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Page ix, para 2, 8th line: “corresponds to a 5 % hit rate” for “corresponds to 5 % hit rate”

Page ix, para 2, 9th line: “druggable site is present” for “druggable is present”
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Page 3, section 1.3, 1st line: “catabolic” for “metabolic”
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Page 6, section 1.7, 4th line: “target hepatocyte” for “target the hepatocyte”

Page 6, section 1.7, 5th line: “fewer” for “lesser”

Page 6, section 1.7, 7th line: “small” for “smaller”

Page 6, section 1.7, 8th line: “evidence that AMA1” for “evidence that the AMA1”

Page 6, section 1.8, 2nd line: “spectroscopy” for “septroscopy”

Page 8, para 2, 2nd line: correct reference 67 is “Vulliez-Le Normand, B.; Tonkin, M. L.; Lamarque, M. H.;
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Page 26, chapter title: “Binding Sites of Fragments” for “Binding Site of fragment”
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Page 5, section 1.6, para 2, 4th and 5th lines: Replace “RON proteins are derived from rhoptries, and are

localised onto the host cells during invasion.” with “In P. falciparum, RON2, 4 and 5 proteins derived from

rhoptries are localised onto the red cells during invasion.1-3 Orthologs of these RON proteins as well as RON8

protein are found in T. gondii, and are translocated in a similar way onto their host cells.4-6 RON4, 5 and 8 are

located entirely inside host cell cytoplasm to interact with host cytoskeleton, and this interaction may serve as

an anchor point upon which the parasites can apply traction for invasion.7-9 RON2 is a transmembrane protein

with a C-terminal region exposed on the host cell surface.2, 7”

Page 5, section 1.6: Add at the end of para 2: “To date, the precise function of the AMA1 cytoplasmic region

remains unclear. Early studies found that this region of AMA1 interacts with aldolase (ALD) in both P.

falciparum7 and T. gondii10, 11, thereby providing a link to the actinomyosin motor that generates propulsive

forces required for host-cell invasion.12 However, this model was not supported by a more recent study which

showed that disruption of the TgAMA1-TgALD interactions did not result in the impairment of host-cell

invasion.9, 13 Moreover, contrary to the previously described role, ALD was found not to play essential role in

invasion, but rather is primarily important for energy metabolism. The potential role of AMA1 as a signalling



protein has also been investigated.14 It was shown that phosphorylation of AMA1 cytoplasmic region,

particularly at Ser610, by protein kinase A is important for host-cell invasion by P. falciparum.”

Page 13, section 1.12: Add after “resistance to many existing malaria drugs.”: “In the presence of AMA1

ligands, R1 and RON2 peptides, Plasmodium parasites were still able to attach to the red cells, followed by a

reorientation step that juxtaposed its apical end with the red cell membrane, but failed to invade their host

cells.7, 11 Small-molecule inhibitors of AMA1 would be expected to modulate the invasion process in a similar

manner.”

Page 15: Add between para 1 and 2: “The detailed binding poses of our fragment hits may be obtained either

experimentally or computationally.15, 16 In silico docking is a relatively fast and cost-effective technique, and
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However, there are several drawbacks with this approach, one of which is the relatively low accuracy of the

predictions that may hamper the process of designing inhibitors with desirable properties.15 Therefore, we

elected to obtain experimental structural information about the fragment-AMA1 interactions by NMR
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Abstract

Malaria is one of the most widespread infectious diseases, causing approximately 250 million

clinical cases and claiming more than 650,000 lives each year. Although current artemisinin

combination therapies (ACT) have been highly effective against Plasmodium parasites, signs

of resistance have already emerged. Hence, there is an urgent need for drugs with new modes

of action to combat this threat. Apical membrane antigen 1 (AMA1) interacts with rhoptry

neck (RON) protein complex to form part of the moving junction (MJ) complex important for

the invasion of human red blood cells by Plasmodium falciparum (Pf). AMA1 has a

conserved hydrophobic cleft that is the site of interactions with the rhoptry neck (RON)

protein complex. Peptides identified by phage display, such as R1, as well as monoclonal

antibodies that target this site on AMA1, are able to inhibit red blood cell invasion, but

usually in a strain-specific manner as numerous polymorphic residues are clustered at one

end of the cleft.

My goal is to design small molecule inhibitors of AMA1 that have broad strain specificity

and we are pursuing this goal using a fragment-based approach. My project began with

cocktail screening of a fragment library against AMA1 using saturation transfer difference

(STD). The hits found from the cocktail screen were then evaluated in the STD and Carr-

Purcell-Meiboom-Gill (CPMG) R1 competition assays to identify hits that bind to the AMA1

hydrophobic cleft. Thereafter, the binding affinities (KD) and ligand efficiencies (LE) of the

R1-competing hits were determined using surface plasmon resonance (SPR). A total of 57

fragment hits were identified in the screening campaign which corresponds to 5 % hit rate.

The high hit rate observed strongly suggest that a druggable is present within the cleft.

Subsequently, my work focused on mapping the specific binding sites of the hits using 1H-

15N HSQC perturbation studies of PfAMA1 backbone amide resonances. To perform this

study, the backbone amide resonances were first assigned using a combination of 3D NMR

and specific 15N-Lys labelled HSQC experiments. The HSQC perturbation experiments

identified fragments that bind to a conserved region on the AMA1 hydrophobic cleft, and

these compounds represent promising starting scaffolds for subsequent chemical elaborations.

The first X-ray crystal structure of FVO PfAMA1 was determined to understand the

impact of sequence diversity on AMA1 structure and facilitate the design of small-molecule

inhibitors. The crystal structure of AMA1 from the P. falciparum 3D7 strain were also

reproduced at higher resolution in an attempt to obtain binding poses of fragments bound to

the antigenically diverse forms of AMA1 (FVO and 3D7). Currently we are working towards
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getting the crystal structures of the fragments bound to different forms of AMA1, which will

allow more rational design of fragment analogues. In parallel, chemical modifications of the

hits based on the structure-activity relationship (SAR) of the analogues are underway to

improve their binding affinities.
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Chapter 1:

Introduction
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1.1 Introduction

Malaria is one of the most widespread infectious diseases, with approximately 40% of the

world’s population living at risk of contracting the disease.1 Young children are particularly

vulnerable and bear a disproportionately large burden of malaria morbidity and mortality.2-3

The main species that cause malaria in humans are P. falciparum, P. vivax, P. ovale, P.

malariae and P. knowlesi.1 These Plasmodium parasites collectively cause around 250

million clinical cases per year, resulting in more than 600,000 deaths. Among them, P.

falciparum is the most deadly species, being responsible for 90% of the total malaria-related

deaths, as well as being the most prevalent malaria species worldwide and especially

common in sub-Saharan Africa. P. vivax is the second most common species, with 70 to 80

million cases occurring annually, mainly in Asia and South America.1, 4 As a result of its

substantial health burden, malaria is also a cause of poverty and a major hindrance to

economic development.5

1.2 Life Cycle of Malaria Parasite

Transmission of Plasmodium species occurs through the female Anopheles mosquito (Figure

1).6 During an Anopheles mosquito blood meal, Plasmodium sporozoites are inoculated into

the human skin.7 Some of these sporozoites enter the circulation and are carried to the liver.6,

8 The Plasmodium parasites then mature into schizonts, each of which produces several

thousand merozoites that are released into the bloodstream when the liver cells rupture. Each

merozoite invades the red blood cells and then multiply further for subsequent erythrocyte

invasions, thus beginning the erythrocytic stage of malaria infection.

In the circulation, some merozoites develop into male and female gametocytes and are

taken up into the female mosquito gut during a blood meal.9 In the mosquito gut, the male

and female gametocytes fuse and develop into sporozoites, which then migrate to the salivary

glands of the mosquito. Inoculation of the sporozoites into a new human host by the mosquito

starts a new malaria life cycle. With P. vivax and P. ovale (but not P. falciparum or P.

malariae), some of the liver-stage parasites become dormant hypnozoites for up to several

years before it is reactivated to cause relapsing malaria.9
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Figure 1. Malaria life cycle. The two hosts in this cycle are human and Anopheles mosquito.

1.3 Antimalarial Agents and Drug Resistance

Plasmodium species flourish in erythrocytes by digesting haemogloblin.9-10 This metabolic

reaction generates soluble haem, which is toxic to the parasites. To avoid these toxic effects,

the parasite is able to biocrystallise the soluble haem into insoluble haemozin. Chloroquine

and perhaps mefloquine appear to interfere with haem sequestration, and despite the

widespread resistance to both drugs, haem sequestration remains a viable target for the

development of new antimalarials.11-12

Pyrimethamine and sulfadoxine combination therapy have long been an important

antimalarial combination.9-10 Pyrimethamine exerts its pharmacological action by inhibiting

parasite dihydrofolate reductase, thereby blocking the biosynthesis of purines and

pyrimidines. Sulfadoxine inhibits the dihydropteroate synthetase enzyme preventing the

utilisation of para-aminobenzoic acid in the synthesis of dihydropteroic acid. This antifolate

combination was highly effective, cheap and well-tolerated, but unfortunately its clinical role

in malaria therapy has declined due to the occurrence of resistance at both enzymes, caused

by mutations in pfdhfr and pfdhps genes.11, 13
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The World Health Organization (WHO) has recommended the use of artemisinin

combination therapies (ACT) as first-line therapy for P. falciparum malaria worldwide.1 The

important artemisinin group of antimalarials possesses an endoperoxide moiety that is

required for its antimalarial activity.9-10, 14 Activation of the endoperoxide group occurs in the

presence of free Fe3+, which is released during digestion of haemoglobin. This is followed by

rearrangement to produce a carbon-centered radical that alkylates and damages

macromolecules in the parasites. Although artemisinin combination therapies have been

highly effective, signs of resistance have already emerged in Africa and Southeast Asia.15-17

1.4 Apical Membrane Antigen 1

Apical membrane antigen 1 (AMA1) is a protein used by malaria parasites to invade their

host cells.18 It is found in all Plasmodium species, and orthologues exist in other

apicomplexan parasites such as Toxoplasma gondii.19-20 AMA1 is a structurally conserved

type I integral membrane protein comprised of an N-terminal ectoplasmic region, a single

transmembrane region, and a small C-terminal cytoplasmic region.21 Based on the

connectivities of its eight intramolecular disulfide bonds, the ectodomain was suggested to

consist of an N-terminal domain I, a central domain II, and a C-terminal domain III, and this

is consistent with the structures subsequently determined by X-ray crystallography.22-23

AMA1 is synthesised as an 83 kDa precursor protein that is subsequently converted to a 66

kDa form.24-25 Thereafter, it is translocated to the apical end of the parasite, where it functions

in the invasion of red blood cells. Around the point of invasion, the bulk of the AMA1

ectodomain is shed quantitatively as a 48 kDa protein by the membrane-bound subtilisin-like

‘sheddase’ PfSUB2.26

Although recent studies of knockdown and knockout AMA1 mutants of P. berghei and

Toxoplasma gondii showed that AMA1 is dispensable for host cell invasion,27-28 conditional

knockdown of PfAMA1 severely impaired the parasite’s ability to invade red cells29 and a

complete gene knockout is not viable in P. falciparum.30 Further studies found AMA1

homologues in T. gondii that enable host cell entry when AMA1 was inactivated,31 but most

of these homologues are absent in P. falciparum, possibly accounting for these apparently

divergent results.32 Ligands that disrupt the AMA1 function inhibit the in vitro growth of P.

falciparum asexual blood stage.33-37
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1.5 AMA1 as Vaccine Candidate

Antibodies to AMA1 contribute to the adaptive immune response that partially protects

exposed individuals against malaria, and several anti-AMA1 antibodies are capable of

disrupting red cell invasion by P. falciparum in vitro.38-39 Immunisation with the AMA1

ectodomain has provided protection against malaria in animal models.40-41 For these reasons

AMA1 has been a leading candidate for inclusion in a vaccine against P. falciparum.42 A

Phase 2b clinical trial in Mali that tested a monovalent PfAMA1 (3D7) vaccine formulated in

the AS02 adjuvant provided protection against a subset of P. falciparum AMA1 genotypes

due to the fact that sequence polymorphism exists in AMA1.43 In an attempt to overcome this

problem, two forms of PfAMA1 (3D7 and FVO) were included in the vaccine design.42, 44

However, such bi-allelic PfAMA1 (3D7 and FVO) vaccine failed to induce protection

because of the poor immunogenicity of the aluminum hydroxide formulation.45-46 In

preclinical studies, vaccines containing 4 – 6 alleles of AMA1 elicited antibodies that were

more broadly cross reactive.47-48

1.6 Moving Tight Junction and Erythrocyte Invasion

Malaria merozoites invade erythrocytes via a multistep process initiated by weak

attachment to the host cell surface.49 Thereafter, the merozoite reorientates itself with its

apical end juxtaposed on the erythrocyte membrane. The parasite is then brought closer to the

red cells, followed by moving junction (MJ) formation that firmly anchors the merozoite to

the host cell. The moving junction moves from the apical to the posterior end of the

merozoite as the parasite pulls its way into the erythrocyte. As the merozoite invades the

erythrocyte, it also creates a parasitophorous vacuole to protect itself from the host-cell

cytoplasm.

The moving junction (MJ) complex is an invasive machinery used by obligate intracellular

apicomplexan parasites that include P. falciparum and T. gondii.18, 50-52 This complex consists

of various components that include AMA1 and RON proteins (Figure 2). AMA1 is stored in

the micronemes and is released onto the merozoite surface prior to the invasion process. RON

proteins are derived from rhoptries, and are localised onto the host cells during invasion. It

has recently been shown that AMA1 uses the rhoptry neck protein, RON2, as a receptor to

promote invasion, and this AMA1-RON2 interaction is important for the invasive process of

P. falciparum and T. gondii.49, 53-54
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Figure 2. Moving junction consists of AMA1 and RON complex. Apicomplexan parasites

use moving junction for host cell invasions.51

1.7 AMA1 in Sporozoite Invasion of Hepatocytes

As few as 10 Plasmodium parasites are injected initially into the human bloodstream by the

mosquito.55 This number is subsequently expanded by several thousand fold after successful

invasion of liver cells, and this is followed by an expansion to several trillion in a mature

blood stage infection.55 Any therapeutic agents that target the hepatocyte invasion by

sporozoites are expected to lead to true prevention (causal prophylaxis). As far lesser

parasites are present in the initial liver stage, the risk of developing resistance against liver

stage therapeutic agents would be smaller compared to those that act on the blood stage.56

Anti-AMA1 antibodies inhibit sporozoite invasion, providing evidence that the AMA1 is

involved during invasion of hepatocytes.57 Hence, a therapeutic agent targeting AMA1 not

only has the potential to treat or suppress the development of symptomatic malaria

(suppressive prophylaxis), but its activity on hepatic invasion (causal prophylaxis) may also

provide further protection against the disease.

1.8 Structure of AMA1

Early structural studies were conducted using individual domains of AMA1 with nuclear

magnetic resonance (NMR) sepctroscopy.58-59 More recently the structures of larger AMA1

constructs were resolved by X-ray crystallography (Figure 3).23, 60 Structural studies in P.

falciparum60 and P. vivax23 revealed that both domain I and II possess a PAN (plasminogen-
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apple-nematode) motif consisting of a five-stranded β-sheet that packs against a single α-

helix. Several loops are extended from their PAN domain cores and the acquisition of these

loops during AMA1 evolution may serve to facilitate parasite evasion of the protective

human antibody responses.60 Structural analyses of PfAMA1 and PvAMA1 indicate that they

are highly homologous to each other (Figure 3A and B),23, 60 but show significant levels of

divergence from T. gondii AMA1 (Figure 3C).61

Figure 3. Crystal structures of (A) PfAMA1 DI + II (PDB ID 1Z40)60 (B) PvAMA1 DI + II +

III (PDB ID 1W81)23 (C) TgAMA1 DI + II + III (PDB ID 2X2Z)61. AMA1 DI + II + III are

coloured blue, red and green, respectively.

AMA1 has a hydrophobic cleft that is the site of interaction with the RON complex

(Figure 4).60 It is surrounded by six loops of domain I (loops Ia – If) and an extended loop

from domain II (DII loop). The AMA1 hydrophobic cleft can be viewed as having three

separate elements: (1) At one end of the cleft there is a cluster of domain I (DI) polymorphic

residues, probably as a result of diversifying selection to avoid the binding of naturally

occurring human antibodies.60 In particular, polymorphic residues in loop Id have been

shown to be the most important region for mediating escape from vaccine induced and

naturally acquired anti-AMA1 antibodies.62-65 (2) The center is marked by an absolutely

conserved Tyr251 across all apicomplexan AMA1 sequences, even those of the more

distantly related T. gondii.19, 60-61 Mutation of this central tyrosine in the cleft abrogates the

binding to RON complex, highlighting the importance of this structural feature in formation
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of the MJ complex.49, 66 (3) The other end of the cleft is formed as a result of interactions

between domain I and the domain II (DII) loop. This end of the cleft is highly conserved,

with the AMA1 DII loop playing a crucial role in RON2 binding.

Figure 4. AMA1 hydrophobic cleft (PDB ID 1Z40). The hydrophobic residues that line the

cleft are shown as yellow spheres. The cleft is surrounded by the Ia – f (orange) and DII

(purple) loops. Disordered loops (Ib and If) are shown as dotted blue lines. Polymorphic

residues are defined by red sticks.

A 38-mer synthetic PfRON2 peptide corresponding to the critical binding region on

PfAMA1 hydrophobic cleft inhibits merozoite invasion at nanomolar concentration.67 The

co-crystal structure of PfAMA1 and the PfRON2 peptide revealed substantial conformational

change in the DII loop of PfAMA1 (Figure 5). In the unbound state, the DII loop is intimately

associated with the hydrophobic cleft (Figure 5A), but is readily displaced for effective

binding of PfRON2 to PfAMA1 (Figures 5B). The PfRON2 peptide has a helical structure at

its N-terminal and extended through an ordered coil to a disulfide-closed β-hairpin loop, 

forming a U shaped conformation (Figure 5B). PfRON2 Arg-2041, located at the tip of the β-

hairpin, is an important residue for AMA1 binding. Its guanidyl group fits snugly into a deep

pocket of PfAMA1, forming a complex network of seven hydrogen bonds. Similar binding

paradigm of AMA1-RON2 was also observed in T. gondii.68
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Figure 5. Co-crystal structure of PfAMA1-PfRON2 complex that links apicomplexan

parasites and their target host cells.68 (A) PfAMA1 with ordered DII loop noted (PDB ID

1Z40), (B) Binding of RON2 peptide (cyan cartoon with transparent surface view) to

PfAMA1 displaced the DII loop (disordered state) (PDB ID 3ZWZ), PfAMA1 DI + II are

coloured red and yellow, respectively. The hydrophobic cleft is shown as green sticks. The

disordered DII loop is indicated with black dotted line.

1.9 Antibodies Targeting the Hydrophobic Cleft

As a consequence of extensive polymorphisms, antibodies targeting PfAMA1 often exhibit

considerable strain specificity.69-70 For example, a monoclonal shark antibody IgNAR is

capable of inhibiting invasion of 3D7 and W2mef strains of Plasmodium falciparum, but not

HB3. This limited cross-strain inhibitory effect is a result of binding to the end of the

hydrophobic cleft surrounded by polymorphic amino acids (Figure 6).70 The binding of

monoclonal antibody 1F9 to the PfAMA1 hydrophobic cleft was disrupted when the

polymorphic residues 197, 200, 201, 204, and 225 were mutated.71 In contrast, the

monoclonal antibody 4G2 binds to the other end of the cleft, which lacks polymorphic

residues, inhibits merozoite invasion in a strain-independent manner.72 All of these antibodies

exert their antimalarial activity by binding to the hydrophobic cleft, thus emphasising its

importance as an inhibitory ligand-binding site.
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Figure 6. Co-crystal structure of IgNAR-PfAMA1 complex (PDB ID 2Z8W).70 IgNAR and

PfAMA1 are shown in cartoon and surface views, respectively. The hydrophobic cleft is

coloured purple. Polymorphic residues are coloured green. Residues are defined as highly

polymorphic (orange) if the third most abundant amino acid had a frequency of at least 5% in

the non-redundant set of PfAMA1 sequences.60

1.10 R1 Peptide

Screening random peptide libraries displayed on the surface of phage has yielded the

PfAMA1-binding peptide R1, which inhibits merozoite invasion.41, 73-75 R1 binds to AMA1

with a KD of approximately 100 nM and is capable of disrupting PfAMA1-PfRON2

interactions52, 54 73 As with 1F9 and IgNAR, the potential of R1 as a therapeutic agent is

limited by its strain-specific inhibitory activity to a subset of P. falciparum. The solution

structure determined using NMR revealed that R1 contains two ordered turn-like

conformations. The first region, involving residues 5 to 10 is hydrophobic, whereas the

second region, encompassing residues 13 to 17, is hydrophilic.75

Early evidence that R1 binds across the cleft came from observations that R1 interacts

with PfAMA1 competitively with 1F9 and 4G2 antibodies, whose epitopes lie at opposite

ends of the hydrophobic cleft.73 These observations were confirmed using two-dimensional

NMR experiments with methionine as probes.52 Perturbation of signals in 1H-13C HSQC

spectra demonstrated that the binding of R1 to PfAMA1 spans the full length of the

hydrophobic cleft, from Met273 at one end to the cluster of methionine residues at the other.

Surprisingly, the co-crystal structure of R1-PfAMA1 revealed that two molecules of peptides

are bound to the AMA1 hydrophobic cleft (Figure 7A). Overall, a very similar binding

paradigm was found between R1 and PfRON2 peptide. One of the peptide (R1-major) lies

deeply in the binding cleft while the other one lies (R1-minor) above R1-major, making
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lesser interactions with PfAMA1 (Figure 7A).67 R1-major residue Arg15 makes most

contacts within the same pocket of PfAMA1 as PfRON2 Arg2041. Analyses of the

interactions showed that polymorphisms at positions 175 and 225 limit R1-major inhibitory

activity against different forms of PfAMA1. Further studies using NMR in solution reveal

that only one R1 peptide binds to AMA1, suggesting that the presence of R1-minor may be

resulted from crystallisation artefacts.76

Figure 7. Structures of 3D7 PfAMA1 (grey) with (A) R1-major and R1-minor (PDB ID

3SRJ) and (B) PfRON2 peptides (PDB ID 3ZWZ).77 R1-major, R1-minor and PfRON2

peptide are coloured red, yellow and blue, respectively.

1.11 Fragment-Based Inhibitor Design

Target-based drug design is currently the most common approach adopted by pharmaceutical

companies to discover new drugs.78 Hit compounds are identified initially in this process and

then their activities are improved by chemical modifications guided by structure–activity

relationship (SAR) analysis to produce potent molecules with drug-like properties suitable for

clinical evaluation.

High-throughput screening (HTS) is the predominant method within large pharmaceutical

companies for hit identification.78 In this method, thousands to millions of relatively complex

compounds are screened with the aim of finding potent hits with low µM KD values.79-81

Despite continuous improvements in HTS methods, designing an automated system for
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screening such large number of compounds remains a considerable challenge with this

approach.78, 80 Many false positive hits can arise in HTS screens, which requires further effort

and financial investments to triage and validate.

An alternative method for hit identification is fragment-based lead design (FBLD), which

has recently gained momentum in both large pharmaceutical companies and academic

institutions as a means for discovering new drug candidates.78-79, 81-84 Fragment-based lead

design is based on screening low molecular weight fragments against the target of interest

(Figure 8). The number of fragments typically screened is in the range of hundreds to a few

thousand to find suitable hits as starting points for development.85-86

Figure 8. Fragment based ligand design.

As a result of their low molecular weight, fragment hits generally have low binding affinity to

their receptors with KD values in the high µM to mM range. Despite of their weak binding

activities, fragments generally have higher ligand efficiency (LE, see equation below)

compared to HTS hits as a high proportion of the atoms in a fragment hit are directly

involved in the protein-binding interaction. The affinity of these hits can be subsequently

improved by either fragment linking or the incorporation of extra chemical functionality.79

During the process of fragment elaborations, the LE of hits, which is a useful parameter in the

lead selection, can be closely monitored and optimised.82, 87

LE = -(RT·ln KD) / NHA

Where R = gas constant, T = absolute temperature, and NHA = number of non-hydrogen

atoms.
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FBLD has been used successfully in generating promising leads for difficult targets in

drug companies and academic institutions.81, 88-90 After initial failures with the HTS approach,

Abbott Laboratories performed a fragment screen against matrix metalloproteinase-3

(MMP3) and discovered that acetohydroxamate could bind to the protein simultaneously with

biaryl compounds.79 This was followed by fragment linking guided by three-dimensional

structure of a ternary complex that ultimately produced a highly potent compound with

nanomolar affinity. Similar to the MMP3 scenario, initial efforts at conventional HTS against

Bcl-xl failed to yield productive leads.79 However, a fragment-based screen again revealed

weak-binding fragments that were then elaborated into potent lead compounds.

1.12 AMA1 as a Therapeutic Target

AMA1 represents an attractive target for developing antimalarial drugs.24 It is unique to

Plasmodium species and other apicomplexan parasites such as Toxoplasma gondii. No

homologues exist in the human host, making it possible to design inhibitors that selectively

target the malaria parasites. Importantly, AMA1 is expressed on the parasite surface in the

human bloodstream, thus avoiding the challenges of delivering a potential drug across the

numerous membranes that protect intra-cellular parasite targets. Moreover, this renders

AMA1 inhibitors immune to parasite-mediated drug efflux mechanisms that are important

sources of resistance to many existing malaria drugs.91 In addition to its role in merozoite

invasion, AMA1 has also been implicated in the invasion of hepatocytes.57 Therefore, a

therapeutic agent targeting AMA1 not only has the potential to treat or suppress the

development of symptomatic malaria, but its activity on hepatic invasion may also prevent

the Plasmodium parasites from establishing initial liver-stage infections.

1.13 Small-Molecule Inhibitors of AMA1

Srinivasan et al.92 recently described small-molecule inhibitors of the AMA1–RON2

complex. The initial hits were identified from an AlphaScreen assay of a ~21,733 member

library. Twenty molecules were able to disrupt the AMA1-RON2 interactions in the screen

and three of them (NCGC00015280, NCGC00181034 and NCGC00014044) blocked

merozoite invasion in vitro with IC50 values in the range 21 – 29 μM (Figure 10). Analogues 

of pyrrolo[2,3-d]pyrimidine-4-amines scaffold (NCGC00015280) were investigated further,

and compounds with improved inhibitory activities were found (IC50 = 9.8 and 6 µM for

NCGC00262654 and NCGC00262650, respectively). These pyrrolo[2,3-d]pyrimidine-4-
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amines compounds were able to block red cell invasion by merozoites in a strain-

transcending manner.

However, these compounds exhibit weak direct binding activities to AMA1, as determined

by SPR, and is inconsistent with low µM inhibitory activities in the invasion assays. Besides,

the compounds suffer from unattractive qualities, such poor solubility in aqueous solution.92

Therefore, further investigations are necessary before using these compounds as lead

candidates of AMA1 inhibitors.

Figure 9. Putative AMA1 inhibitors identified by Srinivasan et al.26 Compound

NCGC00015280, NCGC00181034 and NCGC00014044 were initial hits identified from the

AlphaScreen assay. NCGC00262654 and NCGC00262650 are analogues of NCGC00015280

and are shown in red brackets.

1.14 Project Scope and Aims

Our aim is to design small molecule inhibitors of AMA1 using fragment based lead design

(FBLD). Compared with existing peptides or antibodies targeting AMA1, small molecule

inhibitors are better drug candidates for treating malaria due to the lower production costs and

the requirement for oral formulation.93 In the fragment-based approach, the process of

growing hit to lead would allow us to sample chemical functionalities that are complementary

to a conserved binding pocket, important for the discovery of AMA1 inhibitors with broad

strain specificity.
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My project began with screening a 1140-compound library in cocktails of 6 fragments

using saturation transfer difference (STD) 1H NMR spectroscopy to identify AMA1 binders

(Figure 10). The STD hits identified were followed up with STD and Carr-Purcell-Meiboom-

Gill (CPMG) R1 competition binding assay to identify fragments that bind to the critical

AMA1 hydrophobic cleft. Subsequently, the binding affinities (KD) and ligand efficiencies

(LE) of the fragment hits were characterised using surface plasmon resonance (SPR).

Analogues of promising fragment scaffolds were tested with SPR to elucidate their structure-

activity relationships (SARs) for further compound development. These results are described

in detail in Chapter 2.

Figure 10. Scope of the thesis. The project involved the use of various biophysical

techniques that include NMR, SPR and X-ray crystallography to identify efficient AMA1

binders.

