of targeting DHFR and DHODH using structure-based design esntinstrengthen the
antimalarials pipeline, but new targets are also required to help combat resiSta@cgequencing of the

Plasmodium genome promised new apicomplexan targets, but as yetrmertezhome clinically relevant. Cell-
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based screening is one way of finding new molecular tar@xr[e strengthof this approach relies on the
continual developmertf forward chemical genomics. As the protein target of a small molecule disconexred i
cell-based screen is initially unknown, the elucidation of which proteirinhibited requires further
experimentation. Current chemical genomics methods include the paiggdtypic screening with in silico
compound activity proﬁlin and mode of action studi. In silico profiling uses a guilby-association
principle to predict which cellular pathways and/or protein targets is beingtathtiy a seleetd compound, by
comparing against known actives. Mode of action studies use geneticalfjfech@thd drug-resistant parasites
strains to identify compounds with cross-resistance to known actiugs/@rofiles. Further investment by the
chemistry and biology community into forward chemical genomics agpes would be hugely beneficial for

protozoan drug discovery.

A recent example is the discovery of spiroindolone NITD@ (14, Fig. 1) which blocks protein synthesis by
inhibiting P-type cation-transporter ATPaseBfATP4). Rottmann et al. optimised NITD6094f from a
phenotypic screening hit from a library of natural products intceelipical candidate in 3 yea@ before the
target was identified?fATP4 is also the target of other chemically distinct series, such asthepgyrazoles,
therefore highlighting its potential as a critical antimalarial drug tﬁtlhou et al. has explored ATPase4 in
T. gondii showing that spiroindolone NITD60®4] is cidal for tachyzoites in vitr@Cso 1 pM), reduces parasite
burden in mice by 90% at 100 mg/kg (b.i.d) and that T. gondii likedyeshan ATP4 targ. While crystal
structures of ATP4 are known, the inhibitor binding site(s) aretoydte determined which would facilitate

structure-based design.

Structure-based drug design remains an important approach in ajggamfargeted drug discovery. The targets
described above are all amenable to structural methods of inhibitor desigappitdach can provide the creation
of novel structural inhibitors using bespoke design tools, chemicakgrfuls compound screening and can
identify second-generation compounds that can overcome resistance uglorggearch into neglected diseases

such as apicomplexan infections addresses unmet clinical needs for bothelbpetband developing world.
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