After successful completion of the fragment screen, the project progressed to optimising

the fragments into molecules with the desired affinity and properties. Whilst generating

analogues for our fragment hits, other group92 discovered small-molecule inhibitors of AMA1

with low micromolar affinities. This finding represents an opportunity to generate potent

AMA1 inhibitors through merging or linking of our fragment hits with the reported

pyrrolo[2,3-d]pyrimidine-4-amines compounds. However, the compounds are poorly soluble

in aqueous solution as acknowledged by Srinivasan et al.92 and the observed SPR

sensorgrams were not consistent with low micromolar binding activities. To assess the

suitability of the pyrrolo[2,3-d]pyrimidine-4-amines scaffolds for further development as

AMA1 inhibitors, the solution behaviour of the compounds and their interactions with AMA1

were evaluated with a range of biophysical and cell-based assays (Figure 11). These findings

are presented in Chapter 3.
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To obtain binding poses of fragments bound to the antigenically diverse AMA1 strains,

the crystal structure of PfAMA1 from the 3D7 strain were reproduced at higher resolution

(Figure 10). We also solved the first crystal structure of PfAMA1 from the FVO strain. The

FVO PfAMA1 structure was compared to those of AMA1 from P. falciparum 3D7 and P.

vivax. A combination of normalised B-factor analysis and molecular dynamic simulations has

been used to investigate the flexibility of the domain I and DII loops and how this correlates

with their roles in determining the strain specificity of human antibody responses and

inhibitory peptides. Collectively, these results provide valuable insights that should contribute

to the design of strain-transcending agents targeting Plasmodium falciparum AMA1.

Currently we are working towards getting the crystal structures of the fragments bound to

AMA1, which will allow more rational design of fragment analogues. The results are

presented in Chapter 4.

Subsequent work focused on mapping the specific binding sites of the fragments on

AMA1 using 1H-15N HSQC perturbation experiments (Figure 10). To perform this study, it

was necessary to deuterate as well as label the AMA1 protein with 15N and 13C atoms. The

backbone amide peaks on the HSQC spectrum were first assigned using triple resonance

NMR experiments (HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB) with transverse

relaxation optimised spectroscopy (TROSY) effects. Specific 15N-Lys labelled HSQC

spectrum was also acquired to assist with the backbone assignments. Studies of the fragment

chemical shift perturbation (CSP) on the HSQC spectrum allowed us to identify fragments

that bind to only the conserved residues around the hydrophobic cleft for crystallisation trials.

These results are described in Chapter 5.
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Chapter 2:

Fragment Screening

against AMA1
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Development of inhibitors of Plasmodium falciparum apical membrane antigen 1 based on
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Introduction

Malaria is caused by parasites of the genus Plasmodium and is
one of the most widespread infectious tropical diseases.[1] There
are around 250 million clinical cases of malaria each year,
resulting in almost one million deaths.[1,2] Amongst the malaria

parasites, P. falciparum is the most deadly species, being
responsible for 90% of the total malaria-related deaths.[1]

Apical membrane antigen 1 (AMA1) is an essential compo-

nent of the moving junction (MJ) used by Plasmodium mer-
ozoites to invade human red blood cells.[3] AMA1 has a
conserved hydrophobic cleft that is the site of key interactions

with the rhoptry neck (RON) protein complex that forms part of
the moving junction (Fig. 1).[4–8] Peptides identified by phage
display, such as R1, as well as monoclonal antibodies that target
this site onAMA1, are able to inhibit red blood cell invasion, but

usually in a strain-specific manner as numerous polymorphic
residues are clustered at one end of the cleft (Fig. 2).[5,6,9,10]

AMA1 represents an attractive target for developing antima-

larial drugs.[11] It is unique to Plasmodium species and other
apicomplexan parasites such as Toxoplasma gondii. No homo-
logues exist in the human host, facilitating the design of

inhibitors that selectively target the malaria parasite. Impor-
tantly, AMA1 is expressed on the parasite surface in the human
bloodstream, thus avoiding the challenges of delivering a drug

across the numerous membranes that protect intra-cellular
parasite targets. Moreover, this renders AMA1 inhibitors
immune to parasite-mediated drug efflux mechanisms that are

important sources of resistance to many existing malaria

drugs.[12] Anti-AMA1 antibodies also inhibit sporozoite inva-
sion, providing evidence that the protein is involved in the
invasion of hepatocytes.[13] Therefore, a therapeutic agent tar-
geting AMA1 has the potential not only to treat or suppress the

development of symptomatic malaria, but also to prevent Plas-
modium parasites from establishing initial liver-stage infections.

Our aim is to develop small molecule inhibitors of AMA1

using fragment-based ligand design (FBLD). Compared with
existing peptides or antibodies targeting AMA1, small molecule
inhibitors are preferred candidates for treating malaria because

of their lower production costs and likely oral bioavailability.[14]

In the fragment-based approach, the process of growing, linking,
or merging hits to leads would allow us to install chemical
functionalities that are complementary to a conserved binding

pocket, important for the discovery ofAMA1 inhibitors that have
broad strain specificity. More importantly, FBLD has been used
successfully in generating promising leads for difficult targets

such as those involving protein–protein interactions.[15–19]

Results and Discussion

A diverse fragment library[20] was screened against 3D7
PfAMA1[104–442] corresponding to domains I and II of the
AMA1 ectodomain; these fragments were screened in cocktails

of six compounds using saturation transfer difference (STD)
NMR experiments (Fig. 3a–c).[21,22] Of the 1140 compounds
screened, 208 fragments showed positive STD signals in the
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presence of AMA1, corresponding to a primary hit rate of 18%.

Although STD is a rapid and sensitive method for identifying
weak binders, it does not provide any information about the
binding sites of these fragment hits.[22] To address this, wemade
use of R1, an inhibitory peptide that binds to the hydrophobic

cleft of AMA1 with a binding affinity (KD) of 100 nM.[9,23] The
hits identified from the initial cocktail screen were followed up
as individual compounds using R1 competition experiments to

identify hits that bind to the AMA1 hydrophobic cleft.
These competition experiments were conducted using both

STD experiments and transverse relaxation rate (T2) measure-

ments using Carr–Purcell–Meiboom–Gill (CPMG) experi-
ments[24] in both the presence and absence of the competing
R1 peptide. Higher concentrations of fragments and 3D7

PfAMA1 (500 and 10mM, respectively, compared with 300
and 5mM, respectively, in the initial cocktail screens) were
employed in an effort to increase the STD signal intensity and

make any competitive effect easier to detect. Upon addition of
R1 to these samples, the peptide is expected to compete with and
displace any fragments bound to the hydrophobic cleft. This was

observed as decreased saturation transfer from the protein to
fragments and hence a reduction in STD signal intensities in the
R1 STD competition experiments (Fig. 3d). In the case of
CPMG, the smaller fraction of bound fragment results in

reduced fragment transverse relaxation rates, and thus increased
fragment signal after the CPMG period of 600ms (Fig. 3e).

Among the 208 primary hits evaluated in the R1 competition

assays, 65 showed evidence of competition by STD, whilst 98
appeared to compete with the peptide by CPMG. In total,
57 fragments were found to compete with R1 in both assays,

corresponding to a 5% hit rate overall (Fig. 4). We note that 90
compounds that were positive hits in the initial cocktail screen
showed no binding activity on AMA1 when examined as
individual fragments in the STD experiments. One possible

explanation for this observation is that the fragments in the
cocktail might have interacted with each other and AMA1 to
form higher-order complexes.[25] Despite this intriguing possi-

bility, these compounds were treated as false positives and were
not tested further in the R1 competition experiments.

The R1-competing hits were not all structurally distinct, with

some fragments having similar chemical structures that could be
clustered into different series such as 2-aminothiazoles and
2-aryl furans, among others. Several physicochemical para-

meters of the hits have been examined to assess whether any
properties are important for the compounds to bind to AMA1
(Table 1). From this analysis, there is an obvious difference in
logP values between R1-competing hits and the library com-

pounds, with the hits appearing to be more hydrophobic on
average than the rest of the library compounds. This concurs
with the general expectation that non-polar interactions will

promote binding in a hydrophobic site. The hits also have
slightly higher molecular weights, with the increase in size
being attributable to increasing numbers of rings rather

than additional rotatable bonds. This trend is consistent with

Red blood cell

RON complex

AMA1

TM

I II

III

Merozoite

Fig. 1. Graphical representation showing apical membrane antigen 1 (AMA1) (green) interacting with the rhoptry

neck (RON) protein complex (blue) to form the moving junction important for merozoite invasion of red blood cells.

During invasion, the RON complex is inserted onto the red cell membrane (red) and AMA1 is located on the merozoite

membrane surface (purple). AMA1 consists of three extracellular domains (I, II, and III), a transmembrane domain

(TM), and a short cytoplasmic tail, with domains I and II directly involved in the binding of RON complex.

Fig. 2. Co-crystal complex of R1 and 3D7 PfAMA1 DIþ II. R1 (green)

inhibits apical membrane antigen 1 (AMA1) (light brown) through its

binding in the hydrophobic cleft (purple, PDB ID3SRJ).[8] TheR1 inhibitory

effect is strain specific as the peptide interacts with several polymorphic

residues (red) on AMA1. Residue numbers apply to AMA1. (Phe: phenyl-

alanine, Tyr: tyrosine.)
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other fragment screening results reported for protein–protein
interactions, which generally have shallow pockets on their

interacting surfaces and require more extended scaffolds to
make sufficient contacts with the binding sites.[26,27] There is

also a slight difference in the numbers of hydrogen bond

acceptors and donors (Table 1).
All R1-competing hits were characterised further using

surface plasmon resonance (SPR). These compounds were

screened against immobilized 3D7 PfAMA1 at 50, 100, and
200mM to estimate their binding affinities. Fragment concen-
trations of more than 200 mM were not tested since, at higher
concentrations, many of the selected fragments displayed

so-called ‘SPR-undesirable-behaviours’, similar to those

Me

MeO

7.6 7.4 7.2 7.0 6.8 6.6 [ppm]

N

S
NH2

(a)

(b)

(c)

(d)

(e)

Fig. 3. Saturation transfer difference (STD) results from a cocktail of six fragments at 108C, 20mM phosphate buffer, pH 7.4.

(a) 1HNMRspectrum for cocktail of six fragments. (b) STD spectrum showing that one fragment out of the cocktail was identified

as a hit, with STD signal intensity of 1.3% (STD signal intensity is the percentage of proton signal reduction relative to the off-

resonance spectrum). (c) Reference spectrum for the fragment hit. (d) STD competitionNMRexperiments. R1 peptidewas used to

identify fragments that bind to the hydrophobic cleft of 3D7 PfAMA1DIþ II. STD spectra were acquired in the absence (purple)

and presence (orange) of R1. (e) CPMG spectra for the fragment hit in the presence of AMA1 and in the absence (grey) and

presence (cyan) of R1. In both (d) and (e), spectra in the presence of R1 are offset by�0.07 ppm for clarity. Proton signals between

6.9 and 7.1 ppm are resonances of the R1 peptide.

Fragment library: 1140 compounds

STD � R1
65 hits CPMG � R1

98 hits

208 cocktail hits

STD & CPMG � R1
57 hits (5.0 %)

Fig. 4. Venn diagram showing the numbers of hits identified in the cocktail

screen and R1 competition experiments. There were 57 hits that showed

competitionwith the peptide in both saturation transfer difference (STD) and

Carr–Purcell–Meiboom–Gill (CPMG) experiments.

Table 1. Comparison of physicochemical properties of R1-competing

hits and library compounds (average values are shown for each

property)

LogP: partition coefficient; TPSA: topological polar surface area

Properties Hits Fragment library

Molecular weight 221.7 210.6

LogP 2.16 1.39

TPSA 47.64 47.50

H bond acceptor 2.23 2.47

H bond donor 1.14 0.99

Rotatable bonds 1.98 1.97

Ring count 2.12 1.82
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described by Giannetti et al.[28] Thus, for example, several
fragments appeared to undergo concentration-dependent aggre-
gation, which, at high (.200mM) concentrations, resulted in

non-stoichiometric binding. Of 57 NMR hits evaluated, 46
compounds showed binding in the SPR experiments. The
11 NMR hits not identified by SPR might have very weak

interactions with the target protein that are beyond the detection
limit of our SPR experiments. For all fragments tested, binding
to AMA1 failed to reach saturation over the concentration range

tested, consistent with the relatively weak affinity expected for
primary fragment hits. Not unexpectedly, SPR sensorgrams
(Fig. 5a) also revealed that the interaction between fragments
and AMA1 displayed fast dissociation kinetics that could not be

fitted to a kinetic binding model (the data collection rate in
Biacore T200 is not sufficient to determine dissociation rate
constants, kd, that are greater than 0.5–1 s

�1). In order to rank the

selected fragment hits, their binding responses were normalized
using a scheme similar to that described by Giannetti et al.[28]

Thus, the normalized maximal binding response (Rmax), pre-

dicted from fitting the control compound (R1 peptide) sensor-
grams, was applied to response curves obtained with fragments
at non-saturating concentrations. To determine KD values, the

Langmuir adsorption isotherm was then fitted to the normalized
binding data. Based on SPR experiments, all except two hits
showed binding affinities weaker than 1mM, with the strongest
hits having KD values of 600mM (Fig. 5b). The weak binding

activities observed are a consequence of the size of the frag-
ments and are consistent with other fragment-based drug dis-
covery projects reported in the literature.[15,29] Most of the

fragments (67.4%) bind AMA1 with ligand efficiencies (LE)
of between 0.2 and 0.3 kcalmol�1 heavy atom�1 (Table 2).
Three fragments that bind AMA1 have ligand efficiencies

of$0.3 kcalmol�1 heavy atom�1, all of which belong to the

2-aminothiazole series. Indeed, from the total of 57 hits identi-
fied, nine have the common feature of a thiazole core, represent-
ing 15% of the hits. These closely related R1-competing hits
are shown in Fig. 6, along with their binding affinities as
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Fig. 5. (a) Surface plasmon resonance (SPR) sensorgram for R1-competing hits tested at three different concentrations (50, 100 and 200 mM).

Shown are overlayed sensorgrams for fragmentsMIPS0000865 (black sensorgrams),MIPS0000713 (blue lines) andMIPS0000873 (red lines);

the inset shows binding responses at equilibrium (t¼ 20–25 s, plotted against injected concentration) fitted to a Langmuir adsorption isotherm.

Rmax value (maximal binding response), derived by fitting the R1 peptide responses to the same isotherm (brown dots), was applied to non-

saturating responses obtained with fragment hits. Using this approach, the estimated binding affinities (KD values) for these three fragments

were 0.6mM (MIPS0000865), 2mM (MIPS0000713) and 3mM (MIPS0000873) (b) Distribution of the binding affinities (KD) of

R1-competing hits. A total of 46 compounds showed binding activity by SPR.

Table 2. Ligand efficiency (LE) of R1 competing hits

LE [kcalmol�1 heavy atom�1] Number of hits Percentage [%]

LE ,0.2 12 26.1

0.2#LE ,0.3 31 67.4

LE$ 0.3 3 6.5

1
1.6 mM

LE � 0.32

2
1.9 mM

LE � 0.29

3
1.0 mM

LE � 0.31

4
1.0 mM

LE � 0.27

5
1.1 mM

LE � 0.31

6
1.6 mM

LE � 0.27

8
�10 mM

9
�10 mM

7
∗
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N
NH2
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Fig. 6. Thiazole series identified from the R1 competition assay, showing

binding affinities (KD) determined by surface plasmon resonance (SPR) and

ligand efficiencies (LE). *The binding affinity of 7 could not be determined

as it gave an SPR response of zero at the three test concentrations.
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determined by SPR. From this small set of molecules, some
trends were evident. The thiazoles with the 2-amino moiety

(1–6) have binding affinities ranging from 1.0 to 1.9mM,
whereas the 2-amidothiazoles 7 and 8 are virtually non-binders
by SPR, with 7 showing no response. The 2-methylthiazole 9

has greatly reduced activity (.10mM) compared with the
2-aminothiazoles. This 2-aminothiazole binding scaffold should
thus serve as a good starting point for chemical elaboration.

Ligand efficiency has gained wide acceptance as a basis for
initially ranking and tracking the progress of fragment elabora-
tion.[30] The goal is to maintain the LE throughout the optimiza-
tion process to give a compound with an LE. 0.3 kcalmol�1

heavy atom�1. However, as the LE can decrease during frag-
ment optimization, starting with a high LE hit will make it easier
to grow the fragment into an inhibitor with drug-like proper-

ties.[30] We have begun to develop preliminary SAR around this
scaffold by synthesizing a small library of 4-aryl substituted
2-aminothiazoles (see Supplementary Material), as shown in

Fig. 7. Strongly electron-withdrawing substituents on the 4-aryl
group, such as the trifluoromethyl group, are not well tolerated,
with the m-substituent faring slightly better, with a binding

affinity of 2.6mM, over the o- and p-substituents. The p-fluoro
(3) (1.0mM) and m-fluoro (14) (1.5mM) compounds were
substantially better binders than the corresponding o-fluoro
(13) compound (5.2mM). In the case of the methoxy- and

methyl-substituted analogues, meta-substituents were found to
support the greatest activity, with binding affinities of 660 mM
for 17 and 1.2mM for 20. The electron-donating affects of

the m-amino group (15) also gave sub-millimolar affinity of
940mM. Generally speaking, these molecules are weak binders
of AMA1 and we are currently synthesizing analogues of

this promising scaffold to enable evolution into higher
affinity ligands.

Although various inhibitory peptides and antibodies that

bind to the hydrophobic cleft of AMA1 have been described,
the question of whether a druggable pocket for small molecule
inhibitors exists has to date remained unclear.[5,6,8,9,31] Frag-
ments are low-complexity molecules that allow the efficient

sampling of large parts of chemical space. This allows the
assessment of the protein druggability based on the fragment

screening hit rate.[32] The high hit rate observed in our screening
strongly suggests that at least one hot spot capable of binding

small molecule ligands with high affinity is present within the
AMA1 hydrophobic cleft, and our current efforts are directed
towards exploiting this by enhancing the binding affinities of

promising fragment hits. Efforts are also underway to identify
the binding sites of candidate fragments within the hydrophobic
cleft by means of high-resolution NMR spectroscopy and X-ray

crystallography.

Conclusions

Our fragment screen has identified several PfAMA1-binding
scaffolds that bind to the AMA1 hydrophobic cleft. We
observed a high hit rate of 5%, which supports the existence of a

druggable pocket within the hydrophobic cleft that is amenable
to the design of small molecule inhibitors. The R1-competing
hits discovered in the screening process are expected to serve as

building blocks for the development of AMA1 inhibitors with
broad strain specificity.

Experimental

High-Cell-Density 3D7 PfAMA1 DIþII Expression

3D7 PfAMA1[104–442] (corresponding to domains Iþ II) was
expressed from a pPROEXHTb expression vector (Novagen) in
Escherichia coli BL21 (DE3) using a high-cell-density meth-

odology.[33] A single colony of the freshly transformed cells
was inoculated into L-Broth containing 100 mgmL�1 ampicil-
lin. The culture was grown overnight at 378C with constant

shaking at 225 rpm. After ,18 h, cells were harvested by cen-
trifugation and resuspended in two volumes of optimized
minimal medium.[33] The mixture was incubated with shaking

at 378C for 1 h before being induced with 1mM isopropyl b-D-
1-thiogalactopyranoside (IPTG), and allowed to grow for 3 h
before harvesting. The cell pellets were frozen at �208C until

further use.

Solubilization and Ni21 Affinity Chromatography

Frozen cell pellets were thawed at room temperature for 30min
and resuspended with a small volume (2mL) of cold phosphate
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Fig. 7. Synthesised 2-aminothiazole series with binding affinities (KD) determined by surface plasmon resonance (SPR) and ligand efficiencies

(LE) indicated for each analogue.
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buffered saline (PBS). The mixture was then solubilized with

buffer containing 7M guanidine (Gdn)-HCl and 10mM Tris
(tris(hydroxymethyl)aminomethane) at pH 8.0. The total solu-
bilization volume of mixture was 10-fold that of the weight of

the cell paste, giving a final Gdn-HCl concentration of 6M. The
pH was adjusted to 8.0 using 1M NaOH after 10min, and
incubated for another hour at room temperature with gentle
shaking and intermittent 30 s sonication (10 times over 1 h).

The mixture was then centrifuged at 20000g for 30min. The
supernatant was collected and sterile-filtered, and then 2% (v/v)
Ni2þ-charged chelating Sepharose (GE Healthcare) was added.

After 2 h incubation, the supernatant was isolated from the resin.
A further 2% fresh Ni2þ-charged chelating Sepharose was
added and left to stir overnight at room temperature. The mix-

ture was transferred into a column housing and the flow through
was collected. The resin was washedwith 10 column volumes of
guanidine buffers (6M Gdn-HCl, 100mM Na2HPO4, 10mM
Tris) of decreasing pH, starting at pH 8.0, then pH 6.3 and pH

5.9. Proteins bound to the Ni2þ-charged resin were eluted in
5� 2mL fractions of 6M Gdn-HCl buffer, pH 4.5. Protein
content was assessed by UV absorbance at 280 nm using a cal-

culated extinction coefficient of 58000M�1 cm�1.

Refolding

The denatured protein solution was first diluted with 6M Gdn-
HCl buffer, pH 4.5, and then with 1/9 volume of 2M Tris-HCl
buffer, pH 8.0, to give a protein concentration of less than

2mgmL�1. Under constant stirring at 48C, this solution was
diluted 1 : 50 into the freshly made refold buffer (0.5M urea,
100mM NaCl, 20mM Tris, pH 8.0) that had been filtered and
purged with nitrogen gas for a minimum of 1 h. Reduced glu-

tathione (GSH) was added to give a concentration of 2mM and
the mixture was stirred for 3–4min. Oxidized glutathione
(GSSG) was then added at a final concentration of 0.5mM and

the mixture stirred for another 1–2min. The refold mixture was
then incubated overnight at room temperature.

Ion-Exchange Chromatography

The refold mixture was passed through a sterile 0.2 mm filter,
diluted 5-fold with 20mM Tris, pH 8.0, and pumped through a
5mL HiTRAP QFF (GE Healthcare) column. Refolded 3D7

PfAMA1was eluted using a linear gradient of 0 to 300mMNaCl
in 20mMTris, pH 8.0, over 40 column volumes. UV absorbance
at 280 nm was measured to identify the desired product. Frac-

tions containing 3D7 PfAMA1 were combined and analyzed
using sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS–PAGE). Protein concentrationwas determined using
UV absorbance at 280 nm. The product was then dialyzed

against 4� 100 volumes of 20mM ammonium bicarbonate
solution at 48C over 2 days before it was lyophilized.

STD NMR Screen

The initial STD screen was conducted on an 1140-fragment
library in 190 cocktails, each containing six fragments dissolved

in d6-DMSO. Samples were prepared by dissolving 3D7
PfAMA1[104–442] and cocktails of six fragments in 20mM
phosphate buffer at pH 7.4 with 10% D2O and 1% d6-DMSO.
The final concentrations of AMA1 and each fragment were 5

and 300 mM, respectively. All STD experimentswere performed
on a Bruker Avance III 600MHz spectrometer at 108C with 128
scans.[21] Saturation was achieved with a 5 s train of 50ms

Gaussian pulses at 45 dB attenuation. The irradiation frequency

of the saturation pulse train was changed after every scan
(on- and off-resonance frequencies were�480 and�20000Hz,
respectively). The fragment screen was automated using

IconNMRwith temperature check (precision� 0.1K) and 3min
equilibration time between samples.

STD and CPMG R1 Competition Experiments

Samples were prepared for STD and CPMG R1 competition
experiments by dissolving 3D7 PfAMA1[104–442] and individual
fragments in 20mMphosphate buffer at pH 7.4 containing 10%

D2O and 1% d6-DMSO. The final concentrations of AMA1 and
each fragment were 10 and 500mM, respectively. All NMR
experiments were performed on a Bruker Avance III 600MHz

spectrometer at 108C. In both STD and CPMG experiments,
reference spectra for R1-free samples were first acquired before
adding R1 from a 5mM stock solution to give a final peptide
concentration of 100mM. In the STD experiments, the para-

meters used to acquire the R1-containing and R1-free spectra
were the same as those from the initial cocktail STD screen. For
CPMG experiments, spin-locks of 0 and 0.6 s were applied to

both samples with or without R1 peptide. A total of 32 scans
were acquired for each sample. Small variations in signal
intensities between different experiments were normalized

manually using the spectra acquired at 0 s spin-lock.

SPR Screen

A Biacore T200 biosensor was employed to estimate binding
affinities of R1-competing hits. 3D7 PfAMA1104–442] was
immobilized on the CM5 sensor chip using an amine-coupling
methodology similar to that described by Harris et al.[31]

Approximately 10000RU of protein was coupled in a single
flow cell (1000RU¼ 1 ng of protein permm2). A reference flow
cell on the same chip was prepared by subjecting it to the

identical amine coupling procedure with no AMA1 protein
being injected. All SPR binding experiments were conducted at
258C with HBS-EPþ (50mM 2-[4-(2-hydroxyethyl)piperazin-

1-yl]ethanesulfonic acid (HEPES), 150mM NaCl, 3.4mM
ethylenediaminetetraacetic acid (EDTA), 0.05%Tween 20, 5%
DMSO, pH 7.4) as the instrument running buffer at a constant

flow rate of 60 mLmin�1. Immobilized AMA1 was equilibrated
with 30 blank buffer injections of 30 s contact time before the
start of the binding experiments. Solvent correction curves[34]

were obtained from a series of injections of running buffer

containing 4.55 to 5.95% (v/v) DMSO. R1 peptide was injected
over immobilized AMA1 at concentrations of 0, 15.6, 31.3,
62.5, 125, 250, 500, and 1000 nM with 2min contact time.

Fragment samples and elaborated molecules were screened at
50, 100, and 200 mM with 30 s contact times. All binding data
were processed and analyzed using Biacore T200 evaluation

software version 1.0. The binding affinities of fragment hits
were estimated based on the response (RU) from three different
concentrations with a fixed fragment Rmax (maximal binding
capacity of AMA1 protein surface). The Rmax value for the R1

peptide was determined experimentally by fitting the dose–
response curves to a 1 : 1 steady-state affinity model. Rmax

values for each fragment were adjusted according to the fol-

lowing normalization formula:

Rmax½fragment� ¼Rmax½R1 peptide� �MW½fragment�=MW½R1 peptide�
ðMW ¼ molecular weightÞ:

F S. S. Lim et al.



Supplementary Material

The experimental techniques required to synthesize compounds
10–21, the 1H NMR, 13C NMR (and where appropriate, 19F
NMR) spectra, and HRMS spectra associated with these com-

pounds are available on the Journal’s website.
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Synthesis of the 2-aminothiazoles. (a) For 10, 11, 12, 13, 14, 16, 17, 18: Br2, MeCN, 
100 oC, 2 h; (b) For 15, 19, 20, 21: Br2, CHCl3, 50 oC, 2 h; (c) thiourea, MeCN, 
100 oC, 2 h. 

 

General methods: Melting points were determined on an Electrothermal melting 
point apparatus and are uncorrected. All NMR spectra were recorded on a Bruker 
Avance III 400-MHz Ultrashield Plus spectrometer and 1H, 19F and 13C NMR spectra 
were recorded at 400, 376 and 101 MHz, respectively. Thin-layer chromatography 
was conducted on 0.2 mm plates using Merck silica gel 60 F254. Column 
chromatography was achieved using Merck silica gel 60 (article size 0.063–0.200μm, 
70–230 mesh). High resolution mass spectra were obtained on a Waters 2795 Alliance 
Separations Module. LCMS were routinely run to verify reaction outcome using an 
Agilent 6100 Series Single Quad couple to an Agilent 1200 Series HPLC. All 
compounds were of > 95% purity.  
 
 
4-(2-(Trifluoromethyl)phenyl)thiazol-2-amine (10) 

2’-(Trifluoromethyl)acetophenone (200 mg, 1.06 mmol, 159 µL) 
was added to MeCN (3 mL). Br2 (93 mg, 1.17 mmol, 30 µL) 
was added dropwise to the mixture at room temperature. The 
mixture was then heated for 2 h at 100 °C. At this time, thiourea 

(89 mg, 1.17 mmol) was added to the cooled reaction mixture, which was then heated 
for a further 2 h at 100 °C. The reaction was cooled on ice and the precipitate that 
formed was filtered. This solid was dissolved in EtOAc (20 mL) and washed twice 
with Na2CO3 (1M) (20 mL). The organic fraction was dried over MgSO4 and the 
filtrate reduced in vacuo to yield a white compound. The compound was purified 
using column chromatography using a step gradient from Hexane: EtOAc (1:1) to 
EtOAc 100 % to yield a crystalline white solid (48 mg, 20 %). m.p: 116-118 oC. 
Analytical HPLC indicates greater than 97 % purity at 254 nm; 1H NMR (400 MHz; 
DMSO): δ 7.76 (d, J = 7.9 Hz, 1H, ArH), 7.70-7.64 (m, 1H, ArH), 7.63-7.58 (m, 1H, 
ArH), 7.55 (dd, J = 11.2, 3.9 Hz, 1H, ArH), 7.02 (br s, 2H, NH2), 6.58 (s, 1H, 
ArH); 19F NMR (376 MHz; DMSO) δ -56.3 (s, CF3); 13C NMR (101 MHz, DMSO): δ 
167.7 (C), 147.5 (C), 135.2 (q, J = 3.0 Hz, C), 132.1 (CH), 131.8 (CH), 128.1 (CH), 
126.6 (q, J = 32.0 Hz, CCF3), 126.2 (q, J = 5.5 Hz, CH), 124.2 (q, J = 273.6 Hz, 
CCF3), 104.9 (q, J = 3.0 Hz, CH). m/z (ESI-HRMS) Calc [M+H]+ = 245.0355; 
Observed [M+H]+ = 245.0353. 



 
 
4-(3-(Trifluoromethyl)phenyl)thiazol-2-amine (11) 

Same procedure as for 10, from 3’-
(trifluoromethyl)acetophenone gave a golden yellow solid (59 
mg, 23 %). m.p: 78-80 oC. Analytical HPLC indicates greater 
than 95 % purity at 254 nm; 1H NMR (400 MHz; MeOD): δ 8.05 
(s, 1H, ArH), 7.95 (d, J = 7.1 Hz, 1H, ArH), 7.54-7.48 (m, 2H, 

ArH), 6.94 (s, 1H, ArH); 19F NMR (376 MHz; MeOD) δ -64.1 (s, CF3); 13C NMR 
(101 MHz, MeOD): δ 171.4 (d, J = 6.8 Hz, C), 149.6 (d, J = 13.1 Hz, C), 136.8 (d, J 
= 2.2 Hz, C), 131.9 (q, J = 32.1 Hz, CCF3), 130.3 (CH), 130.2 (d, J = 1.0 Hz, CH), 
125.8 (q, J = 271.1 Hz, CCF3), 124.9 (q, J = 3.9 Hz, CH), 123.5 (q, J = 3.9 Hz, CH), 
104.5 (CH). m/z (ESI-HRMS) Calc [M+H]+ = 245.0355; Observed [M+H]+ = 
245.0355. 
 
 
4-(4-(Trifluoromethyl)phenyl)thiazol-2-amine (12) 

Same procedure as for 10, from 4’-
(trifluoromethyl)acetophenone gave a light orange solid (39 
mg, 15 %). m.p: 158-160 oC. Analytical HPLC indicates 
greater than 97 % purity at 254 nm; 1H NMR (400 MHz; 
DMSO): 8.00 (d, J = 8.0 Hz, 2H, ArH), 7.72 (d, J = 8.1 Hz, 

2H, ArH), 7.25 (s, 1H, ArH), 7.21 (br s, 2H, NH2); 19F NMR (376 MHz; DMSO) δ -
60.8 (s, CF3); 13C NMR (101 MHz, DMSO): δ 168.5 (C), 148.1 (C), 138.4 (C), 127.2 
(q, J = 31.7 Hz, CCF3), 126.0 (2 × CH), 125.5 (q, J = 3.7 Hz, 2 × CH), 124.4 (q, J = 
272.0 Hz, CCF3), 104.4 (CH). m/z (ESI-HRMS) Calc [M+H]+ = 245.0355; Observed 
[M+H]+ = 245.0353. 
 
 
4-(2-Fluorophenyl)thiazol-2-amine (13) 

Same procedure as for 10, from 2’-fluoroacetophenone gave a 
pink solid (31 mg, 11 %). m.p: 76-80 oC. Analytical HPLC 
indicates greater than 97 % purity at 254 nm; Rf: 0.3 (DCM: 
MeOH: NH₄OH; 96: 2: 2); 1H NMR (400 MHz; CDCl3): δ 8.01 

(td, J = 7.8, 1.9 Hz, 1H, ArH), 7.25 (dtd, J = 7.1, 5.4, 1.9 Hz, 1H, ArH), 7.18 (td, J = 
7.5, 1.4 Hz, 1H, ArH), 7.10 (ddd, J = 11.8, 8.0, 1.3 Hz, 1H, ArH ), 7.02 (d, J = 2.2 
Hz, 1H, ArH ), 5.17 (br s, 2H, NH2); 19F NMR (376 MHz; CDCl3) δ -114.2 (s, F); 13C 
NMR (101 MHz; CDCl3): 166.6 (C), 160.3 (d, J = 250.0 Hz, CF), 144.8 (d, J = 3.5 
Hz, C), 129.8 (d, J = 3.3 Hz, CH), 128.9 (d, J = 8.6 Hz, CH), 124.4 (d, J = 3.5 Hz, 
CH), 122.4 (d, J = 11.3 Hz, C), 116.0 (d, J = 22.6 Hz, CH), 108.0 (d, J = 15.0 Hz, 
CH). m/z (ESI-HRMS) Calc [M+H]+ = 195.0387; Observed [M+H]+ = 195.0390. 
 
 
 



4-(3-Fluorophenyl)thiazol-2-amine (14) 
Same procedure as for 10, from 3’-fluoroacetophenone gave a 
yellow powder (44 mg, 16 %) m.p: 75-78 oC. Analytical HPLC 
indicates greater than 97 % purity at 254 nm; Rf: 0.2, (DCM; 
100); 1H NMR (400 MHz; DMSO): δ 7.66-7.61 (m, 1H, ArH), 
7.57 (ddd, J = 10.9, 2.6, 1.5 Hz, 1H, ArH), 7.39 (td, J = 8.0, 6.2 

Hz, 1H, ArH), 7.14 (s, 1H, ArH), 7.13-7.02 (m, 3H, ArH, NH2); 19F NMR (376 MHz; 
DMSO) δ -113.4 (s, F); 13C NMR (101 MHz, DMSO): δ 168.3 (C), 162.5 (d, J = 
242.1 Hz, CF), 148.5 (d, J = 2.8 Hz, C), 137.3 (d, J = 8.2 Hz, C), 130.4 (d, J = 8.5 Hz, 
CH), 121.5 (d, J = 2.6 Hz, CH), 113.8 (d, J = 21.2 Hz, CH), 112.0 (d, J = 22.8 Hz, 
CH), 103.0 (CH). m/z (ESI-HRMS) Calc [M+H]+ = 195.0387; Observed [M+H]+ = 
195.0389. 
 
4-(3-Aminophenyl)thiazol-2-amine (15) 

3’-Aminoacetophenone (500 mg, 3.70 mmol) was dissolved in 
CHCl3 (3 mL). Br2 (698 mg, 3.88 mmol, 225 µL) was added 
dropwise over 10 min whilst stirring at 0 oC. The mixture was 
then heated at 50 oC for 2 h, at which time the reaction mixture 
was cooled and quenched using Na2CO3 (1M). The biphasic 

mixture was added to CHCl3 (20 mL) and washed twice with Na2CO3 (1M) (20 mL). 
The organic fraction was dried over MgSO4 and the filtrate reduced in vacuo to yield 
a cream-coloured powder. The crude powder was dissolved in MeCN (4 mL), 
thiourea (187 mg, 2.45 mmol) was added and the mixture heated at 100 oC for 2 h. 
The reaction was cooled on ice and the precipitate that formed was filtered. This solid 
was dissolved in EtOAc (20 mL) and washed twice with Na2CO3 (1M) (20 mL). The 
organic fraction was dried over MgSO4 and the filtrate reduced in vacuo to yield a 
white powder. The compound was purified using column chromatography using a 
step gradient from Hexane: EtOAc (1:1) to EtOAc 100 % to yield a light brown solid 
(36 mg, 5 %). m.p: 160-163 oC; Analytical HPLC indicates greater than 97 % purity 
at 254 nm; 1H NMR (400 MHz; DMSO): δ 7.03-6.90 (m, 5H, 3 × ArH, NH2), 6.77 (s,  
1H, ArH), 6.45 (ddd, J = 7.7, 2.3, 1.2 Hz, 1H, ArH), 5.04 (br s, 2H, NH2); 13C NMR 
(101 MHz, DMSO): δ 167.8 (C), 150.7 (C), 148.6 (C), 135.5 (C), 128.8 (CH), 113.5 
(CH), 113.0 (CH), 111.5 (CH), 100.5 (CH). m/z (ESI-HRMS) Calc [M+H]+ = 
192.0590; Observed [M+H]+ = 192.0589. 
 
 
4-(o-Tolyl)thiazol-2-amine (16) 

Same procedure as for 10, from 2’-methylacetophenone gave a 
pink solid (84.5 mg, 30 %). m.p: 73-75 oC. Analytical HPLC 
indicates greater than 97 % purity at 254 nm; 1H NMR (400 
MHz; CDCl3): δ 7.52 (ddd, J = 5.1, 3.7, 1.9 Hz, 1H, ArH), 7.39-

7.11 (m, 3H, 3 × ArH), 6.45 (s, 1H, ArH), 5.28 (br s, 2H, NH2), 2.44 (s, 3H, 
CH3); 13C NMR (101 MHz, CDCl3): δ 166.7 (C), 151.4 (C), 136.2 (C), 135.1 (C), 



130.8 (CH), 129.7 (CH), 127.9 (CH), 125.9 (CH), 105.8 (CH), 21.1 (CH3). m/z (ESI-
HRMS) Calc [M+H]+ = 191.0637; Observed [M+H]+ = 191.0632. 
 
4-(m-Tolyl)thiazol-2-amine (17) 

Same procedure as for 10, from 3’-methylacetophenone gave a 
bright yellow solid (63.3 mg, 22 %). m.p: 56-58 oC. Analytical 
HPLC indicates greater than 97 % purity at 254 nm; 1H NMR 
(400 MHz; DMSO): δ 7.62 (s, 1H, ArH), 7.57 (d, J = 7.8 Hz, 
1H, ArH), 7.23 (t, J = 7.6 Hz, 1H, ArH), 7.06 (dd, J = 8.1, 0.6 

Hz, 1H, ArH), 7.02 (br s, 2H, NH2), 6.96 (s, 1H, ArH), 2.32 (s, 3H, CH3); 13C NMR 
(101 MHz, DMSO): δ 168.1 (C), 149.9 (C), 137.4 (C), 134.8 (C), 128.3 (CH), 127.8 
(CH), 126.2 (CH), 122.7 (CH), 101.3 (CH), 21.1 (CH3). m/z (ESI-HRMS) Calc 
[M+H]+ = 191.0637; Observed [M+H]+ = 191.0637.  
 
4-(p-Tolyl)thiazol-2-amine (18) 

Same procedure as for 10, from 4’-methylacetophenone gave 
a light yellow powder (40 mg, 14 %). m.p: 100-102 oC. 
Analytical HPLC indicates greater than 97 % purity at 254 
nm; 1H NMR (400 MHz, CDCl3): δ 7.67 (d, J = 8.2 Hz, 2H, 
2 × ArH), 7.18 (d, J = 7.9 Hz, 2H, 2 × ArH), 6.67 (s, 1H, 

ArH), 5.03 (br s, 2H, NH2), 2.36 (s, 3H, CH3); 13C NMR (101 MHz, CDCl3): 167.2 
(C), 151.5 (C), 137.7 (C), 132.1 (C), 129.4 (2 × CH), 126.0 (2 × CH), 102.2 (CH), 
21.4 (CH3). m/z (ESI-HRMS) Calc [M+H]+ = 191.0637; Observed [M+H]+ = 
191.0639. 
 
4-(2-Methoxyphenyl)thiazol-2-amine (19) 

Same procedure as for 15, from 2’-methoxyacetophenone gave a 
white powder (262 mg, 38%). m.p: 83-85oC. Analytical HPLC 
indicates greater than 98 % purity at 254 nm; 1H NMR (400 
MHz; DMSO): δ 8.02 (dd, J = 7.7, 1.8 Hz, 1H, ArH), 7.23 (ddd, 

J = 8.3, 7.3, 1.8 Hz, 1H, ArH), 7.11 (s, 1H, ArH), 7.05 (dd, J = 8.3, 0.9 Hz, 1H, ArH), 
7.01-6.90 (m, 3H, ArH, NH2), 3.87 (s, 3H, OCH3); 13C NMR (101 MHz, DMSO): δ 
166.3 (C), 156.5 (C), 145.8 (C), 129.3 (CH), 128.0 (CH), 123.1 (C), 120.3 (CH), 
111.4 (CH), 105.7 (CH), 55.3 (OCH3). m/z (ESI-HRMS) Calc [M+H]+ = 207.0587 ; 
Observed [M+H]+ = 207.0593. 
 
4-(3-Methoxyphenyl)thiazol-2-amine (20) 

Same procedure as for 15, from 3’-methoxyacetophenone gave a 
yellow solid (95 mg, 14 %). m.p: 98-100 oC. Analytical HPLC 
indicates greater than 97 % purity at 254 nm; 1H NMR (400 
MHz; DMSO): δ 7.38-7.35 (m, 2H, ArH), 7.26 (t, J = 7.9 Hz, 
1H, ArH), 7.05 (br s, 2H, NH2), 7.02 (s, 1H, ArH), 6.82 (ddd, J 

= 8.1, 2.6, 1.0 Hz, 1H, ArH), 3.77 (s, 3H, OCH3); 13C NMR (101 MHz, DMSO): δ 
168.0 (C), 159.4 (C), 149.7 (C), 136.3 (C), 129.5 (CH), 117.9 (CH), 113.0 (CH), 



110.8 (CH), 101.9 (CH), 55.0 (OCH3). m/z (ESI-HRMS) Calc [M+H]+ = 207.0587; 
Observed [M+H]+ = 207.0585  
 
4-(4-Methoxyphenyl)thiazol-2-amine (21) 

Same procedure as for 15, from 4’-methoxyacetophenone 
gave a beige solid (96 mg, 14 %). m.p: 185-187oC. 
Analytical HPLC indicates greater than 98 % purity at 254 
nm; 1H NMR (400 MHz; DMSO): δ 7.72 (d, J = 8.9 Hz, 
2H, 2 × ArH), 6.99 (br s, 2H, NH2), 6.92 (d, J = 8.9 Hz, 

2H, 2 × ArH), 6.82 (s, 1H, ArH), 3.76 (s, 3H, OCH3); 13C NMR (101 MHz, DMSO): 
δ 168.1 (C), 158.5 (C), 149.7 (C), 127.9 (C), 126.8 (2 × CH), 113.8 (2 × CH), 99.3 
(CH), 55.1 (OCH3). m/z (ESI-HRMS) Calc [M+H]+ = 207.0587 ; Observed [M+H]+ = 
207.0593. 

  



NMR Spectra 
4-(2-(Trifluoromethyl)phenyl)thiazol-2-amine (10) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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19F NMR Spectrum (376 MHz, DMSO) 
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4-(3-(Trifluoromethyl)phenyl)thiazol-2-amine (11) 
1H NMR Spectrum (400 MHz, MeOD) 
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13C DEPTQ NMR Spectrum (101 MHz, MeOD) 
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19F NMR Spectrum (376 MHz, MeOD) 
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4-(4-(Trifluoromethyl)phenyl)thiazol-2-amine (12) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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19F NMR Spectrum (376 MHz, DMSO) 
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4-(2-Fluorophenyl)thiazol-2-amine (13) 
1H NMR Spectrum (400 MHz, CDCl3) 
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13C DEPTQ NMR Spectrum (101 MHz, CDCl3) 
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19F NMR Spectrum (376 MHz, CDCl3) 
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4-(3-Fluorophenyl)thiazol-2-amine (14) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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19F NMR Spectrum (376 MHz, DMSO) 
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4-(3-Aminophenyl)thiazol-2-amine (15) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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4-(o-Tolyl)thiazol-2-amine (16) 
1H NMR Spectrum (400 MHz, CDCl3) 
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13C DEPTQ NMR Spectrum (101 MHz, CDCl3) 
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4-(m-Tolyl)thiazol-2-amine (17) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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4-(p-Tolyl)thiazol-2-amine (18) 
1H NMR Spectrum (400 MHz, CDCl3) 
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13C DEPTQ NMR Spectrum (101 MHz, CDCl3) 
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4-(2-Methoxyphenyl)thiazol-2-amine (19) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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4-(3-Methoxyphenyl)thiazol-2-amine (20) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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4-(4-Methoxyphenyl)thiazol-2-amine (21) 
1H NMR Spectrum (400 MHz, DMSO) 
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13C DEPTQ NMR Spectrum (101 MHz, DMSO) 
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High-Resolution Mass Spectra 
4-(2-(Trifluoromethyl)phenyl)thiazol-2-amine (10) 

 

 

4-(3-(Trifluoromethyl)phenyl)thiazol-2-amine (11) 
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4-(2-Fluorophenyl)thiazol-2-amine (13) 
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ion of pyrrolo[2,3-d]pyrimidine-4-
amines as Plasmodium falciparum apical
membrane antigen 1 (AMA1) inhibitors†

Shane M. Devine,‡*a San Sui Lim,‡a Indu R. Chandrashekaran,a

Christopher A. MacRaild,a Damien R. Drew,b Cael O. Debono,a Raymond Lam,a

Robin F. Anders,c James G. Beeson,b Martin J. Scanlon,ad Peter J. Scammellsa

and Raymond S. Nortona

We have determined that a previously reported class of pyrrolo[2,3-d]pyrimidine-4-amines exhibit low

binding to apical membrane antigen 1 (AMA1) and suffer from unattractive qualities, such as aggregation.

We attempted to remove these traits by generating molecules with improved solubility, but this did not

translate into enhanced binding affinity or inhibition of parasite growth in erythrocytes. These results

indicate that anti-malarial activity is not primarily due to inhibition of AMA1 function, but mediated by an

alternate or additional mechanism of action.
Introduction

Malaria is a major health concern for many of the world's most
vulnerable and impoverished societies, affecting peoples
throughout sub-Saharan Africa and Southeast Asia, in partic-
ular. This infectious disease continues to threaten a large
number of people, with more than 40% of the global population
at risk of infection and the cause of 2% of human mortalities
worldwide.1 Malaria is caused by intracellular parasites of the
genus Plasmodium, which are transmitted to humans when a
female Anopheles mosquito takes a blood meal. All of the
symptoms of malaria arise as a result of the parasite's asexual
reproductive cycle, that occurs within erythrocytes of the human
host.2 For this reason existing treatments target this blood-stage
infection.

Treatment strategies for malaria have changed markedly over
recent decades, as the parasite has developed resistance to
previously effective drugs. The current frontline approach is that
of the artemisinin-combination therapies (ACTs).1 However,
recent evidence shows that resistance to artemisinin is emerging
in Southeast Asia, particularly along the Thailand–Myanmar
border.3 Although there are other potential therapeutics in the
of Pharmaceutical Sciences, Monash

ictoria 3052, Australia.
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rsity, Melbourne, Victoria 3086, Australia

Science, Monash University, 381 Royal

tion (ESI) available. See DOI:

is paper.

, 1500–1506
pipeline, these are not sufficiently advanced to be therapeutically
relevant at this stage. Moreover, the current portfolio of candi-
dates in development, although improving, is still lacking in
diversity.4 Therefore, there is a clear and present need for new
targets for drugs to combat malaria.5

Mature apical membrane antigen 1 (AMA1), a 66 kDa type 1
integral membrane protein with a short well-conserved cyto-
plasmic region, forms a complex with parasite rhoptry neck
(RON) proteins as part of a moving junction that forms between
the invading parasite and the host cell.6,7 Crystal structures of
the ectodomain of AMA1 from Plasmodium falciparum and
related species reveal three domains, including two closely-
packed PAN domains.8,9 From these PAN domains, seven ex-
ible loops extend to surround a large hydrophobic cle con-
sisting of 12 well-dened and conserved residues.8 This cle is
the site of interaction between AMA1 and RON2,6,10 and
numerous inhibitory peptides and antibodies have also been
shown to target this site.11–13 Although recent studies have used
genetic knockouts to challenge previous evidence that the
AMA1–RON2 interaction is essential to host cell invasion by
P. falciparum and related parasites in cell culture,14,15 it remains
clear that diverse inhibitors of this interaction do inhibit inva-
sion.6,11,12,16–19 Moreover, the strong conservation of the AMA1–
RON2 interaction in the Apicomplexa phylum,7,20 even in the
face of strong selective pressure from host immune systems,21,22

implies an important functional role in vivo.
On this basis, we and others have proposed AMA1 as a

potential drug target against malaria.13,23,24 Several additional
factors contribute to its attractiveness in this regard. Firstly,
there are no human homologues of AMA1 or the RON proteins.
Secondly, inhibitors of the AMA1–RON2 interaction will have
their site of action in the bloodstream, thereby avoiding the
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4md00090k
http://pubs.rsc.org/en/journals/journal/MD
http://pubs.rsc.org/en/journals/journal/MD?issueid=MD005010
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difficulties associated with targeting the intracellular stages of
the malaria parasite. This point is particularly relevant in light
of the role of drug transporters in mediating resistance to
known anti-malarials.25

Recently, Srinivasan et al. reported the rst example of small-
molecule inhibitors of the AMA1–RON2 complex, identied via
an AlphaScreen assay of a �21 000 member library, utilising a
truncated RON2 peptide.26 This screen identied seven mole-
cules, three of which blocked merozoite invasion in vitro with
IC50 values in the range 21–29 mM (Fig. 1).

Re-synthesis of NCGC00015280 and chemical elaboration of
this scaffold identied two related molecules NCGC00262650
and NCGC00262654 that showed enhanced inhibition with
reported IC50 values of 9.8 mM and 6 mM, respectively, compared
to the re-synthesised NCGC00015280's activity of 30 mM (Fig. 2).

Srinivasan et al. present an array of cell-based assays to
support their proposed mode of action for these compounds.
They also attempted to demonstrate a direct interaction with
AMA1 by surface plasmon resonance (SPR).26 However, these
experiments were compromised by the poor solubility of the
compounds, and the shape and concentration dependence of
the observed sensorgrams are consistent with low-affinity
super-stoichiometric interaction with the SPR biosensor
surface, rather than the high-affinity stoichiometric interaction
expected of a specic inhibitor. Two of the identied
compounds have calculated partition co-efficients (clog P) that
Fig. 1 Putative AMA1 inhibitors identified by Srinivasan et al.26

Fig. 2 Elaboration of NCGC00015280 by Srinivasan et al.26

This journal is © The Royal Society of Chemistry 2014
fall outside the traditional Lipinski ‘rule of 5’ upper limit of
clog P ¼ 5.27 Another useful metric of inhibitor quality is the
lipophilic ligand efficiency (LLEAT), as described by Astex, which
incorporates the number of heavy atoms as an indicator of
lipophilicity.28 By this metric as well, these molecules are far
from the attractive value of $0.3 kcal mol�1 per heavy atom
(Fig. 2). To assess the suitability of this class of compounds for
further development as AMA1 inhibitors, we synthesised a
panel of analogues and studied their solution behaviour and
interactions with AMA1.

Results

We endeavoured to evaluate the pyrrolo[2,3-d]pyrimidine scaf-
fold by using our methods for monitoring AMA1 ligand
binding29 and to ameliorate the unfavourable traits, such as the
high clog P and low LLEAT values, whilst maintaining activity.
Although compound lipophilicity is frequently an important
factor for inhibitor potency, it can also contribute to off-target
effects, leading to unwanted toxicity.30 Small molecules that
exhibit poor solubilities in aqueous buffers are oen identied
as promiscuous hits in a wide range of assays, complicating the
interpretation of binding and/or activity data.30–33 Under-
standing the physicochemical properties of a compound in an
aqueous environment is therefore essential in evaluating
chemical entities as lead candidates. To assess these issues for
the class of compounds reported by Srinivasan et al.,26 5a–5c
were synthesised (see ESI† for details). They were then assessed
at a range of concentrations (5, 10, 20, 40 and 80 mM) using 1D
1H NMR spectroscopy, following the methods outlined by LaP-
lante et al.31,32 This allowed direct observations of the aggrega-
tion propensities of these molecules in aqueous buffers.

The 1H NMR spectra of 5a and 5b (Fig. 3A and B) show clear
evidence of extensive aggregation. Both compounds gave very
weak NMR signals that did not increase with concentration. As
there were no visible precipitates in these samples, these
observations suggest that the compounds were self-associating
to form colloidal aggregates over the entire concentration range
tested.31 These large aggregates tumble more slowly than non-
aggregating compounds and therefore exhibit faster NMR
relaxation and signals that are broadened beyond detection.

To conrm this interpretation of these data, surfactant
(Tween 20) was added into these samples. The NMR signals
were consistent with those expected for these molecules, albeit
with signicant residual line broadening (top panel, Fig. 3A and
B). These observations may be explained by the fact that
surfactant is capable of dissociating large assemblies into
smaller entities with better relaxation properties for NMR
detection.32 In contrast to 5a and 5b, 5c gave sharp proton
signals with peak intensities that increased with concentration
over the range tested (Fig. 3C).

However, the concentration dependence of the peak inten-
sities is not linear (Fig. 3D), while chemical shis for a number
of resonances showed a weak concentration dependence
(Fig. 3E), indicating that compound 5c also aggregates in
aqueous solution, albeit to a much lesser extent than do 5a and
5b. The signals of compound 5c were shied and broadened in
Med. Chem. Commun., 2014, 5, 1500–1506 | 1501
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Fig. 3 1D 1HNMR spectra of (A) 5a, (B) 5b and (C) 5c at different concentrations and in the presence of 0.05% Tween 20. (D) Peak intensities of 5c
proton signals (7.14, 7.35, 7.48 and 8.16 ppm) at increasing compound concentrations and with the addition of surfactant. (E) Concentration
dependence of the chemical shifts of 5c at 5, 10, 20, 40 and 80 mM, respectively.
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the presence of Tween 20, presumably as a result of the inter-
actions between the compound and surfactant. Furthermore,
peak intensities increased in the presence of the surfactant
(Fig. 3D), again indicating the presence of large aggregates that
are disrupted by the addition of Tween 20 into the sample.

We then assessed the interaction of these compounds with
AMA1 using techniques developed in our own search for
inhibitors of the AMA1–RON2 interaction.29 The aggregation
behaviour of 5a and 5b, described above, precluded the use of
ligand-detected NMR strategies, so only 5c was evaluated in the
Carr–Purcell–Meiboom–Gill (CPMG) binding assay (Fig. 4). This
method utilises the CPMG spin-lock lter to eliminate signals of
the rapidly relaxing AMA1 protein and bound ligands, with the
signals of free compounds less affected.34 CPMG spectra for
detergent-free samples containing 80 mM 5c in the presence and
absence of 10 mM 3D7 PfAMA1 were rst acquired with 0 and
200 ms spin-relaxation lters. Thereaer, R1 and RON2
peptides were added into the samples and the same set of
CPMG spectra was acquired to evaluate the binding activities of
5c at the AMA1 hydrophobic cle. The signal intensities and
chemical shis of a number of peaks for 5c were affected by the
presence of AMA1 (Fig. 4A). These effects are exemplied using
the proton resonance of 5c at around 7.35 ppm in Fig. 4B. The
signals were broadened and shied slightly upeld in the
presence of AMA1 and, when a 200 ms spin-lock lter was
applied, the signal in the presence of AMA1 relaxed signicantly
Fig. 4 CPMG binding assay. (A and B) All CPMG spectra were acquired
with both 0 (top spectra) and 200 ms (bottom spectra) spin-relaxation
filters in the absence of detergent. Blue and red spectra were results
for samples containing 5c in the presence or absence of 3D7 PfAMA1,
respectively. Green and purple spectra correspond to samples con-
taining 5c and 3D7 PfAMA1 with the additions of R1 and RON2
peptides, respectively. (C) Transverse relaxation rate (R2) for different
samples used in the binding studies.

This journal is © The Royal Society of Chemistry 2014
faster than the signal in the absence of protein (R2 relaxation
rates of 8.2 and 1.4 s�1, respectively). These results are indica-
tive of 5c binding to AMA1.

When R1 and RON2 peptides were added to the samples
containing both AMA1 and 5c, the compound peaks shied
slightly downeld towards the chemical shi of the free
compound. Also, partial restoration of the free compound line
shape and relaxation rate was observed in both samples with
the peptides added. These observations are consistent with
competition between 5c and R1 and RON2 peptides for binding
sites on AMA1. The presence of the competing peptides reduced
the fraction of bound 5c, which in turn decreased the average
transverse relaxation rate of the compound, and thus increased
5c signals aer the CPMG period (Fig. 4B and C). Similar results
were observed when the same set of experiments was conducted
in the presence of Tween 20 (Fig. S1†). This result conrms that
5c in its monomeric form is able to bind AMA1.

Finally, we interrogated these compounds, including their
synthetic precursors, by SPR, to estimate the binding affinities to
AMA1 using methods described previously.29 Not unexpectedly,
the precursor molecule fragments 1–3, showed minimal interac-
tion with AMA1 at concentrations up to 200 mM.Once the 4-amino
or 4-dimethylamino group was introduced, we saw evidence of
super-stoichiometric binding, in the form of responses that
exceeded the maximal response expected for these compounds
and that failed to saturate, even at the highest concentrations
studied. These issues were particularly acute in the case of 5a and
5b, and precluded any estimate of the affinity of these molecules
with AMA1. For 5c, we observed unambiguous over-binding only
at higher concentrations. However, the response observed at
lower concentrations is inconsistent with an affinity for AMA1
tighter than�1mM, while the IC50 for this compound reported by
Srinivasan et al. is 9.8 mM.26 This discrepancy suggests that this
series of compounds exert their effects on host cell invasion by
P. falciparum merozoites by some mechanism other than direct
inhibition of AMA1, or by an additional mechanism of action.

To address the shortcomings of the three molecules, as
outlined above, a series of pyrrolo[2,3-d]pyrimidine-4-amines
was synthesised in an attempt to improve solubility whilst
maintaining or improving affinity for AMA1 (Scheme 1). This
was achieved by alkylation, bromination, amination and Suzuki
coupling. We envisaged that replacement of the 7-cyclopentyl
with a methyl group should aid in solubility, and we also
explored substitutions on the 5-aryl group while retaining the
4-amino group. This scaffold featuring the N-methyl substitu-
tion is the core of a known protein kinase R (PKR)-like endo-
plasmic reticulum kinase (PERK) inhibitor that has been
selected as a preclinical candidate for tumour inhibition.35,36

The compounds produced had clog P values of 0.93–2.35,
which, in contrast to the clog P value of 3.35 for 5c, provided
soluble compounds for study. Aggregation propensities of 9a–k
were evaluated using 1D 1H NMR spectroscopy (Fig. S2†) as
described earlier for 5a–c. The 7-methyl and 7-ethyl series
exhibited substantially reduced aggregation behaviour, when
compared to the 7-cyclopentyl series (5a–c), with or without the
addition of Tween 20, demonstrating our success in eliminating
some of the unwanted behaviour of 5a–c.
Med. Chem. Commun., 2014, 5, 1500–1506 | 1503
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Scheme 1 Reagents and conditions: (i) NaH, DMF, 0 �C, 30 min for 6a,
MeI and for 6b, EtI, 60 �C, 4 h; (ii) NBS, DCM, 25 �C; (iii) NH4OH, i-
PrOH, 100 �C, 40 h; (iv) R1-B(OH)2, PdCl2(PPh3)2, THF/1MNa2CO3, 100
�C, 2 h.
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All pyrrolo[2,3-d]pyrimidines (5a–5c and 9a–9k) were
analysed for binding to AMA1 using SPR, utilising similar
conditions to those employed by Srinivasan et al.26 In general,
the sensorgrams showed weak binding affinities, with KD values
$1 mM. There were no visible precipitates in the samples and
all compounds were soluble in the buffer conditions employed.
From this small library of compounds, however, no meaningful
structure–activity relationships (SAR) could be inferred and no
increased affinity for AMA1 was observed, suggesting that these
compounds are not potent inhibitors of AMA1 interactions.
Finally, 9a–9k were tested to ascertain their ability to inhibit
parasite growth in erythrocytes of P. falciparum (Fig. S3†).37

Compounds 5c and 9a–k showed substantial inhibitory activity
in this assay, although this activity did not correlate with their
affinity for AMA1 by SPR (Fig. S3†) . 5a and 5b demonstrated
IC50 values > 1 mM, compared to the reported values of 6 and
30 mM, respectively.26 The IC50 value for 5c was 63 mM, in
comparison to the reported value of 9.8 mM and the best
analogue, 9c, had an IC50 value < 31 mM. This represents still
further evidence in support of an alternative mechanism of anti-
malarial action by these compounds.
Discussion

Our results suggest that these compounds in their current form
are not suitable for development as AMA1 inhibitors given their
apparent low binding affinity to AMA1, sub-optimal potency,
relative insolubility and tendency to form aggregates. Our
ndings suggest that these compounds may exhibit an alter-
native or additional mechanism of anti-malarial action.
Compound 5b was identied initially as a Src-family kinase
inhibitor38 and molecules containing the pyrrolo[2,3-d]pyrimi-
dine scaffold have been shown to be involved in a number of
therapeutically relevant areas such as Huntington's disease39

and acute myeloid leukaemia,40 where they are believed to act
via a Src-family kinase mechanism. Srinivasan et al. demon-
strated that a structurally different Src-inhibitor did not block
invasion.26 However, this does not preclude the possibility of the
1504 | Med. Chem. Commun., 2014, 5, 1500–1506
pyrrolo[2,3-d]pyrimidine inhibitors acting as kinase inhibitors
in this context. A structurally similar framework, incorporating
an extra nitrogen at the 6-position, namely the pyrazolo[3,4-d]-
pyrimidin-4-amine scaffold with comparable N1- and 3-position
modications, has been implicated in a related apicomplexan
species, Toxoplasma gondii, as a calcium-dependent protein
kinase 1 (CDPK1) inhibitor.41,42 CDPK is known to control
microneme secretion and consequently block invasion in
T. gondii, as well as Plasmodium falciparum.43 Therefore, it is
conceivable that these pyrrolo[2,3-d]pyrimidines could be
acting via a CDPKmechanism, or in addition to AMA1-mediated
inhibition. Colloidal aggregation of compounds is well
known to contribute to promiscuity in high-throughput screens
and in a range of other assays.30–33,44 The observed aggregation
properties of 5a and 5b, may be responsible for their inhibitory
effects,26 rather than being specic inhibitors of the AMA1–
RON2 interaction.44 Compound 5c seems to be genuinely
binding AMA1, but with insufficient affinity (using recombinant
AMA1) to explain its reported activity. It remains possible that
the binding affinity to native AMA1 is different from that
measured using recombinant AMA1, although we note that
these two preparations afford essentially identical results for
genuine AMA1 inhibitors such as the peptide R1. Our attempts
to produce more soluble analogues (9a–k) with increased
activity did not generate any meaningful SAR.
Conclusion

Candidate pyrrolo[2,3-d]pyrimidine-4-amines (5a–c) appear to
be moderately potent inhibitors of erythrocyte invasion by
P. falciparum merozoites that prevent the formation of both the
moving junction and the AMA1–RON complex.26 These effects
may not be mediated primarily by direct stoichiometric inter-
action with AMA1; inhibitory activity could include off-target
mechanisms, which may be related to their tendency to form
colloidal aggregates in aqueous solution, and/or their activity as
kinase inhibitors. Molecules with lower clog P values were
synthesised (9a–k), but failed to achieve greater inhibitory
activity. Furthermore, this series of compounds carries signi-
cant physicochemical liabilities that are likely to impede their
further development.
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General Experimental

NMR spectra (1H, 19F, 13C) were recorded on a Bruker Avance Nanobay III 400 MHz Ultrashield 

Plus spectrometer at 400.13, 376.50 and 100.62 MHz, respectively coupled to a BACS 60 automatic 

sample changer at 25 °C. Chemical shifts (δ) are recorded in parts per million (ppm) by correction 

with reference to the chemical shift of the solvent, according to the procedure described by 

Gottlieb.45 Coupling constants (J) are recorded in Hz, and the significant multiplicities described by 

singlet (s), doublet (d), triplet (t), quadruplet (q), broad (br), multiplet (m), doublet of doublets (dd), 

and doublet of triplets (dt). LC-MS were run to verify reaction outcome and purity using an Agilent 

6100 series Single Quad coupled to an Agilent 1200 series HPLC. The following buffers were used: 

buffer A, 0.1% formic acid in H
2
O; buffer B, 0.1% formic acid in MeCN. The following gradient 

was used with a Phenomenex Luna 3 μM C8(2) 15 mm × 4.6 mm column, and a flow rate of 0.5 

mL/min and total run time of 12 min; 0–4 min 95% buffer A and 5% buffer B, 4–7 min 0% buffer 

A and 100% buffer B, 7–12 min 95% buffer A and 5% buffer B. Mass spectra were acquired in 

positive and negative ion mode with a scan range of 0–1000 m/z at 5 V. UV detection was carried 

out at 254 nm. All compounds were of >95% purity. Thin layer chromatography was conducted on 

0.2 mm plates using Merck silica gel 60 F254. Column chromatography was achieved using Merck 

silica gel 60 (particle size 0.063–0.200 m, 70–230 mesh).  Calculated partition co-efficient values 

(cLogP) were calculated using ChemAxon’s Instant JChem program. Instant JChem was used for 

structure database management, search and prediction (Instant JChem 5.9.4, 2013, ChemAxon; 

http://www.chemaxon.com). 4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (1) was purchased from 

Astatech and used to synthesise 5-bromo-4-chloro-7-cyclopentyl-7H-pyrrolo[2,3-d]pyrimidine (3)26 

and 5-bromo-4-chloro-7-methyl-7H-pyrrolo[2,3-d]pyrimidine (7a)35 via literature procedures. 
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Synthetic procedures

5-Bromo-4-chloro-7-ethyl-7H-pyrrolo[2,3-d]pyrimidine (7b)

To a solution of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (1) (1.00 g, 6.51 mmol) in 

DMF (8 mL) at 0 °C, was added NaH, as a 60% dispersion in mineral oil (389 mg, 

9.77 mmol), portionwise in a teflon-capped sealed tube. The mixture was stirred at 0 

°C for 30 min, whereby pressure builds up. The mixture was briefly degassed and EtI 

(1.04 mL, 13.02 mmol) was added and the whole heated at 60 °C for 5 h. The mixture was extracted 

with EtOAc (100 mL) and washed with H2O (100 mL). The aqueous fraction was re-extracted with 

EtOAc (100 mL). The organic fractions were combined and washed with H2O (5 × 50 mL), then 

sat. NaCl (10 mL). The organic phase was dried with MgSO4, filtered and the filtrate evaporated 

under reduced pressure to give a brown gum (1.31 g). The residue was purified by column 

chromatography (petroleum spirits/EtOAc, 9:1) to give 4-chloro-7-ethyl-7H-pyrrolo[2,3-

d]pyrimidine (6b) (994 mg, 84%) as a colourless oil. 1H NMR (400 MHz, CDCl3): δ 8.54 (s, 1H), 

7.19 (d, J = 3.6 Hz, 1H), 6.49 (d, J = 3.6 Hz, 1H), 4.24 (q, J = 7.3 Hz, 2H), 1.40 (t, J = 7.3 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ 152.0 (C), 150.6 (C), 150.4 (CH), 128.7 (CH), 117.5 (C), 99.3 

(CH), 40.0 (CH2), 15.5 (CH3).

To a solution of 4-chloro-7-ethyl-7H-pyrrolo[2,3-d]pyrimidine (6b) (510 mg, 2.82 mmol) in DCM 

(10 mL) was added N-bromosuccinimide (551 mg, 3.09 mmol) and the whole was stirred at 25 °C 

for 16 h. At this time the solution was evaporated under reduced pressure and H2O (100 mL) added. 

The precipitate which formed was filtered, washed with H2O and dried to give 5-bromo-4-chloro-7-

ethyl-7H-pyrrolo[2,3-d]pyrimidine (7b) (695 mg, 95%) as a light pink solid. 1H NMR (400 MHz, 

CDCl3): δ 8.61 (s, 1H), 7.31 (s, 1H), 4.31 (q, J = 7.3 Hz, 2H), 1.47 (t, J = 7.3 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ 152.2 (C), 151.0 (CH), 150.1 (C), 128.7 (CH), 115.0 (C), 87.5 (C), 40.4 

(CH2), 15.5 (CH3).

5-Bromo-7-cyclopentyl-7H-pyrrolo[2,3-d]pyrimidine-4-dimethylamine (4a)

3 (400 mg, 1.33 mmol) was dissolved in i-PrOH (1.5 mL) and Me2NH (as a 33% 

solution in EtOH) (300 μL) was added and the solution heated at 100 °C in a sealed 

tube for 16 h. H2O (50 mL) was added to and the mixture extracted with EtOAc (2 × 

20 mL), dried with MgSO4, filtered and the filtrate evaporated under reduced 

pressure. The residue was purified by column chromatography (petroleum 

spirits/EtOAc, 1:1) to give 4a (327 mg, 79%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3): δ 

8.34 (s, 1H), 7.11 (s, 1H), 5.21 – 5.14 (m, 1H), 3.27 (s, 6H), 2.23 – 2.19 (m, 2H), 1.88 – 1.74 (m, 

3



6H). 13C NMR (101 MHz, CDCl3): δ 159.5 (C), 150.8 (C), 150.3 (CH), 122.4 (CH), 104.2 (C), 87.2 

(C), 55.5 (CH), 42.6 (2 × CH3), 32.9 (2 × CH2), 24.2 (2 × CH2). 

General procedure for formation of 5-bromo-7-substituted-7H-pyrrolo[2,3-d]pyrimidine-4-amines, 

(4b, 8a and 8b): Concentrated NH4OH (5 mL) and i-PrOH (100 μL) were added to the required 

chloro intermediate (3, 7a or 7b) (500 mg) and the mixture was heated at 100 °C in a sealed tube for 

40 h. At this time, H2O (50 mL) was added and the reaction was either filtered and washed with 

H2O to give 4b or extracted with EtOAc (2 × 20 mL), dried with MgSO4, filtered and the filtrate 

evaporated under reduced pressure to give 8a and 8b. These were then purified by column 

chromatography (petroleum spirits/EtOAc, 1:1).

5-Bromo-7-cyclopentyl-7H-pyrrolo[2,3-d]pyrimidine-4-amine (4b)

3 (500 mg, 1.66 mmol) gave 4b (315 mg, 67%). 1H NMR (400 MHz, CDCl3): δ 8.25 

(s, 1H), 7.02 (s, 1H), 5.94 (br s, 2H), 5.17 – 5.10 (m, 1H), 2.24 – 2.19 (m, 2H), 1.88 

– 1.75 (m, 6H). 13C NMR (101 MHz, CDCl3): δ 156.6 (C), 151.7 (CH), 149.4 (C), 

121.2 (CH), 102.0 (C), 86.4 (C), 55.6 (CH), 33.1 (2 × CH2), 24.2 (2 × CH2).

5-Bromo-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (8a)35 

7a (900 mg, 3.65 mmol) gave 8a (576 mg, 69%).
1H NMR (400 MHz, CDCl3): δ 8.27 (s, 1H), 6.91 (s, 1H), 5.92 (br s, 2H), 3.75 (s, 

3H). 13C NMR (101 MHz, CDCl3): 157.0 (C), 152.8 (CH), 149.8 (C), 124.7 (CH), 

102.0 (C), 86.1 (C), 31.5 (CH3).

5-Bromo-7-ethyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (8b)

7b (500 mg, 1.91 mmol) gave 8b (365 mg, 79%).
1H NMR (400 MHz, CDCl3): δ 8.27 (s, 1H), 6.97 (s, 1H), 5.75 (br s, 2H), 4.20 (q, J = 

7.3 Hz, 2H), 1.43 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 157.0 (C), 

152.6 (CH), 149.3 (C), 123.1 (CH), 102.1 (C), 86.1 (C), 39.8 (CH2), 15.8 (CH3).

General procedure for formation of 5-substituted-7-substituted-7H-pyrrolo[2,3-d]pyrimidine-4-

amines, (5a–c and 9a–k): To a degassed biphasic solution of THF (1.5 mL) and 1M Na2CO3 (0.5 

mL), was added the required bromo intermediate (4a–b or 8a–b) (for 4a, 50 mg, 0.16 mmol, for 4b, 

50 mg, 0.18 mmol, for 8a, 50 mg, 0.22 mmol and for 8b, 50 mg, 0.21 mmol), R1–B(OH)2 (3.0 eq.) 

and PdCl2(PPh3)2 (0.1 eq.) and the mixture heated at 100 °C for 2 h. The reaction mixture was 
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diluted with 3 mL EtOAc and the organic layer filtered through cotton wool. The filtrate was 

directly applied to a silica column and eluted with EtOAc/Et3N (99:1). The purified fractions were 

evaporated at reduced pressure to give compounds 5a–c or 9a–k typically as off-white amorphous 

solids.

7-cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidine-4-dimethylamine (5a)26

4a (50 mg, 0.16 mmol) gave 5a (42 mg, 65%).
1H NMR (400 MHz, CDCl3): δ 8.43 (s, 1H), 7.44 – 7.41 (m, 2H), 7.37 – 

7.33 (m, 2H), 7.13 – 7.08 (m, 1H), 7.06 – 7.02 (m, 5H), 5.28 – 5.20 (m, 

1H), 2.85 (s, 6H), 2.28 – 2.21 (m, 2H), 1.91 – 1.76 (m, 6H). 13C NMR (101 

MHz, CDCl3): δ 160.5 (C), 157.4 (C), 156.0 (C), 151.9 (C), 150.2 (CH), 

131.7 (C), 129.9 (4 × CH), 123.4 (CH), 120.2 (CH), 119.1 (2 × CH), 119.0 

(2 × CH), 116.7 (C), 102.8 (C), 55.1 (CH), 41.3 (2 × CH3), 33.0 (2 × CH2), 

24.2 (2 × CH2). 

7-cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidine-4-amine (5b)26 

4b (50 mg, 0.18 mmol) gave 5b (36 mg, 54%).
1H NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.46 – 7.42 (m, 2H), 7.40 – 

7.35 (m, 2H), 7.17 – 7.12 (m, 1H), 7.11 – 7.05 (m, 4H), 7.02 (s, 1H), 5.27 – 

5.17 (m, 1H), 5.07 (br s, 2H), 2.31 – 2.21 (m, 2H), 1.92 – 1.76 (m, 6H). 13C 

NMR (101 MHz, CDCl3): δ 157.1 (C), 157.0 (C), 156.9 (C), 151.9 (CH), 

150.8 (C), 130.3 (2 × CH), 130.1 (C), 130.0 (2 × CH), 123.8 (CH), 119.9 

(CH), 119.3 (2 × CH), 119.2 (2 × CH), 115.8 (C), 101.3 (C), 55.1 (CH), 

33.1 (2 × CH2), 24.3 (2 × CH2). 

7-cyclopentyl-5-(4-methoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidine-4-amine (5c)26

 4b (50 mg, 0.18 mmol) gave 5c (29 mg, 53%).
1H NMR (400 MHz, CDCl3): δ 8.29 (s, 1H), 7.39 (d, J = 8.7 Hz, 2H), 7.00 – 6.96 

(m, 3H), 5.37 (br s, 2H), 5.22 – 5.17 (m, 1H), 3.85 (s, 3H), 2.25 – 2.20 (m, 2H), 

1.90 – 1.75 (m, 6H). 13C NMR (101 MHz, CDCl3): δ 159.1 (C), 156.8 (C), 151.0 

(CH), 150.5 (C), 130.1 (2 × CH), 127.2 (C), 119.8 (CH), 116.2 (C), 114.6 (2 × 

CH), 101.3 (C), 55.5 (CH3), 55.1 (CH), 33.1 (2 × CH2), 24.3 (2 × CH2). 

5



7-Methyl-5-phenyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9a)

8a (50 mg, 0.22 mmol) gave 9a (22 mg, 45%).
1H NMR (400 MHz, CDCl3): δ 8.34 (s, 1H), 7.50−7.43 (m, 4H), 7.38−7.34 (m, 1H), 

6.94 (s, 1H), 5.24 (br s, 2H), 3.84 (s, 3H). HR-ESMS calcd. for C13H13N4
+ [M + H] 

225.1135, found 225.1135.

5-(2-Fluorophenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9b)

8a (50 mg, 0.22 mmol) gave 9b (27 mg, 51%).
1H NMR (400 MHz, CDCl3): δ 8.36 (s, 1H), 7.43 (td, J = 7.6, 1.8 Hz, 1H), 7.35 

(tdd, J = 7.1, 5.1, 1.9 Hz, 1H), 7.27−7.18 (m, 2H), 7.04 (d, J = 1.1 Hz, 1H), 5.04 

(br s, 2H), 3.86 (s, 3H). HR-ESMS calcd. for C13H12FN4
+ [M + H] 243.1041, 

found 243.1040.

5-(3-Fluorophenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9c)

8a (50 mg, 0.22 mmol) gave 9b (16 mg, 30%).
1H NMR (400 MHz, CDCl3): δ 8.36 (s, 1H), 7.42 (td, J = 7.9, 6.1 Hz, 1H), 

7.28−7.24 (m, 1H), 7.18 (ddd, J = 9.7, 2.4, 1.7 Hz, 1H), 7.05 (tdd, J = 8.5, 2.6, 

1.0 Hz, 1H), 6.96 (s, 1H), 5.16 (br s, 2H), 3.85 (s, 3H). HR-ESMS calcd. for 

C13H12FN4
+ [M + H] 243.1041, found 243.1040.

5-(4-Fluorophenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9d)

8a (50 mg, 0.22 mmol) gave 9d (25 mg, 47%).
1H NMR (400 MHz, CDCl3): δ 8.34 (s, 1H), 7.45−7.41 (m, 2H), 7.17−7.12 (m, 2H), 

6.90 (s, 1H), 5.14 (br s, 2H), 3.83 (s, 3H). HR-ESMS calcd. for C13H12FN4
+ [M + 

H] 243.1041, found 243.1041.

5-(2-Methoxyphenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9e)

8a (50 mg, 0.22 mmol) gave 9e (28 mg, 50%).
1H NMR (400 MHz, CDCl3): δ 8.32 (s, 1H), 7.36−7.29 (m, 2H), 7.07−7.00 (m, 

2H), 6.96 (s, 1H), 5.09 (br s, 2H), 3.83 (s, 6H). HR-ESMS calcd. for 

C14H15N4O+ [M + H] 255.1240, found 255.1240.
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5-(3-Methoxyphenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9f) 

8a (50 mg, 0.22 mmol) gave 9f (5 mg, 9%).
1H NMR (400 MHz, CDCl3): δ 8.35 (s, 1H), 7.39−7.35 (m, 1H), 7.07−7.04 

(m, 1H), 7.02−6.99 (m, 1H), 6.95 (s, 1H), 6.91 (ddd, J = 8.3, 2.6, 0.9 Hz, 

1H), 5.16 (br s, 2H), 3.86 (s, 3H), 3.85 (s, 3H). HR-ESMS calcd. for 

C14H15N4O+ [M + H] 255.1240, found 255.1241.

5-(4-Methoxyphenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9g)

8a (50 mg, 0.22 mmol) gave 9g (27 mg, 48%). 
1H NMR (400 MHz, CDCl3): δ 8.34 (s, 1H), 7.39 (d, J = 8.8 Hz, 2H), 6.99 (d, J 

= 8.8 Hz, 2H), 6.88 (s, 1H), 5.05 (br s, 2H), 3.86 (s, 3H), 3.83 (s, 3H). 13C NMR 

(101 MHz, CDCl3): δ 159.1 (C), 157.2 (C), 152.1 (CH), 150.3 (C), 130.2 (2 × 

CH), 127.2 (C), 128.5 (CH), 115.9 (C), 114.6 (2 × CH), 101.4 (C), 55.5 (CH3), 

31.3 (CH3). HR-ESMS calcd. for C14H15N4O+ [M + H] 255.1240, found 

255.1240.

5-(3-Aminophenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9h)

8a (50 mg, 0.22 mmol) gave 9h (24 mg, 46%).
1H NMR (400 MHz, CDCl3): δ 8.34 (s, 1H), 7.23 (t, J = 7.7 Hz, 1H), 6.92 (s, 

1H), 6.85 (ddd, J = 7.5, 1.5, 1.0 Hz, 1H), 6.83−6.76 (m, 1H), 6.67 (ddd, J = 

8.0, 2.4, 1.0 Hz, 1H), 5.20 (s, 2H), 3.83 (s, 3H). HR-ESMS calcd. for 

C13H14N5
+ [M + H] 240.1244, found 240.1236.

5-(4-Aminophenyl)-7-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9i)

8a (50 mg, 0.22 mmol) gave 9i (16 mg, 30%).
1H NMR (400 MHz, CDCl3): δ 8.35 (s, 1H), 7.28 (d, J = 8.5 Hz, 2H), 6.87 (s, 

1H), 6.79 (d, J = 8.5 Hz, 1H), 5.14 (br s, 2H), 3.84 (s, 3H), 3.78 (br s, 2H). HR-

ESMS calcd. for C13H14N5
+ [M + H] 240.1244, found 240.1238.

7-Methyl-5-(pyridin-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (9j)

8a (50 mg, 0.22 mmol) gave 9j (10 mg, 20%).
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1H NMR (400 MHz, DMSO): δ 8.58 (dd, J = 4.4, 1.6 Hz, 2H), 8.19 (s, 1H), 7.57 (s, 1H), 7.45 (dd, J 

= 4.4, 1.6 Hz, 2H), 6.30 (br s, 2H), 3.76 (s, 3H). HR-ESMS calcd. for C12H12N5
+ [M + H] 226.1087, 

found 226.1081.

7-Ethyl-5-(4-methoxyphenyl)- 7H-pyrrolo[2,3-d]pyrimidin-4-amine (9k) 

8b (50 mg, 0.21 mmol) gave 9k (38 mg, 68%).
1H NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.40 (d, J = 8.7 Hz, 2H), 6.99 (d, J 

= 8.7 Hz, 2H), 6.93 (s, 1H), 5.07 (br s, 2H), 4.27 (q, J = 7.3 Hz, 2H), 3.86 (s, 

3H), 1.49 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 159.0 (C), 157.3 

(C), 152.0 (CH), 150.3 (C), 130.1 (2 × CH), 127.3 (C), 121.8 (CH), 115.9 (C), 

114.6 (2 × CH), 101.4 (C), 55.5 (CH3), 39.4 (CH2), 15.8 (CH3). HR-ESMS calcd. 

for C15H17N4O+ [M + H] 269.1397, found 269.1397.
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3D7 PfAMA1 DI+II Expression

3D7 PfAMA1[104-442] was produced according to the procedures described by Lim et al.29 In brief, 

the protein was first expressed using the high-cell-density methodology and then purified using 

Ni2+-affinity chromatography. The denatured protein was refolded in a redox environment 

containing reduced and oxidised glutathione at 4:1 ratio, and the refolded protein was subsequently 

purified using anion-exchange chromatography. Pure fractions were combined and buffer-

exchanged into 20 mM phosphate buffer, pH 7.4, using an Amicon Ultra-4 centrifugal unit 

(Millipore) for NMR experiments.        

NMR Aggregation Studies of 5a−c

All three compounds (5a, 5b and 5c) were dissolved at concentrations of 5, 10, 20, 40 and 80 µM in 

20 mM phosphate buffer at pH 7.4 containing 10 % 2H2O, 1 % 2H6-DMSO and 1 µM 4,4-dimethyl-

4-silapentane-1-sulfonic acid. Tween 20 at a final concentration of 0.05 % v/v was added into 

samples containing 80 µM of the compounds. 1H NMR spectra for all the samples were acquired 

using Bruker Avance III 600 MHz spectrometer at 25°C with 128 scans. Excitation sculpting was 

employed to suppress the water proton resonance. The relaxation delay was 5 s. Bruker TopSpin 3.2 

software was used to integrate the proton resonances of the compounds.

SPR Binding Experiments

The interaction of 5a−5c and 9a−9k with AMA1 was determined using a Biacore T200 biosensor. 

The methodology was similar to the protocol described by Lim et al.,29 except that running buffer 

containing phosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4∙2H2O, 2 mM 

KH2PO4), 3 mM EDTA (ethylenediaminetetraacetic acid), 0.05 % v/v Tween 20 and 5 % DMSO, 

pH 7.4 was used instead. Compounds were tested at 6.25, 12.5, 25, 50 and 100 µM.
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CPMG Binding Assays

CPMG experiments were conducted using 20 mM phosphate buffer at pH 7.4 containing 10 % 
2H2O and 1 % 2H6-DMSO. CPMG spin-locks of 0 and 200 ms with 1 ms delay between the hard 

180° pulses were employed.  Spectra for samples with 80 µM of 5c in the presence and absence of 

10 µM 3D7 PfAMA1[104-442] were acquired first before adding R1 

(VFAEFLPLFSKFGSRMHILK)12 or RON2 

(DITQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALS) peptides to a final concentration of 

15 µM. 

Figure S1. Binding monitored by CPMG. (A and B) All CPMG spectra were acquired with both 0 

(top spectra) and 200 ms (bottom spectra) spin-relaxation filters in the presence of 0.05 % v/v 

Tween 20. Blue and red spectra were from samples containing 5c in presence or absence of 3D7 

PfAMA1, respectively. Green and purple spectra correspond to samples containing 5c and 3D7 

PfAMA1 with the additions of R1 and RON2 peptides, respectively. (C) Transverse relaxation rate 

(R2) for different samples used in the binding studies. 
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NMR Aggregation Studies of 9a−k

In a similar fashion to 5a−c, the aggregation of 9a−k was studied by 1D 1H NMR.

11



Figure S2. (A-K) 1D 1H NMR spectra of pyrrolo[2,3-d]pyrimidine-4-amines (9a−k) at different 

concentrations. (L) Peak intensities of proton signals (~8.2 ppm (H2)) of 9a−k at increasing 

compound concentrations. Note that 9f precipitated out of solution, which caused the reduction in 

signal. 

12



Parasite growth inhibition assays

Flow cytometry based growth inhibition assays were performed as described in detail 

elsewhere.37,46,47 Compounds 5a−5c and 9a−9k were dissolved in 100% DMSO to make a 100 mM 

stock. These stocks and DMSO controls were then diluted in PBS to make the dilution series shown 

in Figure S3. Synchronised early trophozoite stage parasites (3D7 strain) were grown in the 

presence of each compound and DMSO controls. After two invasion cycles, early trophozoite stage 

parasites were stained, and parasitaemia measured by flow cytometry. Each dilution series was run 

in duplicate with the percent growth inhibition = (% parasitaemia in test well/mean % parasitaemia 

of DMSO control wells x100) -100) x-1).

Figure S3. Growth inhibition assay of 9a−k. PfRON2 gave 100% inhibition in this assay over this 

concentration range.
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ABSTRACT: Apical membrane antigen 1 (AMA1) interacts with RON2 to form a protein

complex that plays a key role in the invasion of host cells by malaria parasites. Blocking this

protein-protein interaction represents a potential route to control malaria and related parasitic

diseases, but the polymorphic nature of AMA1 has proven to be a major challenge for vaccine-

induced antibodies and peptide inhibitors to exert strain-transcending inhibitory effects. Here we

present the X-ray crystal structure of AMA1 domains I and II from the Plasmodium falciparum

strain FVO. We compare our new structure to those of AMA1 from P. falciparum 3D7 and P.

vivax. A combination of normalized B-factor analysis and computational methods has been used

to investigate the flexibility of the domain I loops and how this correlates with their roles in

determining the strain specificity of human antibody responses and inhibitory peptides. We also

investigated the domain II loop, a key region involved in inhibitor binding, by comparison of

multiple AMA1 crystal structures. Collectively, these results provide valuable insights that should

contribute to the design of strain-transcending agents targeting Plasmodium falciparum AMA1.
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Malaria is one of the most widespread infections, with more than 40 % of the global population at

risk of contracting the disease.(1, 2) Each year, there are approximately 250 million clinical cases of

malaria that result in more than 600,000 deaths worldwide.(2) The majority of these deaths are due

to Plasmodium falciparum infections occurring in young children in sub-Saharan Africa.(2)

Although much less likely to cause death, P. vivax infections also contribute to a substantial

malaria burden across the globe, with 70 to 80 million cases occurring annually.(3) Although

current artemisinin combination therapies have been highly effective against Plasmodium

parasites, signs of resistance have already emerged.(4) There is an urgent need to combat this threat

using therapeutic agents that act against a broad range of parasite strains, especially those that have

become resistant to available therapies.

Apical membrane antigen 1 (AMA1) forms part of the moving junction complex essential for

erythrocyte invasion by Plasmodium merozoites, and ligands that disrupt AMA1 function inhibit

the growth in vitro of P. falciparum asexual blood stages.(5-9) Further, a conditional knockdown of

PfAMA1 severely impaired the parasite’s ability to invade red cells(10) and a complete gene

knockout is not viable in P. falciparum.(11) AMA1 is a type I integral membrane protein(12) the

extracellular region of which consists of three domains based on the connectivities of its eight

intramolecular disulfide bonds: an N-terminal domain I, a central domain II, and a C-terminal

domain III.(13, 14) Antibodies to AMA1 can block red cell invasion by P. falciparum in vitro and

contribute to the adaptive immune response that partially protects exposed individuals against

malaria. AMA1 has been a leading candidate for inclusion in a vaccine against P. falciparum(15)

but in a Phase IIb clinical trial in Mali a 3D7 PfAMA1 vaccine provided protection against only a

subset of P. falciparum AMA1 genotypes, reflecting the extensive sequence polymorphisms in

this antigen(16). A bivalent 3D7 and FVO PfAMA1 vaccine, also tested in Phase IIb trials, failed
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to protect because of the poor immunogenicity of the alum formulation.(17) Currently, preclinical

studies with multivalent vaccines (4 – 6 AMA1 alleles) show promise, inducing a more broadly

cross-reactive antibody response.(18, 19)

The two most extensively studied forms of PfAMA1, 3D7 and FVO, have 24 amino acid

differences and these polymorphic residues have been grouped into domain I, II and III clusters

based on their spatial proximity on the X-ray crystal structure of 3D7 PfAMA1.(20) The domain I

cluster is the most important of the three in mediating escape from inhibitory antibodies and was

further classified into sub-clusters C1, C2 and C3. Within C1, the region termed C1L, is

particularly important for immune escape.(18, 21) In the preclinical studies of PfAMA1 vaccines it

was noted that antisera to 3D7 PfAMA1 were more strain specific than antisera to FVO PfAMA1.

AMA1 has a hydrophobic cleft that is the site of interactions with its protein-binding partner

RON2.(9, 22) The cleft is surrounded by six loops from domain I (loops Ia – If) and an extended

loop from domain II (DII loop).(23) The DII loop appears to contain a strain-transcending epitope

as the monoclonal antibody 4G2, which binds to the base of the DII loop, exhibits strain-

independent inhibition of P. falciparum.(5) We and others have proposed that small molecules

targeted to the hydrophobic cleft may interrupt the AMA1-RON2 protein-protein interaction and

provide a route to novel therapeutics in the form of protein-protein interaction inhibitors (PPIs).(24-

26) However, the polymorphic regions C1 and C3 surrounding one end of the cleft were shown to

restrict the cross-reactivity of inhibitory antibodies and peptides such as IgNAR,(7) 1F9,(27, 28) and

R1.(6, 9, 29) It has been postulated that sequence variation in the highly polymorphic C1L region (of

the C1 sub-cluster) may result in local secondary structure changes.(15, 21) In particular, the presence

of a two-turn helix in the Id loop has been questioned for the FVO allele due to the presence of a

glycine residue at position 197.(15)
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To answer fundamental questions regarding the impact of sequence diversity on AMA1, we have

determined the first X-ray crystal structure of PfAMA1 from FVO. We show through X-ray

crystallography, all-atom molecular dynamics and nuclear magnetic resonance (NMR)

spectroscopy that the sequence divergence does not result in structural changes that account for

the strain-specific effects documented for inhibitory antibodies and peptides.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Domains I and II of the ectodomains of FVO and 3D7

PfAMA1 (residues 108-438) were produced according to the protocol described by Lim et al.(24)

except that the 6 x His-tag was removed using TEV protease. The pure His-tagged proteins were

dialyzed using membrane tubing (Spectra/Por 3, MWCO 3.5 kDa) against 100 times volume of 50

mM Tris pH 8.0 under constant stirring at 4 °C overnight then TEV protease was added to the

sample at a 1:30 ratio (w/w) and cleavage was allowed to proceed at 4 °C for 48 h with gentle

agitation. The mixture was filtered (0.2 µm) and loaded onto a 5 mL CHT I ceramic hydroxyapatite

column (Bio-Rad). The cleaved protein was eluted using a linear gradient of 10 to 150 mM

phosphate buffers (Na2HPO4 and NaH2PO4·H2O), pH 7.4, over 15 column volumes. The pooled

fractions were concentrated and buffer exchanged into 20 mM Tris, pH 8.0, using an Amicon

Ultra-4 centrifugal unit with an Ultracel-10 membrane (Millipore).

1H NMR Spectroscopy & Size Exclusion Chromatography. FVO PfAMA1 purified from

hydroxyapatite chromatography was buffer exchanged into 20 mM phosphate buffer (Na2HPO4

and NaH2PO4·H2O), 50 mM NaCl, pH 7.4, containing 10 % 2H2O using a PD-10 desalting column

(GE Healthcare). The sample was subsequently concentrated as above to a final protein

concentration of 50 µM. Part of this final product was used for 1H NMR. A 1H-detected pulse
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program incorporating the excitation sculpting scheme for water suppression was employed to

characterize FVO PfAMA1. A total of 128 scans and 16 K data points was acquired at 600 MHz

on a Bruker Avance III spectrometer at 35 °C. The data were processed in Topspin 3.2 using an

exponential multiplication function with 2 Hz line broadening. The water signal was used to

reference the 1H NMR spectrum. The final product was loaded onto a Superdex 200 10/30 GL

column and eluted isocratically with 20 mM phosphate buffer (Na2HPO4 and NaH2PO4·H2O), 50

mM NaCl, pH 7.4, at flow rate of 0.5 mL/min.

2H2O E. coli Adaptation. Fifty µL of competent E. coli BL21 (DE3) glycerol stock, previously

frozen at -80 °C, was thawed on ice for 10 min prior to adding 1 µL of plasmid carrying the

expression vector pPROEX HTb (Novagen) with FVO or 3D7 PfAMA1[104-438] sequences. The

mixture was left on ice for a further 30 min and then in water at 42 °C for 45 s. 1 mL of Luria-

Broth (LB) was added to each sample and the culture was incubated at 37 °C with constant shaking

at 225 rpm. After 45 min, 50 µL of culture was spread over a LB plate containing 50 % (v/v) 2H2O

and 100 µg/mL of ampicillin, then incubated at 37 °C overnight. A single colony of the freshly

transformed cells was inoculated into 10 mL of LB medium with 50 % (v/v) 2H2O and 100 µg/mL

ampicillin. The culture was grown for 24 h at 37 °C with constant shaking at 225 rpm. The cell

mixture was spread on a culture plate, and subsequently a single colony of cells was incubated in

growth medium as described above, except that the LB plate and medium prepared with 75 % (v/v)

2H2O were used instead. The final cell culture containing 75 % (v/v) 2H2O was stored at -80 °C

with 20 % (v/v) glycerol.

Isotopically-Labelled AMA1. A scrape of the glycerol stock of 2H2O-adapted E. coli was

inoculated into LB medium with 75 % (v/v) 2H2O and 100 µg/mL ampicillin. The culture was

incubated overnight at 37 °C with constant shaking at 225 rpm. The overnight culture was then
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centrifuged at 1500 g for 15 min. The supernatant was decanted and the cell pellets were

resuspended in two volumes of optimized minimal medium(30) prepared with 100 % (v/v) 2H2O, 1

g/L 15NH4Cl and 8 g/L 13C-glucose. The cells were allowed to grow for 3 h with shaking at 37 °C

before being induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 24 h. The 

protein was then purified as described above.

1H-15N HSQC and 3D HNCO Experiments. The 2H-15N-13C-labelled 3D7 and FVO PfAMA1

were dissolved at 300 and 75 µM, respectively, in 20 mM phosphate buffer (Na2HPO4 and

NaH2PO4·H2O), pH 7.0, containing 50 mM L-arginine, 50 mM L-glutamic acid, 0.2% (w/v)

protease inhibitors cocktail (Roche), 0.01 % (w/v) sodium azide and 10 % (v/v) 2H2O. The FVO

PfAMA1 spectrum was acquired on a Bruker Avance III 600 MHz spectrometer at 35 °C. A

spectrum of 3D7 PfAMA1 was acquired on a Bruker Avance III 800 MHz spectrometer at 30 °C.

Both the 1H-15N HSQC and 3D HNCO experiments were carried out using pulse sequences with

transverse relaxation optimized spectroscopy (TROSY) effects.(31, 32) 1H-15N HSQC spectra were

acquired with 64 scans at 2048 and 256 data points for the 1H and 15N dimensions, respectively. A

total of 32 scans was recorded for the 3D HNCO experiments, with 2048, 128 and 128 data points

for 1H, 15N and 13C dimensions, respectively. Both the direct and indirect dimensions of 1H-15N

HSQC and 3D HNCO data were processed using a QSINE window with phase shift of 2 Hz. 32

linear prediction coefficients were applied to all indirect dimensions.

R1-FVO PfAMA1 Interactions. A Biacore T200 biosensor was employed to measure the

interaction between recombinant FVO PfAMA1 DI + II and R1 peptide (GL Biochem). Surface

plasmon resonance (SPR) experiments were conducted essentially the same as described

previously(24) except that dimethyl sulfoxide (DMSO) was not included in the running buffer.

Approximately 8000 RU of protein was coupled in a single flow cell (1000 RU = 1 ng of protein
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per mm2). The binding of R1 peptide(6, 29) to FVO PfAMA1 was evaluated using a two-fold serial

dilution ranging in concentration from 15.6 to 500 µM.

Sequence Alignment and Analysis. All sequence alignments and analyses were performed

using the UniProt online tool (http://www.uniprot.org/). Accession numbers for AMA1 sequences

used in this study are as follows: FVO PfAMA1 (UniProt ID: Q9TY48) and 3D7 PfAMA1

(UniProt ID: Q7KQK5). The residues defining the AMA1 hydrophobic cleft and polymorphic sites

were obtained from published literature.(7, 23, 33-35)

Crystallization, X-Ray Data Collection, Structure Determination and Refinement.

Crystallization conditions for FVO PfAMA1 were identified following a robotic broad screen

using the IndexHT (Hampton Research) and JCSGPlus (Molecular Dimensions) crystal screens.

Optimization of a single initial hit from the Index screen used the hanging drop vapour diffusion

method, with a 1:1 (v/v) ratio of protein to mother liquor (0.5 ml well volume). Small, stacked

crystals appeared after three months in 25 % (v/v) polyethylene glycol 3350, 0.1 M HEPES (pH

7.5) and 0.2 M MgCl2. A single crystal was separated from the stacked cluster and cryo-protected

by the addition of 10 % glycerol prior to data collection.

3D7 PfAMA1 crystals were grown in 12 - 15 % (v/v) polyethylene glycol 3350, 0.02 M MES

(pH 6.0) and 10 mM MnCl2 as detailed in Bai et al.(23) 3D7 PfAMA1 crystals were dehydrated

overnight in reservoir solution with increased (35 %) (v/v) polyethylene glycol 3350 before cryo-

stabilization in 38 % (v/v) polyethylene glycol 3350, 0.088 M MES (pH 6.0) and 44 mM MnCl2

for 6 – 8 h prior to data collection. For crystals used to test soaking solvents, 5 % (v/v) methanol

or MilliQ water was added to the stabilization solution.

Data were collected at 100 K for all crystals using the Australian Synchrotron micro

crystallography MX2 beamline 3ID1. Diffraction images were processed using XDS(36) and
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AIMLESS(37) from the CCP4 suite.(38) 5 % of each dataset was flagged for calculation of RFree
(39)

with neither a sigma nor a low-resolution cut-off applied to the data. A summary of data collection

statistics is provided in Supplementary Table 1.

Structure determination proceeded using the Molecular Replacement method and the program

PHASER.(40) A search model for FVO PfAMA1 was constructed by removing the solvent and

flexible loops from the crystal structure of a 3D7 PfAMA1 (PDB ID 1Z40). A single clear peak in

both the rotation and translation functions was evident and packed well within the asymmetric

unit. Together with the unbiased features in the initial electron density maps, the correctness of the

molecular replacement solution was confirmed. All subsequent model building and structural

validation for FVO and 3D7 PfAMA1 structures was done using Phenix(41, 42) and COOT.(43)

Solvent molecules were added only if they had acceptable hydrogen-bonding geometry contacts

of 2.5 to 3.5 Å with protein atoms or with existing solvent and were in good 2Fo-Fc and Fo-Fc

electron density. Hydrogen bonds (excluding water-mediated bonds) and salt bridges were

calculated using PDBePISA.(44) The coordinates and structure factors are available from the

Protein Data Bank (PDB IDs 4R1A, 4R19, 4R1B, 4R1C). Raw data and images are available from

TARDIS(45) (www.tardis.edu.au).

B-Factor Analysis. The B-factors obtained from PDB files cannot be used directly, since the

values may be on different scales owing to the application of different refinement procedures.(46)

To compare the B-factors from different structures, the values were normalized as described by

Parthasarathy et al.(47) The Cα B-factor values were extracted from the FVO PfAMA1 (PDB ID

4R1A) and P. vivax AMA1 (PDB ID 1W81) as well as the three 3D7 PfAMA1 crystal structures

(PDB IDs 1Z40 4R19, 4R1B and 4R1C), and normalized using the following equation: Bnormalized

= (CαB-factors – Bmean) / σ(B), where Bmean and σ(B)are, respectively, the mean value and standard
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deviation of the distribution of observed thermal factors. The average values and standard

deviations of normalized B-factors were calculated for α-helical and β-sheet regions, loops Ia – f 

and the DII loop. Average values were not calculated for regions where more than half the amino

acid sequence was missing in the crystal structures.

Molecular Dynamic Simulations. The dynamics of three different AMA1 structures were

studied. Atomic coordinates of P. vivax AMA1 (PDB ID 1W81; residues 49 – 383) and 3D7

PfAMA1 (PDB ID 1Z40; residues 104 – 438) were obtained from the Protein Databank.

Coordinates for FVO PfAMA1 (residues 104 – 438) were obtained in this study. Missing atoms

and residues were modelled using the MOE 2012.10.(48) Each protein was solvated in a water cubic

box consisting of TIP3P water molecules(49) with Na+ ions added to neutralize any charge. The

minimum distance from the surface of each complex to the faces of the water box was set to 12 Å.

All-atom molecular dynamics (MD) simulations were performed using the NAMD 2.9 MD

package(50) on the IBM Blue Gene/Q supercomputer of the Victorian Life Sciences Computation

Initiative (VLSCI). Proteins were defined by the newly published and tested AMBER force field,

FF12SB.(51-53) Equilibration was performed in three stages: first, potential steric clashes in the

initial configurations were relieved with 50000 steps of energy minimization. Initial velocities for

each system were assigned randomly according to Maxwell–Boltzmann distribution at 100 K.

Each system was then heated to 300 K over 0.1 ns, with the protein harmonically restrained (10

kcal/mol/Å2) under the canonical ensemble (NVT) conditions. Following this, each system was

simulated for another 0.1 ns under the isothermal-isobaric ensemble (NPT) conditions with all

heavy protein atoms harmonically restrained (10 kcal/mol/Å2). Thereafter, each system was

subjected to 250 ns of free simulation.
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For all simulations, an integration time of 2 fs was used and the non-bonded cutoff length was

set at 1 nm. All simulations were run at constant temperature (300 K) and pressure (1 atm), using

a Langevin damping coefficient of 0.5 fs−1. For each simulation system, periodic boundary

conditions (PBC) were used together with the Particle-Mesh Ewald (PME) method for

electrostatics interactions.(54) Electrostatics and VDW non-bonded forces were cut off at 1 nm. For

each protein, 3 trajectories were run in parallel, differing only by their distribution of the initial

velocities. System conformations were saved every 10 ps for subsequent analysis.

All the analyses were performed using the GROMACS 4.0.7 simulation software package.(55)

Prior to MD analyses, translational and rotational motions were eliminated by superposition of

each frame to the initial conformation. The Root-Mean-Square Deviations (RMSD) of the

backbone heavy atoms in each system were calculated relative to their corresponding initial

minimized structures. Backbone Root-Mean-Square Fluctuations (RMSF) were calculated for the

productive phase (50 – 250 ns) of each simulation. All images were created by VMD 1.91.(56)

PyMOL 1.3r2 (Schrodinger, LLC. 2010. The PyMOL Molecular Graphics System, Version 1.3r2).

Electrostatic surface potential calculations. Protein electrostatic potentials were calculated

using APBS version 1.3.(57) Atom electrostatic-charges were taken from the FF12SB force-field.

The electrostatic potential was visualized using PyMOL 1.3r2 (Schrodinger, LLC. 2010. The

PyMOL Molecular Graphics System, Version 1.3r2) with positive potential in blue and negative

potential in red over the range -3 and +3 kbT/ec, where kb is the Boltzmann constant, T is the

temperature (set to 300K˚) and ec is electron charge.

Effect of mutations on the R1-3D7 PfAMA1 stability. The contributions of specific mutations

to the overall thermodynamic stability of the R1-3D7 PfAMA1 complex structure(9) were



12

estimated in silico with FoldX using default settings.(58) The reported Gibbs free energies are the

difference between those of wild-type and mutated 3D7 PfAMA1 in the context of the complex.

RESULTS

X-Ray Crystal Structure of FVO PfAMA1. To generate protein crystals of FVO PfAMA1, an

equivalent construct of FVO domain I + II (DI + II) was produced to that of 3D7 PfAMA1.(23) The

quality of our recombinant FVO PfAMA1 protein was assessed using 1H NMR spectroscopy and

size-exclusion chromatography (Supplementary Fig. 1A). Overall, good signal dispersion was

observed in the 1H NMR spectrum, with methyl proton signals at -0.48 and -0.52 ppm as well as

the amide proton signals beyond 9 ppm (Supplementary Fig. 1A); the spectrum was consistent

with a single folded product. In size-exclusion chromatography, FVO PfAMA1 eluted as a single

peak consistent with a monomeric form of the protein (MW = 38 kDa) (Supplementary Fig. 1B).

The X-ray crystal structure of FVO PfAMA1 was solved to 2.0 Å with final R and RFree values

of 19.5 and 25.5 %, respectively (Fig. 1A and Supplementary Table 1). FVO PfAMA1 crystallized

with one molecule in the asymmetric unit in space group C21. Seven α-helical and 16 β-sheet 

regions were identified in the final FVO PfAMA1 structure. Similar to the 3D7 PfAMA1 (Fig. 1B,

PDB ID 1Z40) and P. vivax AMA1 structures (PDB ID 1W81), both DI and DII of FVO PfAMA1

formed PAN folds that consist of a two-turn α-helix packed against a five-stranded β-sheet. The 

two PAN folds pack against each other to form the protein core as seen in the 3D7 PfAMA1(23)

(PDB ID 1Z40; 0.27 Å RMSD over 219 C-α atoms) and P. vivax(59) AMA1 (PDB ID 1Z40; 0.29

Å RMSD over 197 C-α atoms) structures. The DI + II sequences of 3D7 and FVO PfAMA1 have

21 amino acid residue differences (sequence identity 94 %, Supplementary Fig. 2).
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All residue differences found in the C1 (residues 187, 190, 196, 197, 200, 204, 206, and 225)

and C2 (residues 242, 243, 282, 283 and 285) clusters are observable in our FVO PfAMA1

structure (Supplementary Fig. 2). Structural analysis of regions in the vicinity of the C1L (residues

196, 197, 200, 204 and 206), C2 and DII clusters, as well as residues 167 and 300, did not reveal

any significant structural differences between FVO and 3D7 PfAMA1 DI + II (Supplementary Fig.

3). Structural differences were also not found in regions around residues 187 and 190 within the

C1 cluster. Of the regions in close proximity to residue 225, residues 226 – 232 are disordered in

FVO PfAMA1, but ordered in 3D7 PfAMA1. Structural comparisons could not be performed for

C3 because residues 175 and 267, which constitute this cluster, are disordered in both structures.

Nine of the 12 residues that define the hydrophobic cleft were observable in our FVO PfAMA1

structure (V169, L176, F183, I190, Y202, V208, M224, Y251 and I252);(7) the remaining three

hydrophobic residues (M273 from DI, and L357 and F367 from DII) are disordered in the FVO

PfAMA1 structure.

The structure of FVO PfAMA1 showed numerous disordered loops in both domains. In DI, the

disordered residues not observed in the density (160 – 163, 173 – 176, 226 – 232 and 258 – 273)

correspond to loops Ib, If and part of the Ie loop (Fig. 1A). There are 38 residues missing in DII

(351 – 388; Fig. 1B), which correspond to most of loop DII.

Flexibility of the Loops in Different Forms of AMA1. To ascertain whether the sequence

polymorphisms might provide a structure-based ‘escape’ route from the host immune response

and inhibitor binding, we analyzed loop flexibility of our FVO PfAMA1 structure in comparison

to the published 3D7 PfAMA1 (PDB ID 1Z40) and P. vivax AMA1 (PDB ID 1W81) structures.

We compared normalized B-factors from all Cα from each AMA1. The normalized B-values were 

expressed in units of standard deviations about the mean Cα B-factor for the corresponding 
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structure, and therefore regions that are more rigid in a protein would have low normalized B-

factors, whereas flexible regions would have high normalized B-values. This analysis showed that

loops Ib and If (polymorphic cluster C3) are highly flexible regions in all three structures (Fig. 2

and Supplementary Table 2). Loops Ia, Ic (residue 187 and 190 of C1 cluster) and Ie (residue 225

of C1 cluster) are mobile in FVO Pf and P. vivax AMA1, but exhibit limited mobility in 3D7

PfAMA1. The Id loop (C1L cluster) appears to be more rigid in FVO PfAMA1 than in 3D7 and

P. vivax AMA1. However, inferring the biological relevance from this result is difficult because

of the presence of extensive crystal contacts made by residues within the Id loop of FVO PfAMA1

(Supplementary Fig. 4; see below).

In an effort to further assess the flexibility of the three AMA1 proteins, we undertook all-atom

molecular dynamics simulations. Throughout our MD simulations, all systems were found to be

stable following an initial structural rearrangement that took place early in the simulations (30 –

50 ns). Therefore, all subsequent analyses were carried out for the last 200 ns of each simulation

(productive stage). Calculated RMSD values for the productive stage of MD simulations (3D7

PfAMA1, 0.19 ± 0.04 nm; FVO PfAMA1, 0.20 ± 0.03 nm and P. vivax AMA1, 0.30 ± 0.05 nm;

Supplementary Fig. 5), indicated that all systems were stable and that P. vivax was slightly more

flexible than the other proteins (particularly in the region of loop Ia, Supplementary Fig 6). The

RMSF results (Supplementary Fig. 6) show that the fluctuation patterns of the three proteins were

similar, with peak fluctuations occurring in the same loops of each AMA1 structure (loops Ib, Ic,

Ie and If), which is consistent with the B-factor analysis. The Ie loop appears to be more flexible

in FVO PfAMA1 than in 3D7 PfAMA1. This observation may explain why the Ie loop is

disordered in the FVO PfAMA1 crystal structure but not in 3D7 PfAMA1. Based on the RMSF
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results, the Id loop is flexible in all three AMA1 structures, which supports our earlier conclusions

that the rigidity of the Id loop (Fig 2B) seen in FVO PfAMA1 was a result of crystal contacts.

Crystallization artifacts, such as crystal contacts, can often complicate structural comparisons

and implications drawn from static structures. The presence of stabilizing crystal contacts was

identified in the original 3D7 PfAMA1 structure by Bai et al.(23) In the search for suitable

crystallization conditions of 3D7 PfAMA1 for our fragment screening campaign,(24) we noticed

that such crystal contacts could be modulated by soaking crystals in different solvents. This

allowed us to examine the effect of these contacts on the conformation and/or flexibility of the

surface loops in 3D7 PfAMA1.We reproduced the original crystal conditions of Bai et al.,(23)

solved the 1.8 Å X-ray crystal structure (PDB ID 4R19), and showed that it was identical to the

published structure (PDB ID 1Z40; 0.118 Å RMSD over 275 Cα atoms). In these conditions, 3D7 

PfAMA1 crystallized in a P31 space group with two molecules per asymmetric unit, and showed

crystal contacts that potentially stabilize the Ia – f and DII loops surrounding the hydrophobic cleft

(Supplementary Table 3). Subjecting the crystals to 5 % methanol (PDB ID 4R1C) or water (PDB

ID 4R1B) during their stabilization immediately prior to data collection produced changes in the

space group and unit cell dimensions (Supplementary Table 1), and these two new 3D7 PfAMA1

structures showed different degrees of flexibility within the Ia, Ic and Ie loops relative to the

published 3D7 PfAMA1 structure (Supplementary Table 2). The 3D7 PfAMA1 structures from

the MilliQ- and methanol-treated crystals have higher average normalized B-factors for the Ia, Ic

and Ie loops when compared to the 1Z40 structure (Figs. 3 and 4). Unlike the Ie loop of FVO

PfAMA1, which is disordered, this loop is ordered in all the 3D7 PfAMA1 structures. However, it

is difficult to determine if there is a real difference in the flexibility of Ie loop as crystal packing is

found in all the 3D7 PfAMA1 structures (Supplementary Table 3). The Ib and If loops are
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disordered in both the water- and methanol-treated 3D7 PfAMA1 crystals, indicating that these

regions are highly mobile in the protein (Figs. 3 and 4 and Supplementary Table 2).

Conformational Flexibility of the DII Loop. The DII loop in both P. vivax AMA1 and our

FVO PfAMA1 (Fig. 1A) structure is disordered. This is in contrast to the published 3D7 PfAMA1

structure where only five residues are missing from the DII loop (residues 383 – 387) (Fig. 1B).

However, there was missing density for DII loop residues 370 – 387 in our MilliQ-treated 3D7

PfAMA1 structure and residues 351 – 387 in the methanol-treated 3D7 PfAMA1 structure, similar

to our FVO PfAMA1 structure (Fig 1B and 3). MD simulations showed that, although the N- and

C-termini of the DII loop are highly mobile for each FVO PfAMA1, 3D7 PfAMA1 and P. vivax

AMA1 (Supplementary Fig. 6), large conformational changes or movements of the α-helix at the 

center of the DII loop were not observed in any of these proteins. This implies that, despite its

flexibility, the DII loop undergoes slow conformational exchange, beyond the time scale used in

our MD simulations.

The original 3D7 PfAMA1 structure (PDB ID: 1Z40) provides support for the DII loop being

ordered as a consequence of crystal contacts.(23) Our investigation of these contacts found that

there were 9 and 13 residues from neighboring molecules in close proximity (< 4.0 Å) to the DII

loop of the reference 3D7 PfAMA1 chain A and E, respectively (Supplementary Fig. 7A). In

particular, we found that both Glu354 (Oε1) and His356 (NH) of chain E formed hydrogen bonds 

with the main and side chains of Ser423 of a symmetry-related molecule (Supplementary Fig. 7A).

The DII loop of chain A was stabilized by polar interaction between Lys363 (Nζ) and Asp317 of a 

symmetry-related molecule. In our FVO structure, there are no crystal contacts close to the DII

loop, possibly allowing the loop to populate different positions within the crystal lattice

(Supplementary Fig. 7B).



17

NMR studies of FVO and 3D7 PfAMA1 were undertaken in order to further assess their

flexibility in solution. Both 2D 1H-15N HSQC and 3D HNCO spectra were acquired. Of the 316

amide backbone NMR resonances expected in both forms of PfAMA1, only 261 and 250 peaks

were identified in the HSQC spectra of FVO and 3D7 PfAMA1, respectively (Supplementary Fig.

8). The discrepancies between the expected and observed resonances are due to regions of the

protein that undergo conformational exchange in the intermediate time scale (µs to ms).(60) NMR

signals from regions with such motion are often broadened beyond detection in multi-dimensional

NMR experiments. In the HNCO spectra, there were fewer resonances in 3D7 PfAMA1 compared

to FVO PfAMA1 (248 and 216 peaks in FVO and 3D7 PfAMA1, respectively, Supplementary Fig.

9). This difference suggests that 3D7 PfAMA1 has a slightly greater number of backbone

resonances that are broadened by intermediate conformational exchange than FVO PfAMA1. This

is in contrast to what is predicted from comparison of the published 3D7 PfAMA1 structure (PDB

ID 1Z40), which is highly ordered throughout the molecule, with our crystal structures of both

FVO PfAMA1 and 3D7 PfAMA1 in different solvents. In summary, these data indicate that in

solution both FVO PfAMA1 and 3D7 PfAMA1 contain significant regions of disordered structure,

some of which are undergoing conformational exchange on an intermediate time scale which

produces substantial broadening of NMR resonances.(60)

Mapping the Strain Variation of the Inhibitory Peptide R1. The R1 peptide,(6, 29) identified

by phage display, inhibits red cell invasion by merozoites of 3D7 P. falciparum and related strains

with a 50 % inhibitory concentration (IC50) of ~ 0.1 µM. X-ray crystal structures(23, 25) show that

R1 contacts three polymorphic residues (Tyr175, Met224 and Ile225) in 3D7 PfAMA1, with

residues at position 175 and 225 being important determinants of R1 strain specificity. Substitution

of these residues as in W2mef (I225E) or HB3 (Y175D and I225N) significantly reduced the
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peptide’s inhibitory effect.(9) FVO PfAMA1 also has Y175D and I225N substitutions

(Supplementary Fig. 2). Accordingly, we found that R1 binds weakly to FVO PfAMA1, with an

estimated Kd of ~ 500 µM (Supplementary Fig. 10).

In order to investigate why R1 binds so weakly to FVO PfAMA1, we estimated the effect of

mutations on R1 binding by FVO PfAMA1. The crystal structure of the 3D7 PfAMA1-R1 complex

(PDB ID 3SRJ) was used as a template and four FVO PfAMA1 sequence variations found in the

R1 binding cleft (Y175D, M190I, D204N and I225N) were generated by FoldX 3.0(61, 62) to mimic

an apparent FVO PfAMA1-R1 binding structure (Fig. 5). Single mutations were also generated in

order to compare the individual effects on the binding energy. Analysis of point mutations shows

that the changes at position 175 and 225 (Y to D and I to N, respectively) had the largest effect on

stability, with increases in free energy of 6 and 3 kcal/mol, respectively (Supplementary Table 4).

These energy changes are presumably due to the loss of two hydrogen bonds between R1 and

AMA1 at these two positions (Fig. 5). The change M190I resulted in a small increase in free energy

(1 kcal/mol), suggesting that the increase in cleft volume and hydrophobicity resulting from the

M190I change has an effect on R1 binding. Distal to the R1 interaction sites, the D204N change

has no effect on the complex. Taken together, the four changes contributed to a total increase in

ΔG by 10 kcal/mol and significant changes in the hydrophobic cleft, creating an unfavorable 

environment for the R1 peptide (Supplementary Table 4).

DISCUSSION

AMA1 is implicated in the invasion of host cells by malaria parasites as well as other apicomplexan

parasites.(22, 25, 63, 64) Sequence comparison of FVO and 3D7 PfAMA1 domains I and II identify 21

amino acid differences that occur exclusively at the polymorphic face of AMA1.(23, 33, 35) However,
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despite earlier hypotheses(15, 21), our FVO structure shows that these changes do not influence the

overall fold of AMA1. The Ia – f loops that surround most of the hydrophobic cleft in AMA1 all

display some level of disorder in the electron density from the FVO PfAMA1, 3D7 PfAMA1 and

P. vivax structures. This apparent loop flexibility coupled with the polymorphic residues found in

most of these regions provides AMA1 with an effective means of restricting cross-strain inhibitory

activities of various ligands such as the R1 peptide and pose a challenge to efforts to design a

vaccine or therapeutic agents effective against a broad range of strains and species of Plasmodium

parasites.

Polymorphic residues within the loop Id (C1L cluster) are important in mediating escape against

AMA1 antibodies induced by P. falciparum infections or in vaccine trials.(23, 25, 65) Residue 197

appears to be one of the most important residue in AMA1 responsible for immune escape.(65, 66) In

this study we have shown that residue changes, including a Gly at position 197, do not result in

structural changes in this region. This includes the two-turn helix within C1L. Residues 196, 204

and 206 are not engaged in any polar interactions and are unlikely to be important in stabilizing

the structure of the Id loop (Supplementary Table 5). The main-chain atoms of residues 197 and

200 in both strains form polar interactions with main-chain atoms of Thr194 and Lys203,

respectively. Substitution of Glu by Gly at position 197 in FVO PfAMA1 prevents the polar

interaction between Thr194 [O] and Glu197 [Oγ1] observed in 3D7. The H200D change at position 

200 results in an additional side chain electrostatic interaction between Asp200 [Oδ1] and Lys203 

[Nζ] in the FVO form of AMA1. The extensive pattern of hydrogen bonds stabilizing the 1d loop 

is largely conserved in both strains (Fig. 6 and Supplementary Table 5). These interactions appear

to stabilize the structure and permit radical changes at polymorphic sites in the 1d loop without

significant conformational change. This implies that the polymorphic nature of this region does
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not affect the structure of the protein and that immune escape arises largely from changes in

properties of individual side chains.

Unlike the published structures of 3D7 PfAMA1 and one 1F9-3D7 PfAMA1 complex (PDB IDs

1Z40 and 2Q8A), in which the conserved DII loop is partially ordered, the DII loop of FVO

PfAMA1 is completely disordered. This is similar to another crystal form of the 1F9-3D7 PfAMA1

complex (PDB ID 2Q8B)(27) and the P. vivax AMA1 structure (PDB ID 1W81).(59) The flexibility

of the DII loop is linked to a conformational change that allows the protein to interact with its

protein-binding partner, RON2 (PDB ID 3ZWZ).(27) By sequence and structural superposition, it

appears that the intra-protein contacts involved in stabilizing the local secondary structure of the

DII loop are maintained in FVO PfAMA1. The differences observed between the crystal structures

of the two forms of AMA1 reflect different individual conformational states captured under the

different crystallization conditions rather than an inherently greater disorder in the FVO PfAMA1

DII loop. This view is further supported by our 3D7 PfAMA1 structures, in which different extents

of crystal contacts gave rise to different degrees of order in the DII loop.

In conclusion, our results show that the overall structure, including the flexible nature of the DII

loop, is conserved between the FVO and 3D7 forms of AMA1. The interacting interfaces between

DI and the DII loop consist of invariant residues across all P. falciparum strains. The structural

conservation of DI and DII appears likely to be conserved across all allelic forms of AMA1, and

hence represents an attractive site for strain-transcending therapeutic interventions. Given that DII

loop displacement is associated with AMA1-RON2 complex formation, it is conceivable that

stabilizing the DII loop in its ordered state would be inhibitory to AMA1 function.(9) Recently, we

have undertaken a fragment-based screening campaign against AMA1 to identify chemical
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scaffolds capable of inhibiting the protein-protein interactions.(24) The structure described here will

help guide the design of small-molecule inhibitors of AMA1 with broad strain specificity.



22

Figure 1. X-ray crystal structures of (A) FVO (PDB ID 4R1A) and (B) 3D7 (PDB ID 1Z40)

PfAMA1. Residues that vary between FVO and 3D7 PfAMA1 proteins are shown as red sticks.

The 1d loops are coloured orange in both structures. The DII loop is indicated by the dotted circle

in both panels and the structure of the DII loop in 1Z40 is in magenta (B). Two residues critical

for the AMA1-RON2 interaction (Phe183 and Tyr251) are shown as yellow sticks in both

structures. The hydrophobic cleft runs across the top of the molecule in this view, from the Id loop

at one end to the DII loop at the other.
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Figure 2. Flexibility of Ia – f and DII loops (identified with yellow bars). Normalized Cα B-factors 

of (A) 3D7 PfAMA1 (red, PDB ID 1Z40), (B) FVO PfAMA1 (blue, PDB ID 4R1A), and (C) P.

vivax AMA1 (green, PDB ID 1W81). Residues 49 – 383 for P. vivax AMA1 sequence are

equivalent to residues 104 – 438 in the FVO and 3D7 PfAMA1 sequences.
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Figure 3. Cartoon model (left panel) and B-factor putty (right panel) of the X-ray crystal structures

of 3D7 PfAMA1. (A) and (B) 3D7 crystal structure from Bai et al.(23), (C) and (D) 3D7 crystal

treated with MilliQ (PDB ID 4R1B), and (E) and (F) 3D7 crystal treated with methanol (PDB ID

4R1C).
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Figure 4. Flexibility of Ia – f and DII loops (identified with yellow bars). Normalized Cα B-factors 

of (A) 3D7 original condition (purple).(23), (B) 3D7 crystal treated with MilliQ (green-blue), and

(C) 3D7 crystal treated with methanol (orange).
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Figure 5. A comparison between R1-3D7 PfAMA1 and free FVO PfAMA1. (A) R1-3D7 PfAMA1

crystal structure (PDB ID 3SRJ). (B) FVO PfAMA1 model. Electrostatic potential mapped on the

solvent accessible surface for the R1-bound PfAMA1 structures are shown on the right side of the

figure. Sequence variations between 3D7 and FVO PfAMA1 are shown as sticks. R1 is shown as

magenta ribbon. Protein surfaces are color-coded according to electrostatic potential gradient,

where positively and negatively charged areas are represented in blue and red (iso-values from +3

kbT/ec to -3 kbT/ec), respectively.
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Figure 6. Cartoon showing polar interactions that stabilize the Id loop (orange) in (A) 3D7 (green)

and (B) FVO (blue) PfAMA1. The DII loop is coloured magenta. Residues Phe183 and Tyr251

are shown as yellow sticks.
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Supplementary Figure 1. Characterisation of recombinant FVO PfAMA1 DI +II. (A) 1H
NMR spectrum acquired at 35 °C, pH 7.4 to evaluate the protein folding. (B) Size-exclusion
chromatography confirmed that the protein is monomeric.



Supplementary Figure 2. Amino acid sequence of 3D7 PfAMA1 (top) with positions of
sequence variation in FVO shown directly underneath residue variant position. Secondary
structure elements are shown above, with arrows depicting β-sheets, coils depicting α-helices 
and orange rectangles depicting loop regions. The disordered regions are coloured cyan.
Phe183 and Tyr251 are highlighted in yellow. Polymorphic clusters. The domain I cluster is
further sub-divided into C1 (residues 187, 190, 196, 197, 200, 204, 206, 225, boxed in red), C2
(residues 242, 243, 282, 283 and 285, boxed in green) and C3 (residues 175 and 267, boxed in
lilac).



Supplementary Figure 3: Sequence variations between 3D7 (green) and FVO (blue) PfAMA1
in the D1 and D2 polymorphic clusters. The D1 cluster consists of C1 and C2 clusters as well
as residue 167 and 300. The Id loop (C1L) is coloured orange in both structures. Sequence
variations are shown as red sticks. The DII loop is coloured magenta. Residues 226 – 232 are
shown in dotted circles.



Supplementary Figure 4. Crystal packing of FVO PfAMA1 Id loop (orange). Residues that
are within 4 Å of the Id loop are shown as spheres.



Supplementary Figure 5. Backbone Root-mean-square deviation (RMSD) of different
systems studied. RMSD plot as a function of time of backbone atoms for representative
trajectories of 3D7 PfAMA1 (red), FVO PfAMA1 (blue) and P. vivax AMA1 (cyan). This plot
is produced by Matlab 2012b.(2)



Supplementary Figure 6. Root-mean-square fluctuation (RMSF) of 3D7 PfAMA1 (red), FVO
PfAMA1 (blue) and P. vivax AMA1 (green). All molecular dynamics (MD) simulations were
performed in triplicate. The average values of RMSF – over three repeats of MD simulations
– and its corresponding standard deviations are shown as coloured lines and grey shades,
respectively. Crystal structure of FVO PfAMA1with Ia – f and DII loops shown on the bottom.
Red sticks represent sequence variations between FVO and 3D7 PfAMA1. Yellow sticks
correspond to Phe183 and Tyr 251. Dotted lines are disordered regions.



Supplementary Figure 7. Crystal packing against the PfAMA1 DII loop. (A) The presence of
crystal contacts in the 3D7 PfAMA1 DII loop (PDB ID: 1Z40). The reference and neighbouring
proteins are coloured green and yellow, respectively. The DII loops are highlighted in magenta
and residues that are within 4 Å of the DII loops are shown as spheres. (B) The FVO PfAMA1
DII loop is disordered in the absence of crystal packing (PDB ID 4R1A); no residues were
found within 4 Å of the DII loops. There appears to be sufficient space in the lattice for the DII
loop to adopt a closed conformation as in 3D7 PfAMA1 (PDB ID: 1Z40) if this were its
preferred conformation in FVO PfAMA1. Blue and red cartoon structures represent the
reference and neighbouring AMA1 molecules, respectively. Black dotted lines indicate the
position of where the DII loop of FVO PfAMA1 should be.



Supplementary Figure 8. 1H-15N HSQC spectra of FVO (blue) and 3D7 (red) PfAMA1
domain I + II.



Supplementary Figure 9. 1H-13C projection of HNCO spectra of FVO (blue) and 3D7 (red)
PfAMA1 domain I + II.



Supplementary Figure 10. R1-FVO PfAMA1 binding affinity determined by surface plasmon
resonance. (A) Affinity fit for experiments performed in triplicate (B) SPR sensorgram.
Although concentration-dependent responses were observed, super-stoichiometric interaction,
with the ligand Rmax (650 RU) exceeding the theoretical Rmax (440 RU at immobilization level
of ~ 8000 RU).



Supplementary Table 1. Data Collection and refinement statistics

Data collection FVO 3D7 (original) 3D7 (5% MeOH) 3D7 (MQ)

Space Group C21 P31 C21 C21

Cell dimensions

(Å)

a=109.8

b=37.8

c=71.7,

α = γ =90°; β = 

94°

a=54.4

b=54.4

c=214.3,

α = β = 90°; γ = 

120°

a=156.5

b=54.5

c=67.9,

α = γ = 90°; β = 

91.4°

a=74.9

b=51.4

c=87.6,

α = γ = 90°; β = 

114.3°

Resolution (Å) 35.72 – 2.00 (2.05

– 2.00)

47.07 – 1.80 (1.84

– 1.80)

41.2 – 2.0 (2.05 –

2.0)

41.07 – 1.60 (1.63

– 1.60)

Total observations 75353 562849 182343 680213

Unique

observations

19576 65700 38986 40241

Multiplicity 3.8 (4.0) 8.6 (8.5) 4.7 (4.7) 16.9 (9.1)

Data

Completeness (%)

97.5 (96.4) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)

<I/σI> 5.1 (1.1) 6.7 (1.4) 9.7 (2.2) 11.7 (1.1)

CC(1/2) 0.987 (0.551) 0.994 (0.487) 0.996 (0.305) 0.997 (0.526)

Rpim (%)b 10.7 (67.9) 6.6 (80.2) 8.4 (119.0) 5.4 (80.7)

PDB 4R1A 4R19 4R1B 4R1C

Structure

refinement

Molecules in a.u. 1 2 2 1

Non hydrogen

atoms

Protein 2038 4959 4569 2188

Solvent (HOH) 145 452 317 300

Rfree (%) 25.9 20.3 24.8 17.9

Rcryst (%) 20.9 17.2 20.3 20.7

Bond lengths (Å) 0.003 0.010 0.006 0.012



Bond angles (°) 0.65 1.17 0.98 1.30

Ramachandran

plot

Favoured (%)

Outliers (%)

95.6

0.0

96.8

0.0

96.3

0.0

96.7

0.0

B factors (Å2)

Mean protein 30.9 35.0 45.2 29.1

Mean water

molecule

36.7 41.8 49.6 39.4

Molprobity Scorec 1.10 (100th

percentile (N=

12522, 2.0 Å ±

0.25 Å)

1.28 (98th

percentile

(N=11444, 1.8 Å

± 0.25 Å)

1.53 (96th

percentile

(N=12522, 2.0 Å

± 0.25 Å)

1.51 (89th

percentile

(N=7200, 1.6 Å ±

0.25 Å)

a Values in parentheses refer to the highest resolution shell.
b Agreement between intensities of repeated measurements of the same reflections and can be
defined as: ∑(Ih,i – <Ih>)/∑ Ih,i, where Ih,i are individual values and < Ih > is the mean value of
the intensity of reflection h.



Supplementary Table 2. Average values of normalized Cα B-factors for α-helical and β-sheet regions, and Ia – f and DII loops. D = disordered 
region with more than half the residues missing.

AMA1 α-helix Β-sheet 
Ia

(137 – 140)
Ib

(172 – 176)
Ic

(184 – 192)
Id

(195 – 210)
Ie

(224 – 238)
If

(264 – 273)
DII

(351 – 387)

3D7
(1Z40)

-0.30
± 0.54

-0.37
± 0.48

-0.64
± 0.27

D
0.23

± 0.47
0.34

± 0.94
-0.58
±0.30

D
0.75

± 1.69

FVO
(4R1A)

-0.36
± 0.48

-0.16
± 0.85

3.11
± 0.58

D
1.12

± 1.06
-0.12
± 0.25

1.13
± 1.26

D D

P. vivax
(1W81)

-0.40
± 0.42

-0.33
± 0.76

2.82
± 0.21

3.27
± 0.17

1.62
± 0.71

0.61
± 0.32

0.72
± 0.72

D D

3D7
(4R19)

-0.27
± 0.48

-0.51
± 0.42

-0.19
± 0.23

2.13
± 0.20

0.34
± 0.28

0.85
± 0.74

-0.18
± 0.38

D
0.78

± 1.46

3D7
(4R1B)

-0.34
± 0.68

-0.37
± 0.58

1.16
± 0.37

D
1.56

± 1.05
1.18

± 0.08
1.05

± 1.22
D D

3D7
(4R1C)

-0.06
± 0.96

-0.43
± 0.66

1.57
± 0.41

D
1.81

± 0.68
1.39

± 0.43
1.14

± 0.78
D D



Supplementary Table 3. Crystal packing in AMA1 crystal structures. The number of residues from the neighbouring proteins in close vicinity (<
4.0 Å) of the Ia – f and DII loops of the respective AMA1 crystal structures. The numbers of polar contacts with symmetry-related molecules are
indicated as bold numbers inside the brackets. Where no crystal packing was present, this is indicated as a long dash.

AMA1
Ia

(137 – 140)
Ib

(172 – 176)
Ic

(184 – 192)
Id

(195 – 210)
Ie

(224 – 238)
If

(264 – 273)
DII

(351 – 387)

FVO
(4R1A)

̶̶̶ ̶ 3 (1) 9 (7) ̶ ̶ ̶

3D7
(1Z40)

̶ ̶ 5 (1) 7 (1) 5 (2) ̶ 9 (1)

P. vivax
(1W81)

̶ 1 (0) 1 (0) 3 (0) 3 (2) ̶ ̶

3D7
(4R19)

̶ ̶ 6 (0) 4 (1) 5 (2) ̶ 12 (2)

3D7
(4R1B)

1 (0) ̶ 2 (0) 5 (3) 2 (1) ̶ ̶

3D7
(4R1C)

̶ ̶ ̶ 3 (0) 1 (0) ̶ ̶



Supplementary Table 4. The FoldX calculated energy differences between the 3D7-R1
structure and the 5 mutant models (Positive numbers indicate lower stability).

Model Total energy change (kcal/mol)

Y175D
M190I
D204N
I225N

FVO model

6
1
0
3
10

* Insignificant change. Alteration is unlikely to affect stability



Supplementary Table 5. Polar interactions involved in stabilizing the α-helical and loop 
components of FVO and 3D7 PfAMA1 1d loop (residues 195 to 210). Red text indicates
residues that are different between the two strains.

FVO
α-helix 

Interacting
residues

Distance
(Å)

3D7
α-helix 

Interacting
residues

Distance
(Å)

L195 [N] K245 [O] 2.9 L195 [N] K245 [O] 2.9

G197 [N] T194 [Oγ1] 3.0 E197 [N] T194 [O] 3.1

E197 [N] T194 [Oγ1] 3.2 

E197 [Oε1] T194 [O] 3.0

M198 [N] T194 [O] 3.0 M198 [N] T194 [O] 2.9

R199 [NH1] L211 [O] 2.8 R199 [NH1] L211 [O] 2.7

R199 [NH1] K209 [O] 2.7 R199 [NH1] K209 [O] 2.8

R199 [NH2] L211 [O] 2.9 R199 [NH2] L211 [O] 3.0

D200 [O] K203 [N] 3.1 H200 [O] K203 [N] 3.2

D200 [Oδ1] K203 [Nζ] 2.9

Y202 [O] N205 [N] 2.8 Y202 [O] N205 [N] 2.9

Y202 [OH] H220 [Nδ1] 2.7 Y202 [OH] H220 [Nδ1] 2.6 

Y202 [OH] N223 [Oδ1] 3.3 Y202 [OH] N223 [Oδ1] 3.0 

FVO
loop

Interacting
residues

Distance
(Å)

3D7
loop

Interacting
residues

Distance
(Å)

K203[N] D200 [O] 3.1 K203[N] H200 [O] 3.2

K203 [Nζ] D200 [Oδ1] 2.9 

N205[N] Y202 [O] 2.8 N205[N] Y202 [O] 2.9

V208 [O] L211 [N] 3.2 V208 [O] L211 [N] 2.8

K209 [O] R199 [Nη1] 2.7 K209 [O] R199 [Nη1] 3.1 
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Chapter 5:

Mapping Specific

Binding Site of

Fragment on AMA1

Traditional Chapter

Mapping the fragment binding sites on apical membrane antigen 1 using high resolution

NMR spectroscopy.
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5.1 Introduction and Aims

Structural information of the fragment binding site may be obtained using either X-ray

crystallography or NMR. The former is usually the method of choice as it provides detailed

structural information about the fragment-protein interactions essential for designing potent

AMA1 inhibitors.82, 94 However, the study of fragment-protein crystal in a static environment

may not always be fully informative given that the in vivo interactions occur in a dynamic

solution environment.95 1H-15N HSQC chemical shift perturbation (CSP) of the target protein

is a very useful NMR technique for studying compound binding sites in solution.84, 96 In this

method, the chemical shifts of each resonance follow changes in the local environment of the

target protein upon fragment binding. This information is used to determine the specific

binding sites of the compounds on the protein. CSP experiments can serve as a valuable

complement to any crystallographic data. In situations where an accurate fragment binding

pose is difficult to obtain, such as low resolution crystal structures or missing fragment

electron densities, mapping the binding sites of fragment hits using 1H-15N HSQC

perturbations will provide valuable support to the crystallographic data. Obviously, in cases

where fragments can be neither soaked nor co-crystallised with the target protein, the 1H-15N

HSQC perturbation experiments will be paramount in guiding the chemical elaborations of

fragment hits.

The AMA1 hydrophobic cleft plays important role in the AMA1-RON2 complex

formation.37, 49, 54, 68 Ligands that target this region on AMA1 are capable of inhibiting red

cell invasion by merozoites, but mostly in a strain-specific manner as numerous polymorphic

residues are clustered at one end of the cleft.34-36, 71, 73-75 Our fragment screening campaign

have identified a range of scaffolds that bind to AMA1 hydrophobic cleft using R1

competition assay.97 Whether these compounds interact with some polymorphic residues

surrounding the cleft remains a question to be answered. Compounds that interact with

polymorphic residues are generally poor starting points for chemical elaboration as further

efforts are required to resolve this problem before a strain-transcending inhibitor of AMA1

can be developed. Therefore, it is critical to determine the specific binding sites of the R1-

competing hits early in the lead discovery pipeline before investing large amount of time to

develop a particular fragment scaffold. This part of the project aimed at mapping the specific

binding sites of fragment hits using the 1H-15N HSQC perturbation experiments.
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5.2 Methods

5.2.1 Protein Expression and Purification

Uniformly 15N, 13C, 2H-labelled FVO PfAMA1[104-438] was expressed and purified using a

protocol described by Lim et al.97 The uniformly 2H and selectively 15N-Lys labelled FVO

PfAMA1 were prepared by adding 200 mg/L of 15N labelled Lys into the high-cell-density

medium 1 h prior to IPTG induction. Subsequent work was similar to that for uniformly

labelled sample.

5.2.2 Surface Plasmon Resonance

The binding activities of MIPS-0000865, MIPS-0001404, MIPS-0001160, MIPS-0000620,

MIPS-0008939 and PJS-2156 were evaluated using Biacore T200 biosensor as described by

Lim et al.97

5.2.3 NMR Spectroscopy

All NMR data were acquired with transverse relaxation optimised spectroscopy (TROSY)

effects at 35 °C on a Bruker Avance III 600 MHz spectrometer. The buffer used for

acquisition of NMR spectra was 20 mM phosphate buffer, pH 6.8, with 50 mM L-arginine,

50 mM L-glutamic acid, 0.2% (w/v) protease inhibitors cocktail (Roche), 0.01 % (w/v)

sodium azide and 10 % (v/v) 2H2O. 1H-15N HSQC spectra were acquired with 32 scans at

2048 and 256 data points for the 1H and 15N dimensions, respectively. HNCA and

HN(CO)CA spectra were acquired with a sample concentration of 150 µM and 32 scans.

HN(CA)CB and HN(COCA)CB spectra were acquired with a sample concentration of 250

µM and 64 scans. All 3D NMR experiments were recorded with 2048, 46 and 80 data points

for 1H, 15N and 13C dimensions, respectively. Data were processed using Topspin 3.2 and

analysed using Sparky (v3.114, University of California, San Francisco). A QSINE window

with a phase shift of 2 was applied to both the direct and indirect dimensions of 1H-15N

HSQC and 3D NMR data. All indirect dimensions were linear predicted with 32 coefficients.

The stability of the sample at 35 °C was monitored using both 1H NMR and 1H-15N HSQC

experiments at days 0, 3 and 6. 1H NMR spectra were acquired with 256 scans and 8192 data

points using a pulse sequence with excitation sculpting for water suppression. 1H-15N HSQC

spectra were acquired with 8 scans at 1024 and 64 data points for the 1H and 15N dimensions,

respectively. The HSQC spectra were processed as above.
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5.2.4 1H-15N HSQC Perturbations

1H-15N HSQC spectra of 15N, 2H-labelled AMA1 in the presence and absence of the fragment

were recorded at 35 °C with 128 scans. The concentrations of AMA1 and fragment were 25

µM and 2 mM, respectively. The buffer used in these experiments contained 20 mM

phosphate buffer, pH 6.8, with 50 mM L-arginine, 50 mM L-glutamic acid, and 10 % (v/v)

2H2O. Weighting of chemical shifts from 1H and 15N atoms was performed using the

following equation96:

Weighted CSP = �
1

2
[� �

� + 0.14 ∙ � �
� ]

Where, δH and δN are the CSP (ppm) at 1H and 15N dimensions, respectively. Fragments were

considered to be binding to a specific site on AMA1 only when more than one peak

perturbation was observed.

5.3 Results

5.3.1 Backbone Resonance Assignments

In order to map the specific binding sites of the fragment hits with CSP, it was necessary to

first assign the backbone amide resonances of PfAMA1 on the HSQC spectrum. We have

previously attempted the backbone amide resonance assignments of both 3D7 and FVO

PfAMA1 domain I and II. However, it was found that the 3D7 PfAMA1 has a greater number

of missing resonances that are broadened by intermediate conformational exchange than FVO

PfAMA1.98 In addition, 3D7 PfAMA1 exhibits poorer thermo stability than FVO PfAMA1 in

solution (personal communication with Bankala Krishnarjuna). These undesirable properties

in 3D7 PfAMA1 resulted in poor quality spectra of the 3D NMR experiments. Therefore,

backbone resonance assignment was performed only for FVO PfAMA1 in this study.

The FVO PfAMA1 domain I and II construct consisted of 335 residues, including 19

proline residues, with a total mass of 38 kDa. A combination of protein deuteration99-100 and

TROSY scheme101-102 in pulse sequences was used to improve sensitivity of all heteronuclear

NMR experiments for AMA1 (Figure 1). FVO PfAMA1 was stable in the NMR buffer over

the acquisition period as shown by the 1H NMR and 1H-15N HSQC spectra (Figure 2). The

2D 1H-15N HSQC spectrum displayed 261 of the 316 expected backbone amide resonances,

corresponding to ~ 83 % of the total expected resonances (Figure 3). Overall, the 1H-15N

HSQC spectrum showed well-dispersed spin-systems, indicating a single folded conformer.

3D HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB spectra were acquired to obtain the
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backbone resonance assignments (Figure 4). We observed 246 Cαi and 244 Cαi-1 signals in

the HNCA and HN(CO)CA, respectively. A total of 205 Cβi and 202 Cβi-1 signals were

observed in the HN(CA)CB and HN(COCA)CB, respectively. Fewer signals were observed

in the Cβ-detected experiments (HN(CA)CB and HN(COCA)CB) because of the lower 

sensitivity of these experiments. The HSQC spectrum of 15N-lysine labelled AMA1 was

recorded to confirm unambiguous resonance assignments (Figure 5). Lysine was selected

because it is the most abundant residues in AMA1 that can be selectively labelled using E.

coli cells without the problem of metabolic scrambling.103-106

In addition to manual peak assignments, the assignments were also facilitated by the

Resonance Assignment by chemical Shift Prediction (RASP) algorithm.107 A total of 220

peaks could be assigned on the 1H-15N HSQC spectrum, which corresponds to 70 % of the

expected peaks from AMA1 (Figure 3 and 6). Notably, 8 of the 12 residues in the AMA1

hydrophobic cleft, and 31 of the 40 polymorphic residues, including one of the most

important residues in mediating immune escape against antibodies, Gly197, were assigned.64-

65 With the exception of Arg143 and Val151, the unassigned or undetectable residues

correspond to loop regions in the FVO PfAMA1 crystal structure98 (104 – 108, 131 – 132,

144, 146 – 147, 159 – 167, 169, 227 – 236, 253 – 254, 257 – 259, 261 – 275, 291 – 292, 332,

349, 351 – 360, 365 – 380 and 382 – 393). These unassigned regions include the entire If

loop, most of the Ie loop and the DII loops that surrounds the AMA1 hydrophobic cleft

(Figure 6). Assignments could not be obtained in these regions because of weak or missing

signals in the NMR spectra that were probably a result of signal broadening caused by

intermediate conformational exchange. The full list of the assigned chemical shifts (HN, N,

Cα and Cβ) and the chemical shift index of Cα and Cβ are shown in appendix II.
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Figure 1. Comparison between 1H-15N HSQC spectra of deuterated (blue) and non-

deuterated (red) FVO PfAMA1.
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Figure 2. Stability studies of FVO PfAMA1 at 35 °C using (A) 1H NMR and (B) 1H-15N

HSQC experiments. Spectra were acquired at Day 0 (blue), Day 3 (red) and Day 6 (green).

For clarity, the HSQC spectra at Day 3 and 6 were offset by -0.1 and -0.2 ppm at 1H

dimension, respectively. Large signals at 1.5 to 4.0 ppm in the 1H NMR spectrum correspond

to those of L-arginine and L-glutamic acid found in the buffer. Sharp peaks at 7.0 to 8.0 ppm

in (A) correspond to signals from the protease inhibitors cocktail (Roche).
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Figure 3. 1H-15N HSQC spectrum of FVO PfAMA1 domain I and II with resonance

assignments shown. (A) Full spectrum. (B) Enlarged view of the middle region (dotted box)

in (A). The experiment was performed at 35 °C, pH 6.8 on a Bruker Avance III 600 MHz

spectrometer. Trp Hɛ-Nɛ side chain peaks are indicated with orange dotted box. Asn and Gln 

NH2 side chain peaks are indicated with red dotted box. Note that the backbone amide peaks

of Thr429 and Ser191 are in the red dotted box.
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Figure 4. Strip plots for sequential assignment of FVO PfAMA1. The sequential

connectivities of Cα and Cβ chemical shift from residues E206 to K209 are shown in left and

right panels, respectively. HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB spectra are

indicated in red, green, orange and blue, respectively.

Figure 5. HSQC spectrum (red) of selectively 15N-Lys labelled FVO PfAMA1. Overlay of

the HSQC spectra of uniformly (blue) and selectively 15N-Lys (red) labelled samples.
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Figure 6. Backbone amide assignments of FVO PfAMA1 domain I and II. (A) Amino acid

sequence of FVO PfAMA1 showing the positions of the secondary elements, Ia – f, and DII

loops. The Ia – f and DII loops are defined with purple bars. The disordered regions are

defined with orange bars. Residues that line the hydrophobic cleft are coloured yellow. The

assigned and unassigned regions are shown as cyan bars and red lines, respectively. (B) The

crystal structure of FVO PfAMA198 (PDB ID 4R1A). Disordered regions are indicated with

orange dotted lines. The residues that line the cleft are shown as yellow sticks. The

polymorphic residues are shown as green sticks. The assigned and unassigned regions are

coloured cyan and red, respectively.
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5.3.2 1H-15N HSQC Perturbations

Fragment classes that displayed structure-activity relationships (SAR) on AMA1 were chosen

for further evaluation in this study. These scaffolds include benzimidazoles (MIPS-0000865

and MIPS-0001404), pyrazoles (MIPS-0001160 and PJS-2156) and 2-aminothiazoles (MIPS-

0000620 and MIPS-0008939). All these compounds bind weakly to 3D7 PfAMA1 with KD

values ranging from 0.5 to 4.0 mM, as determined by SPR (Table 1). Of the compounds

tested in the 1H-15N HSQC experiments, all except for MIPS-0000620 induced chemical shift

perturbations (CSPs) to more than one backbone amide resonance of AMA1 (Table 2). The

numbers of peaks perturbed by MIPS-0000865, MIPS-0001404, MIPS-0001160, PJS-2156,

and MIPS-0008939 range from 5 to 19 resonances (Table 2).

Table 1. SPR results for fragment hits.

Compound ID Structure KD (mM)

MIPS-0000865 0.5

MIPS-0001404 0.8

MIPS-0001160 4.1

PJS-2156 0.6

MIPS-0000620 1.0

MIPS-0008939 1.0
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Table 2. Specific binding sites of fragment hits determined using 1H-15N HSQC perturbation.

Site 1 and 2 correspond to the conserved and polymorphic ends of the AMA1 hydrophobic

cleft, respectively. Site 3 – 5 are outside the cleft. Only one perturbation was observed for

MIPS-0000620. Polymorphic residues are highlighted red. CSP values are shown in

parentheses.

Binding
regions

MIPS
0000865

MIPS
0001404

MIPS
0001160

PJS
2156

MIPS
0000620

Site 1 G180
(0.06166)

G180
(0.03598)

K177
(0.05669)

G172
(0.03304)

G180
(0.04579)

G179
(0.04818)

K177
(0.02567)

G180
(0.03312)

G180
(0.02443)

K177
(0.03717)

D178
(0.02671)

G179
(0.01752)

I363
(0.01893)

T171
(0.02253)

G179
(0.03050)

K177
(0.02656)

I363
(0.01634)

G172
(0.01887)

I363
(0.02024)

I363
(0.02695)

T171
(0.02381)

D178
(0.01501)

G179
(0.01880)

Q255
(0.02455)

I363
(0.02194)

N173
(0.02450)

D175
(0.01848)

D178
(0.02053)

D175
(0.01937)

T171
(0.01873)

Site 2 V208
(0.02898)

M224
(0.01762)

F183
(0.01927)

M224
(0.02140)

V208
(0.01536)

S191
(0.01760)

N205
(0.01984)

K209
(0.01984)

Site 3 I420
(0.02517)

N422
(0.02879)

L419
(0.02063)

I420
(0.01891)

N421
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(0.01845)

Site 4 A310
(0.03765)

E308
(0.02205)

Site 5 L307
(0.02038)

N309
(0.01827)

MIPS-0000865 and MIPS-0001404 of the benzimidazoles series perturbed resonances that

were mapped onto DII loop and polymorphic ends of the AMA1 hydrophobic cleft (Table 2).

Larger number and magnitude of CSPs were found at the DII loop region for both

compounds, suggesting that this region is the primary binding site. All resonances, except

MIPS-0000865 interaction with polymorphic residue 175, perturbed by these two compounds

in the DII loop region consist of conserved residues. The CSPs induced by MIPS-0000865

and MIPS-0001404 of the benzimidazoles gave the largest magnitude CSPs of the three

series, and these results are exemplified in Figure 7. The perturbed residues are mapped on

the crystal structure of FVO PfAMA1 shown in Figure 8.
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Figure 7. 1H-15N HSQC perturbations of FVO PfAMA1 (blue) by MIPS-0001404 (green)

and MIPS-0000865 (red). Perturbed residues in A – E and F – I were mapped onto the

conserved and polymorphic ends of the hydrophobic cleft, respectively.

Figure 8. Mapping the 1H-15N HSQC perturbations of (A) MIPS-0000865 and (B) MIPS-

0001404 on the FVO PfAMA1 crystal structure (PDB ID 4R1A). The hydrophobic cleft is
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indicated with white lines. The cyan and red regions correspond to assigned and unassigned

regions, respectively. Residues that were perturbed by the compounds in the 1H-15N HSQC

experiments are coloured yellow. Both compounds bind to two sites in the cleft, with primary

and secondary binding sites correspond to conserved and polymorphic ends of the cleft,

respectively.

MIPS-0001160 and PJS-2156 of the pyrazoles series also showed binding to the DII loop

end of the cleft. Apart from their interactions with polymorphic residue 172, these fragments

contact mostly conserved residues in this region on AMA1 similar to the case of

benzimidazoles compounds (Table 2). It was noted that MIPS-0001160 interacts with

residues 419 and 420 that are located outside the hydrophobic cleft.

MIPS-0000620 of the 2-aminothiazoles series induced CSPs at only one resonance,

suggesting that there might be a possibility of non-specific interaction. This CSPs correspond

to Thr171 at the DII end of the cleft that is also part of the binding site of R1 peptide.

Previous study have found that MIPS-0000620 competes with R1 and this observation

together with the 1H-15N HSQC perturbation results suggest a significant binding activity of

MIPS-0000620 at the DII end of the hydrophobic cleft. Unlike MIPS-0000620, the other 2-

aminothiazoles compound, MIPS-0008939, showed extensive CSPs from multiple sites on

AMA1 that include both the DII loop and polymorphic ends of the cleft (Table 2). This

observation is in agreement with our previous study which showed that the 2-aminothiazole

compounds can be problematic promiscuous binders (see submitted manuscript in Appendix

III).108

5.4 Discussion

In this study, we have established an approach to map the specific binding sites of the

fragments on AMA1 in solution using 1H-15N HSQC perturbation experiments. This NMR

method is a valuable tool in the FBLD approach in that it is a sensitive technique that can

reliably detect compound with weak binding affinity with a low rate of false positives as well

as providing structural information about the ligand-protein interactions.84, 96 A relatively

small amount of AMA1 protein (~ 0.3 mg) is required in this approach. The majority of the

backbone amide resonances in the 1H-15N HSQC spectrum were assigned using 3D NMR and

specific 15N-lysine labelled HSQC experiments. Monitoring the perturbations of these

assigned resonances that correspond to the conserved and polymorphic residues provides

information about fragment binding across different alleles of AMA1.
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The DII end of the cleft has been proposed as the site for small-molecule intervention

owing to its largely conserved nature.98 The benzimidazole and pyrazole series showed

binding to this region, and therefore represent promising starting scaffolds for the design of

AMA1 lead compounds. Although the 2-aminothiazole series also showed binding to the DII

end of the cleft, their promiscuous binding as shown in previous108 and current studies makes

them poor starting points for subsequent fragment elaboration. MIPS-0000865 contacts

residue 175, which is one of the very few polymorphic residues found at this end of the cleft.

This site can vary between Asp and Tyr residues in AMA1 and is known to limit the cross-

reactivity of R1 against different forms of AMA1 with Y175D substitution reduces the

peptide binding activities.19, 37 Asp is the predominant residue in the PfAMA1 alleles and, as

a result of this trait, R1 potent inhibitory activity is only limited to a small subset of

Plasmodium strains. MIPS-0000865 was initially identified from screening against 3D7

PfAMA1 which has Tyr residue at position 175.97 In this study, the compounds were shown

to bind to FVO PfAMA1 with Asp175 in the HSQC perturbation experiments. Hence, these

fragments are able to bind to PfAMA1 with either Asp or Tyr residues at position 175,

perhaps through their binding on the backbone. The benzimidazoles series also bind to the

polymorphic end of the cleft. The numerous polymorphic residues surrounding this binding

region would likely limit the possible chemical space that can be explored for the design of

potent inhibitors with broad strain specificity. Future analogue synthesis would aim to

introduce functional groups that favour binding to the DII end of the cleft and disfavour

binding to the polymorphic end of the cleft. Both the pyrazole compounds contact a

dimorphic residue at position 172 in the DII region that can vary between Gly and Glu, with

these two amino acids occurring at approximately the same frequency (Gly = 46 % and Glu

54 %). Both the 3D7 and FVO PfAMA1 have Gly at this position. It is unclear at this stage if

MIPS-0001160 and PJS-2156 could still bind to PfAMA1 when Gly is substituted by Glu,

and would require further investigation with either AMA1 mutation experiment or binding

study of AMA1 allele carrying Glu172.
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Chapter 6:

Conclusion and

Future Directions
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6 Conclusion and Future Directions

Malaria is a major global health problem that imposes a substantial burden on the world’s

most vulnerable societies.1 AMA1 plays important role in host cell invasion by malaria

parasites, forming a complex with parasite RON proteins as part of the moving junction that

develops between the host cell and the invading parasite.24 A hydrophobic cleft is central to

the function of AMA1, and ligands that bind to this site prevent host cell entry and thus

represent a viable target for designing drugs to block the development of parasites in the

bloodstream.

My project aimed at developing small-molecule inhibitors of AMA1 using a fragment-

based approach. The first stage of the project involved screening a fragment library to

identify efficient AMA1 binders. In order to carry out the screening campaign efficiently, it

was necessary to improve protein yields of the E. coli expression system. My efforts in

establishing the high-cell-density methodology, which allows the E. coli cells grow to high

optical density (OD600 = 6 – 8), generated high yields recombinant AMA1. This method also

laid the foundation for subsequent isotopic labelling for high-resolution NMR studies. Initial

STD fragment cocktail screening of a 1140-compound library successfully identified a range

of PfAMA1-binding scaffolds. This was followed up by the STD and CPMG R1 competition

assays, and 57 hits were found binding to the AMA1 hydrophobic cleft, corresponding to a

hit rate of 5 %. The high hit rate observed support the existence of a druggable pocket within

the cleft for developing potent small-molecule inhibitors. The R1-competing hits were further

characterised using SPR experiments to rank the compounds as well as allowing early SAR

studies of the hits. A normalization scheme was used to circumvent the problem of “SPR-

undesirable-behaviours” at high compound concentrations.109 In this scheme, the maximal

binding responses (Rmax) of fragments were normalised using R1 peptide as a control, and

this made it possible to the determine the fragment binding affinity (KD) and ligand efficiency

at low non-saturating concentrations in the SPR experiments.

Whilst generating analogues of the fragment hits, we also evaluated the pyrrolo[2,3-

d]pyrimidine-4-amine scaffolds described by Srinivasan et al.92 as AMA1 inhibitors. Owing

to their poor solubility in aqueous buffer, these compounds were evaluated using 1H NMR

spectroscopy in the presence or absence of surfactant. My experiments revealed that the

reported compounds exist largely as aggregates in solution. A series of analogues with better

solubility was generated to determine if a meaningful structure-activity relationships could be

established for this scaffold. Despite showing substantial inhibitory effects in in vitro
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merozoite invasion assays, the reported compounds and their analogues showed weak or no

binding activity in the presence of surfactants in SPR experiments. These observations

suggest that pyrrolo[2,3-d]pyrimidine-4-amines do not inhibit merozoite invasions through a

direct interaction with AMA1. Rather, given that pyrrolo[2,3-d]pyrimidine-4-amines are

known kinase inhibitors, it is possible that their inhibitory effects on merozoite invasion are a

result of their activities on the kinases in Plasmodium parasites.

The first X-ray crystal structure of FVO PfAMA1 was determined to gain insights into the

impact of sequence diversity on AMA1 structure and help in the development of small-

molecule inhibitors. This structure was compared to the other divergent AMA1 allele from P.

falciparum 3D7 as well as AMA1 from the P. vivax. A combination of normalised B-factor

analysis and MD simulations were used to investigate how the flexibility of the Ia – f and DII

loops correlates with their roles in limiting the cross-reactivity of human antibody responses

and inhibitory peptides against different forms of AMA1. My study revealed that the overall

structure, including the flexible nature of the DII loop, is conserved between the FVO and

3D7 forms of PfAMA1. Further analysis found that the interacting interfaces between DI and

the DII loop consist of invariant residues across all P. falciparum strains. As this structural

conservation at the DII loop end of the hydrophobic cleft appears likely to be conserved

across all allelic forms of AMA1, this region represents an attractive site for strain-

transcending small-molecule intervention. Collectively, these results have advanced our

understanding on AMA1 structures that should contribute to the design of design of fragment

analogues with broader strain specificity.

Subsequent study employed 1H-15N HSQC perturbation spectroscopy to obtain detailed

information on fragment binding. To perform this experiment, the backbone amide

resonances of 1H-15N HSQC spectrum was first assigned using TROSY 3D NMR

spectroscopy of the 2H, 15N, 13C labelled AMA1. In order to obtain high yields of isotopically

labelled AMA1 using the high-cell-density methodology, the E. coli cells were adapted to

grow in a deuterium oxide (2H2O) environment. This was achieved by culturing the bacteria

in media prepared using increasing concentrations 2H2O. This adaptation process has enabled

the E. coli cells to grow to high optical density (OD600 = 6 – 8) in 100% 2H2O with high yield

expression of isotopically labelled PfAMA1. Significant efforts were also devoted to finding

a suitable buffer condition for the 3D NMR experiments which require the protein sample to

be stable at high temperature for prolonged period of time. The buffer conditions found from

my experiments allowed the protein to remain stable in solution at high temperature with no

proteolytic degradation up to a week. Besides, the AMA1 can be solubilised at lower pH
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which reduces the amide proton exchange in solution, giving better quality spectra. Using

HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB, the majority of the backbone

resonances of AMA1 were assigned. Specific 15N-Lys labelled HSQC spectrum was also

acquired to confirm the backbone amide assignment. Using these backbone resonance

assignments, the 1H-15N HSQC perturbation studies have identified fragments that selectively

interact with conserved sites in the hydrophobic cleft, and these compounds represent

promising scaffolds for subsequent medicinal chemistry effort.

The project will continue to optimise the fragment hits with medicinal chemistry to give

compounds with potent AMA1 binding affinity. This may be approached with either

incremental installation of functional groups on a scaffold or through merging of different

AMA1-binding classes found in the screening campaign. These approaches will be guided by

both multidimensional NMR spectroscopy and X-ray crystallography. The 1H-15N HSQC

perturbation experiment is a rapid and efficient tool in identifying fragments and its

derivatives that bind to the DII end of the hydrophobic cleft for subsequent crystallisation

trials. The crystallisation conditions found in my project serve as valuable starting points for

obtaining structures of fragments bound the antigenically diverse forms of AMA1 (FVO and

3D7) through either soaking or co-crystallisation. Other biophysical tools established in the

screening campaign will continue be the cornerstone in guiding the medicinal chemistry

effort. The SPR experiments provides information about the SAR of fragment analogues that

would help in subsequent generation of compounds with improved binding affinities. The 1H

NMR spectroscopy used to evaluate pyrrolo[2,3-d]pyrimidine-4-amines scaffolds will be

useful to rapidly assess the solubility of the fragment analogues, avoiding any potential

downfalls associated with compound aggregation. Potent AMA1 inhibitors derived from this

FBLD project will be tested in in vitro merozoite invasion assay.
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Appendix I

Fragment Hits

All R1-competing hits found in the screening campaign against AMA1 are shown. The

compounds are shown in order from the highest to lowest ligand efficiency.
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Rank Structure
Log

P

Molecular
weight
(MW)

Heavy
atom
(HA)

KD

(mM)

Ligand
efficiency

(kcal/mol/HA)

1 2.52 176 12 1.6 0.32

2 2.66 194 13 1.0 0.31

3 3.17 190 13 1.1 0.31

4 2.26 207 12 2.6 0.29

5 2.22 192 13 1.9 0.29

6 2.46 209 16 0.5 0.28

7 2.76 222 15 1.0 0.27

8 3.01 220 15 1.0 0.27

9 1.48 208 14 1.6 0.27

10 2.36 192 13 2.6 0.27

11 2.35 200 15 1.1 0.27

N

S

NH2

HO

O

HN

Cl

CH3
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12 1.81 208 14 1.9 0.26

13 2.76 222 15 1.3 0.26

14 2.98 160 12 4.8 0.26

15 1.91 201 15 1.3 0.26

16 2.08 173 13 3.3 0.26

17 2.69 208 14 2.1 0.26

18 2.92 234 14 2.1 0.26

19 2.55 231 16 1.1 0.25

20 1.61 224 15 1.7 0.25

21 2.98 210 16 1.2 0.25

22 1.27 248 17 1.1 0.24

23 2.50 205 15 2.9 0.23O

O

H2N
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24 1.25 236 14 4.5 0.23

25 2.31 230 16 2.1 0.23

26 1.00 193 13 6.8 0.23

27 0.85 219 16 2.3 0.22

28 2.75 226 17 1.7 0.22

29 2.30 231 17 2.0 0.22

30 3.26 240 18 1.4 0.22

31 1.49 206 15 4.4 0.21

32 2.10 217 16 3.3 0.21

33 1.59 216 14 6.8 0.21

34 1.66 218 16 3.7 0.21
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35 1.86 217 16 4.1 0.20

36 1.46 237 18 2.7 0.19

37 3.35 243 18 2.8 0.19

38 1.33 250 17 4.4 0.19

39 2.27 229 17 5.0 0.18

40 2.01 221 16 7.3 0.18

41 1.88 215 16 7.6 0.18

42 3.25 223 15 >10 0.18

43 1.46 237 18 4.4 0.18

44 1.71 239 16 9.3 0.17

45 1.54 237 18 5.5 0.17
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46 2.75 226 18 5.6 0.17

47 2.51 214 15 >10 0.17

48 1.66 201 15 >10 0.17

49 2.04 190 13 >10 0.13

50 2.41 204 14 >10 0.13

51 1.90 226 17 >10 0.11

52 1.65 245 18 >10 0.09

53 0.92 238 18 >10 -0.30

54 2.90 231 17 >10 -0.32

55 2.00 234 16 >10 -0.34

N

NHO

O
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56 2.25 222 15 >10 -0.36

57 2.27 227 15 >10 -0.36
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Appendix II

Results for Chapter 5

Table showing the backbone amide resonance assignments and chemical shift index (CSI) of

Cα and Cβ for FVO PfAMA1 domain I and II. Blank in the table indicates that assignments or

CSI are unavailable. CSI was obtained using online tool http://randomcoilindex.com/cgi-

bin/rci_cgi_current.py
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Residue
number

HN N Cα Cβ Cα CSI Cβ CSI

104

105

106

107

108

109

110 7.96 119.3 57.5 29.1 0 1

111 7.02 114.7 67.2 68.7 1 0

112 8.38 120.1 59.4 28.2 1 -1

113 8.22 122.0 60.7 38.9 1 0

114 8.19 110.7 53.2 28.3 -1 -1

115 7.50 128.1 55.9 17.3 1 -1

116 7.21 114.1 56.7 31.0 0 -1

117 7.25 111.0 56.8 37.7 -1 -1

118 7.83 123.0 51.7 38.0 -1 -1

119 7.74 126.2 64.4 38.0 1 0

120 10.01 122.6 60.4 29.7 1 0

121 7.04 116.9 57.6 30.0 1 0

122 8.60 114.6 64.1 31.4 1 0

123 7.95 118.3 58.0 34.2 1 1

124 7.92 102.6 46.3 0.0 1 -1

125 6.56 111.4 54.0 64.7 -1 1

126 8.73 105.9 44.6 0.0 0 0

127 8.09 118.3 63.4 38.4 1 1

128 6.91 121.3 59.1 28.3 1 -1

129 6.02 112.6 61.7 32.9 -1 1

130 8.94 130.2 51.6 41.2 -1 0

131

132

133 8.19 121.2 56.5 29.5 0 0

134 8.29 121.3 54.1 40.7 0 0

135 7.99 124.4 52.6 18.7 0 0

136 8.21 119.8 56.6 29.4 0 0

137 7.86 120.5 62.1 31.7 -1 0

138 8.18 127.4 52.5 0

139 8.63 105.4 45.2 0

140 7.82 119.3 61.6 70.2 -1 1

141 8.12 124.6 55.2 28.9 -1 -1

142 8.86 122.7 56.7 41.2 -1 1

143

144
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145

146

147

148 8.07 124.2 58.6 31.8 1 0

149 9.79 116.8 51.4 39.9 -1 -1

150

151

152 8.03 128.2 60.8 37.8 1 -1

153 9.24 113.0 44.7 0.0 0 0

154 6.29 117.7 54.7 33.1 -1 1

155 7.59 110.3 43.1 -1

156 3.42 116.5 57.4 -1

157 9.12 128.6 60.6 38.5 -1 1

158 8.15 129.1 60.6 37.0 -1 0

159

160

161

162

163

164

165

166

167

168

169

170

171 7.47 110.4 59.5 72.0 -1 1

172 8.11 109.0 46.3 1

173

174 7.63 120.8 55.3 30.2 -1 0

175 8.63 124.5 53.8 42.2 0 1

176 7.75 126.4 58.2 1

177 7.98 112.7 57.5 30.6 1 -1

178 7.94 119.9 54.5 41.1 0 0

179 7.55 109.2 43.7 -1

180 6.80 106.7 44.6 0

181 8.08 124.9

182 8.18 124.1 52.7 20.6 0 1

183 8.54 122.5 56.9 38.6 -1 0

184

185

186 6.99 114.9 59.2 72.7 -1 1
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187 8.31 118.0 50.2 -1

188

189 8.34 124.2 55.8 41.1 0 -1

190 8.20 121.2 59.3 -1

191 6.68 112.3 55.7 63.0 -1 0

192

193 8.37 120.0 54.9 36.5 -1 1

194 8.57 116.5 60.6 70.9 -1 1

195 8.41 123.3 58.5 40.5 1 -1

196 8.70 116.0 55.9 37.0 1 -1

197 8.25 111.0 46.5 1

198 8.83 124.1 59.8 34.0 1 1

199 8.21 118.1 60.7 28.2 1 -1

200 7.69 118.1 56.8 41.8 1 1

201 8.37 123.8 60.7 39.1 1 0

202 7.63 115.0 58.1 37.0 0 -1

203 7.03 118.7 59.0 31.0 1 -1

204 8.33 116.2 52.8 -1

205 8.10 121.2 52.0 38.5 -1 0

206 8.75 124.3 59.0 28.8 1 -1

207 7.89 117.5 59.3 37.6 0 -1

208 7.26 116.5 63.5 31.9 0 0

209 7.84 116.5 58.9 30.5 1 -1

210 7.31 115.7 52.7 39.4 -1 0

211 7.20 121.3 54.8 43.0 -1 1

212 7.69 118.1 53.6 41.8 0 1

213 9.03 117.5 59.1 28.2 1 -1

214 7.78 117.5 56.8 38.7 1 -1

215 8.60 120.1 66.7 66.3 1 -1

216 8.64 121.3 58.2 40.6 1 -1

217 7.31 115.5 56.4 33.8 -1 -1

218 7.78 111.8 60.6 63.1 1 0

219 8.92 119.6 56.6 27.4 0 -1

220 9.02 123.1 59.2 30.6 1 -1

221 8.01 120.6 54.2 19.4 1 0

222 7.64 103.7 45.8 1

223 7.73 118.8 52.8 40.0 -1 1

224 7.40 118.6 53.9 34.1 -1 1

225 7.94 120.8 53.5 0

226

227

228
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229

230

231

232

233

234

235

236

237

238 8.47 118.1 50.5 24.6 -1 1

239 8.96 118.1 59.4 35.5 -1 1

240 8.24 126.9 56.4 40.7 -1 1

241 8.17 127.4 51.2 41.6 -1 1

242 9.22 123.2 61.8 38.9 1 0

243 8.88 118.8 56.5 38.7 1 0

244 6.94 115.9 52.8 40.6 -1 0

245 7.64 117.7 56.8 28.2 0 -1

246 6.72 114.3 54.7 37.0 -1 1

247 8.77 122.5 53.7 40.2 -1 -1

248 9.43 130.2 54.4 32.4 -1 0

249 8.58 124.8 61.8 36.5 -1 -1

250 8.62 127.9 53.9 40.5 -1 -1

251 7.86 120.7 61.1 1

252 7.85 116.5 59.9 -1

253

254

255 8.59 122.9 55.2 30.7 -1 0

256 8.77 125.3 61.5 33.5 1 1

257

258

259

260

261

262

263

264

265

266

267

268

269

270
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271

272

273

274

275

276 8.28 118.8 55.1 39.8 -1 0

277 8.95 117.6 52.7 29.4 -1 -1

278

279 8.62 121.8 52.2 23.0 0 1

280 7.95 116.6 55.7 31.8 -1 0

281 7.21 118.8 53.2 46.4 -1 1

282

283 8.93 118.8 56.5 40.6 1 -1

284 7.38 115.9 52.0 39.3 -1 0

285 7.09 120.4 60.0 29.3 1 0

286 8.37 113.2 52.8 39.2 -1 0

287 8.17 120.2 53.6 37.7 -1 -1

288 8.53 116.5 60.9 -1

289 8.55 128.9 58.9 40.4 0 1

290 9.03 130.9 53.0 42.9 -1 1

291

292

293 8.37 119.6 50.9 38.9 -1 0

294 6.50 121.4 64.1 30.7 1 -1

295 8.23 123.6 61.0 33.0 -1 1

296 8.38 118.2 55.1 39.9 1 -1

297 8.12 115.8 51.1 35.8 -1 -1

298 7.58 121.5 59.9 27.2 1 -1

299 7.17 123.0 59.3 27.8 1 -1

300 7.47 116.5 57.1 30.6 0 1

301 7.05 109.6 61.7 32.7 -1 1

302 8.21 117.0 54.1 42.8 -1 1

303

304 8.07 120.7 58.4 31.6 1 1

305 8.19 116.1 55.7 33.0 -1 1

306 8.61 121.6 54.0 39.9 0 1

307 8.17 120.9 53.0 42.1 -1 0

308 8.84 125.1 56.7 29.9 0 0

309 8.19 119.1 54.7 36.2 1 -1

310 7.57 122.3 50.5 22.1 -1 1

311 8.14 114.7 52.2 35.7 -1 1

312 9.72 124.3 57.9 40.3 0 1
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313 8.00 108.6 43.9 -1

314 8.78 119.3 52.4 44.7 -1 1

315 8.08 127.7 56.9 29.6 -1 1

316 8.61 131.5 61.2 34.0 -1 1

317 8.78 127.4 54.9 39.3 1 -1

318 6.70 133.1 45.8 1

319 6.64 116.9 51.1 42.0 -1 1

320 8.32 122.0 54.2 39.3 -1 -1

321 8.83 129.5 54.1 31.2 -1 1

322 8.07 118.0 40.6 0

323 8.28 122.2 57.2 35.4 -1 -1

324

325 7.35 115.7 54.9 29.5 -1 -1

326 8.04 117.3 59.3 34.0 -1 1

327 9.29 122.0 51.9 39.6 -1 0

328 8.48 124.3 55.6 31.8 -1 1

329 8.70 123.4 55.9 43.5 -1 1

330 9.03 119.9 59.5 63.3 1 0

331 8.08 124.9 51.5 20.9 -1 1

332

333 7.26 114.1 51.9 41.6 -1 1

334 8.24 120.2 57.3 40.7 1 -1

335 7.57 121.5 59.9 37.9 1 -1

336 8.46 118.2 58.8 28.6 1 -1

337

338 8.96 120.2 59.2 39.5 1 0

339 8.59 118.0 60.0 31.7 1 0

340 7.68 121.9 57.6 41.7 1 0

341 8.26 119.5 65.9 30.5 1 -1

342 8.44 116.7 62.2 38.6 1 -1

343 8.32 120.1 58.6 28.2 1 -1

344 7.44 120.0 54.5 41.2 -1 -1

345 7.23 118.4 59.2 65.1 1 1

346 7.70 118.3 52.9 17.8 0 -1

347 8.53 117.4 55.7 64.3 -1 1

348 8.40 128.8 55.6 1

349

350

351

352

353

354
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355

356

357

358

359

360

361 8.06 120.2 57.5 29.2 1 0

362 7.79 120.1 57.3 31.7 0 0

363 7.67 120.5 62.0 37.5 0 0

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394 7.92 103.9 45.0 0

395 7.44 121.7 56.5 31.9 0 0

396 8.21 111.4 44.9 0
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397 7.14 119.2 57.0 34.7 -1 -1

398 6.31 113.9 52.6 39.4 -1 0

399 7.51 119.2 57.7 34.1 0 1

400 8.56 104.7 44.8 0

401 9.72 121.7 51.3 41.3 -1 1

402 10.04 125.8 55.7 38.8 -1 0

403 8.81 127.5 50.9 37.6 -1 -1

404 8.05 122.5 56.2 29.7 0 0

405 8.29 121.5 57.9 29.3 1 0

406 7.58 109.3 60.8 68.6 -1 0

407 7.66 117.7 40.7 1

408 7.30 118.0 53.3 35.0 -1 1

409 9.76 124.7 53.4 37.7 -1 -1

410 9.43 130.8 55.2 28.8 -1 -1

411 9.07 125.5 62.7 39.4 0 1

412 8.36 122.9 56.4 41.5 -1 1

413 8.13 115.0 52.2 37.0 -1 -1

414 7.00 118.8 58.7 33.3 -1 1

415 7.48 122.2 52.5 30.5 -1 -1

416

417 8.19 106.1 59.7 69.8 -1 1

418 7.96 116.5 56.0 44.5 -1 1

419 7.89 114.3 52.5 0.0 -1 1

420 8.86 123.3 59.9 40.3 -1 1

421 8.55 126.0 53.4 38.1 -1

422 7.59 124.8 53.9 39.9 1

423 8.76 122.2 60.4 1

424 8.89 117.7 59.7 62.9 1 0

425 7.52 118.4 57.7 44.1 -1 1

426 9.01 119.6 60.4 42.1 -1 1

427 8.35 132.4 51.5 17.1 -1 -1

428 9.43 120.3 60.0 72.3 -1 1

429 7.42 112.3 59.5 73.3 -1 1

430 8.60 120.8 54.6 20.2 1 1

431 7.07 114.6 56.5 43.4 1 1

432 6.94 111.3 58.8 63.4 0 0

433 8.85 123.9 56.6 31.6 1 0

434

435 8.81 112.1 60.5 41.6 -1 1

436 8.23 121.8 58.0 30.7 1 1

437 8.23 118.3 59.1 35.4 -1 1

438 8.66 128.5 57.2 31.3 0 0
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ABSTRACT 

We have identified a class of molecules, known as 2-aminothiazoles (2-ATs), as frequent-hitting 

fragments in biophysical binding assays. This was exemplified by 4-phenylthiazol-2-amine being 

identified as a hit in 14/14 screens against a diverse range of protein targets, suggesting that this 

scaffold is a poor starting point for fragment-based drug discovery. This prompted us to undertake 

an analysis of this scaffold in the context of both an academic fragment library used for fragment-

based drug discovery (FBDD) and two larger compound libraries used for high-throughput 

screening (HTS). This analysis revealed that such “Promiscuous 2-AminoThiazoles” (PrATs) were 

found to behave as frequent hitters under both FBDD and typical HTS settings, although the 

problem was more pronounced in the fragment-based studies. As 2-ATs are present in known 

drugs, they cannot necessarily be deemed undesirable, but the combination of their promiscuity and 

difficulties associated with optimizing them into a lead compound, make them, in our opinion, poor 

scaffolds for fragment libraries. In the context of HTS libraries where 2-ATs are found to hit a 
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target at much lower concentration there is a reasonable likelihood that they can be progressed 

successfully, although their observed promiscuity may constitute a greater developmental risk. 

 

INTRODUCTION 

Fragment-based drug discovery (FBDD) is becoming a widely-used technique in drug discovery as 

part of a medicinal chemists arsenal.1,2 FBDD strategies utilise small (typically ~200 Da) 

molecules, known as ‘fragments’, that these typically have relatively low affinities for the target of 

interest. Nonetheless, numerous FBDD campaigns have demonstrated that it is feasible to elaborate 

fragment hits to achieve clinically useful compounds.3 Furthermore, there are published examples 

where FBDD has enabled the development of potent compounds against targets where HTS of a 

large library did not yield any useful hits4 and a review of internal projects by scientists at 

AstraZeneca revealed that FBDD represents a powerful tool to assess the likelihood of finding 

highly potent ligands for any given target.5 This highlights one attraction of FBDD, which is that 

FBDD screening libraries typically contain relatively small numbers of compounds (a few hundred 

to thousands) but are very effective at finding hits because they are able to sample chemical space 

more efficiently than the larger compounds that are generally found in HTS libraries.6 One way of 

illustrating this is to consider that a library of drug-like molecules of 30 heavy atoms might need up 

to 1060 members to efficiently cover chemical space, whereas this number is vastly smaller – around 

107 – for a library of fragments with around 12 heavy atoms.7,8 As fragments are smaller, they 

typically bind with lower affinity to the relevant target, with KD values often ranging from high 

micromolar to millimolar. In contrast drug-like hits from HTS typically have KD values in the high 

nanomolar to low micromolar range, although in both cases the binding energy per heavy atom (or 

“ligand efficiency”) can be comparable. Fragments can also be developed into lead compounds that 

are smaller and less lipophilic than those generated from HTS.9 A highlight of FBDD to date was 

the discovery of Vemurafenib, a BRAF kinase inhibitor used for the treatment of late-stage 

melanoma, which, via medicinal chemistry optimisation, became the first FBDD-derived compound 
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to reach the clinic.10,11 Since FBDD libraries are typically small it is essential to ensure that the 

library is populated with high quality fragments. Some of the key considerations in the design of 

fragment libraries have been discussed previously.12,13 

 

PAINS 

A matter of growing concern with screening libraries, for FBDD or otherwise, is the inclusion of 

compounds that may act promiscuously and display activity both across different target classes and 

via a number of different assays or biological readouts. These types of compounds, which are 

widely referred to as Pan Assay INterference CompoundS (PAINS), were first described by Baell 

and Holloway14 and are identified by the presence of substructural features that promote frequent-

hitting behavior. It has been suggested that they should be excluded from screening libraries for that 

reason. Whilst in many cases PAINS may appear to give optimizable hits, elaboration often results 

in flat or confusing structure-activity relationships (SAR).15 The reasons for their promiscuity are 

varied and include the presence of potential Michael acceptors, chelation, redox activity, and strong 

chromophoric interference.16 Some PAINS scaffolds have easily identifiable problems associated 

with them, but the chemical basis of the observed promiscuity for many PAINS is unknown. 

Confounding the complexity of PAINS identification is the fact that there are a small number of 

cases where seemingly “unprogressable” PAINS have in fact been developed into potent and 

selective molecules. One example is the PI3Kγ inhibitor (AS-604580) which is based on an 

alkylidene rhodanine hit containing this known PAINS motif.17 However, the fact that certain 

PAINS or PAINS-like motifs are present in some potent and selective molecules does not imply 

that the PAIN is a viable starting point. In general, the chances that a PAIN will be progressed to a 

useful lead compound are overwhelmingly smaller than the chances it will not.16 

 

There are fourteen sub-classes of 2-ATs that have been categorized as PAINS.14,16 There are a 

number of possible reasons for their reported promiscuity, such as their potential photoreactivity or 
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the presence of impurities generated by their chemical precursors, for example where 2-ATs are 

prepared from bromomethylketones.14 2-ATs have also been identified as potentially thiol-reactive, 

which is another mechanism that produces problematic screening hits. For example a subclass of 2-

ATs was identified in the ALARM-NMR assay as being thiol-reactive.18,19 However, in this case it 

is possible that their reactive precursors were responsible.20  

 

That 2-ATs can be progressed to generate useful compounds is testified by a number of marketed 

drugs: antibiotics such as carumonam, cefcapene, cefdinir, cefditoren, cefepime, cefetamet, 

cefoselis, cefotaxime, cefotiam, cefpodoxime, cefpirome, ceftazidime, ceftibuten, ceftriaxone; 

talipexole and pramipexole, dopamine agonists for the treatment of Parkinson’s disease; 

mirabegron, a β3-adrenoceptor agonist used to treat overactive bladder; and riluzole, a 2-

aminobenzothiazole used to treat acute myeloid leukaemia (AML). Conversely, 2-ATs have 

displayed cytotoxicity and metabolic instability as antimycobacterial and antiplasmodial agents.21 

Thus, the value of 2-ATs in screening collections is currently unclear. Herein, we describe our 

efforts to determine if 2-ATs are promiscuous binders by both FBDD and HTS techniques. 

 

RESULTS 

FBDD Screening 

The FBDD screening was undertaken at the Monash Institute of Pharmaceutical Sciences (MIPS) 

using a library of 1137 fragments comprising molecules that pass both biophysical and chemical 

filters, are chemically and structurally diverse, are soluble at 1 mM in aqueous buffer and can be 

chemically elaborated from readily accessible precursors.12,22 Chemical filters that were applied in 

assembling the fragment library include the removal of PAINS,14 unwanted functionality13 and 

reactive groups.23 A review of 14 fragment screening campaigns with this library revealed that at 

least one 2-AT from the library had been identified as a hit in every case.12 This led to our 

investigation of their role as potential promiscuous binders via FBDD. We report here the results of 
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our study and analysis of all 2-ATs in our fragment library (Figure 1) by surface plasmon resonance 

(SPR) against 6 different protein targets. Target proteins included in this study were the 

Plasmodium falciparum apical membrane antigen AMA1,22 the E3 ubiquitin ligase adapter protein 

SPSB2,24 two DsbA oxidoreductases from different bacterial species (oxidoreductase 1 and 2), 

carbonic anhydrase II, and a kinase. These were selected as the proteins exhibit diversity in function 

and have little structural similarity across their binding sites. All except oxidoreductase 2 had 

known positive controls that were used in the SPR assays. In addition, the fragment screen 

contained a number of internal controls. Four fragments used in this study were previously 

identified as binders to SPSB2 by SPR (1, 3, 15, 17; unpublished data), carbonic anhydrase II was 

expected to show a very strong preference for compounds containing a terminal sulphonamide and 

a prior fragment-screen of oxidoreductase 2 (unpublished data) had revealed only very weak 

binding for any fragment. Thus, oxidoreductase 2 was included as a negative control.  

Figure 1. 2-Aminothiazole (2-AT) and 2-AT-like compounds in the MIPS Fragment Library12 
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Dose-response determinations for positive controls gave KD values that were all within the expected 

ranges for each target protein (Supplementary Figure S1 and S2), confirming that all proteins were 

stable and active on the sensor chip under the conditions used. Binding of 2-ATs was carried out at 

a single concentration (200 µM) in duplicate, and the average raw response was converted to 

percentage occupancy of binding, corrected for the molecular weight of each compound (Figure 2). 

The sensorgrams for selected 2-ATs can be found in Supplementary Figures S3–5. Injections of 

buffer blank were included between each compound, both to provide for double referencing and to 

minimise carry-over problems from poorly behaved compounds.  

 

Figure 2. Binding of 2-ATs to AMA1 (green triangles), SPSB2 (red squares), oxidoreductase 1 

(purple circles), oxidoreductase 2 (black circles), kinase (orange crosses), and CAII (blue 

diamonds). Compounds were tested at a concentration of 200 µM, and the raw response converted 

to percentage occupancy. Note that the data points for 8 (AMA1 and SPSB2) and 15 (CAII) are off 

the Y-axis scale and occur at 125% and 175%, respectively. 
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Figure 2 reveals a consistency in the pattern of protein binding. Individual fragments displayed very 

little discrimination in binding to five of the six proteins; excluding oxidoreductase 2, fragments 

generally bound either all five proteins or none. While there were some exceptions, there was also a 

general tendency for fragments to bind each protein at similar occupancy, suggesting approximately 

the same affinity and thus providing very little clear SAR. Further, only two 2-ATs (1 and 15) 

demonstrated any binding to oxidoreductase 2, consistent with its observed limited ability to bind 

fragments of any description.  

 

To examine the SAR in a more systematic manner, 2-ATs from the MIPS library were clustered 

based on linear fingerprints and key chemical features, and the screening results examined for each 

grouping. Compounds 1 – 7 feature 4-aryl substitutions with a free 2-amino group, with or without 

a substituent at the 5-position. Fragments 8 – 12 maintain the free 2-amino group, with 8 and 9 

containing fused aliphatic rings, whereas 10 – 12 have aliphatic substituents at the 4-position. 

Fragments 13 – 15 integrate benzothiazoles with their 2-amino group intact, while fragments 16 and 

17 have morpholino or piperazino attachments through their 2-amino group, respectively. 

Fragments 18 – 24 are 2-amido containing thiazoles and 27 and 28 are thiazolo[3,2-a]pyrimidines, 

in which the 2-amino group is incorporated in the heterocycle. The triazolothione (25) and 

thiazolium (26) complete the selection of 2-ATs from the MIPS library. These molecules contain 

diverse substituents around the 2-AT core. Despite the chemical diversity in the 28 2-ATs in the 

library, evaluation of their binding to the different targets provided little clear SAR. 

 

As an example, 4-phenylthiazol-2-amine (1), highlights the problem with this class of molecule, 

showing binding to all six proteins examined, all with similar occupancy levels (~25%). As this 

fragment contains 12 heavy atoms this level of binding corresponds to a favourable ligand 

efficiency (i.e. binding energy per heavy atom) in each case.25 Thus, if this fragment were tested in 

an isolated setting against one particular protein, the likelihood of follow up by medicinal chemists 
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is high, demonstrating the insidious behavior associated with this class. To rule out an impurity in 

the commercial preparation of fragment 1, it was resynthesised and purified. This gave similar 

occupancy levels to the commercial product across the protein targets, indicating an inherent 

problem with the molecule itself as opposed to reactive precursors or side-products potentially 

present in the commercial source.  

 

Fragments 2 – 6 show binding to all of the proteins examined except oxidoreductase 2. The addition 

of the 5-methyl group appears to have little effect, as does the nature of the substituents on the 4-

aryl ring, which include hydroxy, methoxy and fluoro moieties. The addition of carboxylic or amido 

containing chains (7, 10, 11) at the 4- or 5-position, coupled with saturation of the 4-aryl ring (12), 

seems to abrogate promiscuity, although, of these fragments, only 12 is observed to bind to any of 

the proteins at an occupancy > 10% and 12 binds only to oxidoreductase 1. Of the benzothiazole 

fragments with a 2-amino group, 13 and 14 do not bind CAII or oxidoreductase 2, 15 binds all six 

proteins and in the case of bicyclic 8, occupancy levels > 100% of the theoretical Rmax are observed 

for two proteins. Fragment 15 is the only sulfonamide in the series and demonstrates affinity to 

CAII, as expected for this protein since it specifically binds terminal sulfonamides, but a number of 

other fragments (example 3, 8, 13) also demonstrate binding to CAII.26 The 2-substituted 

aminothiazoles are an interesting test case; morpholino (16) shows little to no binding to any protein 

tested, whereas piperazino (17) binds to five of the six proteins. The 2-amido and heterocyclic 

thiazoles (18 – 24, 27 and 28) show little or no binding to any of the proteins and do not appear to 

be inherently promiscuous. Triazolo thione 25 and thiazolium 26 showed no binding to 5 and 4 of 

the targets, respectively. In summary, 2-ATs appear to be generally promiscuous at fragment 

screening concentrations whereas the corresponding amides are not. Within the set of 2-ATs, there 

are no clear characteristics that distinguish the more promiscuous binders from their less 

promiscuous counterparts, and thus there is no clear SAR. We have so far been unsuccessful in 

generating a crystal structure with any 2-AT fragment, although 2-AT crystal complexes have been 
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reported by others from FBDD programs targeting prostaglandin D2 synthase (PGDS)27 and 

leukotriene A4 hydrolase (LTA4H).28 In the case of LTA4H, two molecules were bound at different 

sites on the protein, whereas in the case of PGDS the 2-AT was not itself a screening hit, but a 

compound designed as an analogue of the original hit. 

 

The evidence of non-specific binding of 2-ATs to SPSB2 is supported by protein-detected NMR 

data. For example, 19F-NMR studies on 5-F-Trp-SPSB2 have proven effective as an analytical tool 

for determining binding to the active site of the protein.29 Specific binding of peptides and ligands 

to the active site is characterised by a downfield shift of the fluorine peak corresponding to residue 

W207 (Figure 3). In contrast, no downfield shift of this peak was observed for the 2-ATs that were 

observed to bind SPSB2 by SPR, despite their reasonable binding occupancy at 200 µM. This 

suggests that these 2-ATs do not bind to the active site of SPSB2, and that binding probably occurs 

at either a secondary or non-specific site on the protein. 

 

Figure 3. 19F-NMR spectra of 5F-Trp SPSB2 alone (bottom), with 500 µM control peptide 

(middle), and 3 mM 1 (top). Specific binding of the control peptide to the active site is characterised 

by a downfield shift of the peak corresponding to W207.24 No such shift is observed for the thiazole 

fragment, suggesting that binding to SPSB2 is non-specific.  
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HTS Screening – Academic and Corporate Collections  

We were interested in assessing the apparent promiscuity of 2-AT derivatives in fragment-based vs 

high-throughput screening. To analyse the latter, we adopted two approaches. The first was to 

analyse the relative prevalence of 2-AT-based PAINS in a HTS library of 93,000 compounds 

housed at the Walter and Eliza Hall Institute (WEHI).30 The second was to analyse the full 

AstraZeneca HTS screening deck. With respect to the first approach, a search of the WEHI HTS 

library revealed 989 2-AT-based compounds and an additional 1012 compounds where the amine 

was acylated. Amongst these are 14 sub-classes of PAINS, the structural definitions of which are 

given in Supplementary Figure 6. This analysis was concordant with data from our fragment library 

in that no PAINS class contains 2-ATs in which the 2-amino group is acylated.  

 

The incidence of frequent hitting 2-ATs was then investigated with greater statistical power using a 

large corporate collection (AstraZeneca, January 2014). These compounds have been tested in a 

range of HTS campaigns with concentrations typically around 10 µM. To assess the promiscuity of 

2-ATs we employed a descriptor that has been designed to flag potential frequent-hitter behavior 

for all compounds with sufficient data.31 The descriptor is calculated by first designating a 

compound as active/inactive in each available screen using data from all historical AstraZeneca 

HTS campaigns. The body of HTS data that is available varies from compound to compound for a 

variety of reasons (age of compound, sample availability, membership of screen sets, manual 

collation), so potentially anomalous binding behavior was designated by comparing observed 

incidence of activity for a given compound to the expected activity for an ‘average’ compound. In 

this way a descriptor (termed the pBSF score) was derived that indicates whether the compound is 

more active than expected based on historical observations.31 This knowledge-based descriptor is 

calculated as the negative logarithm of the probability of encountering the observed level of activity 

for a compound that behaves normally, by chance. A low probability, and hence a high score, 

indicates that it is very unlikely that the observed level of activity would be observed for a well-
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behaved compound, which therefore suggests that the compound is a promiscuous hitter. We first 

analysed the number of 2-ATs that had a pBSF score above a threshold score of 2.0. Secondly we 

divided the 2-ATs into classes based on substructures, and determined the proportion of each 

substructure that had pBSF scores > 2.0.  

 

A comparison was made of the pBSF score for the 61,040 2-ATs within the AstraZeneca collection. 

For comparison, a similar number of compounds were selected at random from the library, as 

documented in Figure 4. For the 2-ATs there were 6,122 compounds with a score > 2, whereas the 

random set had 3,704 compounds with a score > 2. It is evident that the incidence of frequent hitters 

in the random set is lower than for the 2-ATs, which suggests that the 2-ATs are somewhat 

promiscuous.  

 

Figure 4. Rank-ordered frequent hitter scores for the first 6,122 2-ATs (red line) from a total set of 

61,040 2-ATs retrieved by substructure from the AstraZeneca screening collection. Dotted lines 

show the numbers of compounds at a threshold value > 2, which is indicative of anomalous binding 

behavior. 
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Next we divided the 2-AT structural classes using the substructures shown in Table 1 and counted 

the incidence of suspicious compounds using a threshold of > 2 to distinguish potential frequent 

hitters from ‘clean’ compounds and those lacking sufficient data. 

 

Table 1. Nine simplified 2-AT classes were inspected for promiscuous behavior across the 

AstraZeneca corporate collection. Counts are shown for subsets of small molecules (MW < 300) 

and larger compounds (MW ≥ 300). 

Class  Substructure a N N with 
data 
MW<300 

N with 
data 
MW>=300 

N(FH
) 
MW<
300 

N(FH) 
MW>=
300 

fraction 
pBSF>2 
LowM
W 

fraction 
pBSF>2 
highM
W 

1 aminothiazoles  
 
 

77,826 
 

8,070 52,970 559 5,563 6.93 10.50 

2 fused 
aminothiazoles 

 

 

3,259 284 2,190 17 144 5.99 6.58 

3 primary 
amines 

 
 

8,678 1,781 4,425 143 564 8.03 12.75 

4 secondary 
amines 

 
 

 

55,445 5,336 38,337 372 3,970 6.97 10.36 

5 tertiary amines  
 

 

13,864 978 10,312 53 1,068 5.42 10.36 

6 tertiary 
amines, 
acyclic 

 

 

3,517 304 2.795 15 108 4.93 3.86 

7 tertiary 
amines, cyclic 

 
 

 

10,307 661 7,495 37 960 5.60 12.81 

8 thiazole cyclic 
amines 
(‘embedded’) 

 

 

59 21 25 0 0 0.00 0.00 

9 acylated 
thiazole 
amines 

 
 
 

29,816 2,613 21,447 99 1,657 3.79 7.73 

a Structure legend: A, any atom; rn, ring bond; ch, chain bond; sn, substitution count n; rn, number of ring bonds 
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The data in Table 1 are consistent with the patterns observed with the MIPS FBDD and WEHI HTS 

data, namely that 2-ATs show a higher incidence of anomalous binding behavior across a number 

of substructure classes. Typically, structures across the AstraZeneca collection that have on average 

≤ 6.0% of the compounds within the class with a pBSF score > 2.0 are not considered to be frequent 

hitters. Here, an elevated incidence (approx. 10%) of such behavior can be seen for the overall class 

of 2-ATs and for subclasses 1, 3, 4, 5 and 7, which is in line with observations for the WEHI HTS 

library.  

 

It is notable that promiscuity can be observed in the HTS data even within sets of low-MW 

compounds For example within class 3, there are 1781 primary amines with MW < 300, of which 

8% are classified as frequent hitters. Although these compounds are “fragment-like” in terms of 

their size, they are observed to be promiscuous in the HTS data despite being screened at a typical 

HTS concentration of 10 µM, which suggests that their promiscuity in the FBDD data is not due 

solely to the higher concentrations used in the fragment screen. 

 

Subclass 9 comprises the acylated 2-ATs, which show a lower incidence of frequent-hitter 

behaviour than the entire class of 2-ATs both for the low-MW and high-MW set. Nonetheless, the 

incidence of frequent-hitter behavior in the high-MW set is somewhat higher than the expected 

“normal” level of 6.0% but this can be explained by biases that are apparent in target-specific 

analyses of the screening data. Inspection of a target-specific frequent hitter descriptor (results not 

shown) reveals that subclass 9 shows an increased incidence of kinase activity. As kinases are 

typical drug targets pursued by pharma companies, a bias may be observed in the data where 

kinase-like motifs have been screened preferentially in kinase-targeted screens. This skews the 

descriptor results based on such data to some extent, i.e. some of the frequent hitters identified may 

actually be kinase-frequent hitters, and not necessarily problematic. Within the 1,657 potential 

frequent hitters of kinase-like class 9 (MW≥300), a subset of 556 molecules appears to be kinase-
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frequent hitters. Subclass 7 contains a structural motif less likely to hit kinases, yet appears to have 

a high frequent-hitter incidence and contains 960 suspicious compounds (MW≥300). Of these, a 

smaller fraction of only 136 display kinase-related frequent hitter behavior, suggesting that the 

origin of frequent-hitting behavior in the remaining compounds is mostly not related to kinases. We 

suggest therefore that the somewhat increased incidence of frequent hitters we observe for the 

acylated 2-ATs in this data set is an artefact resulting from a kinase-activity bias, and that the 

acylated 2-ATs as a whole do not meet the criteria to be categorised as frequent hitters. 

 

Using the AstraZeneca 2-AT set of 61,040 compounds and data derived from the AstraZeneca 

corporate collection, we investigated overall correlations of frequent hitter incidence with 

lipophilicity (experimental logD, clogP), experimental solubility (pSol, calculated as log[Sol/uM] ), 

calculated polar and non-polar surface area (PSA and NPSA, in Å2 and %PSA in %), and molecular 

volume.32,33 Correlations are observed with ion class, PSA, %PSA, as well as donor and acceptor 

counts (Supplementary Figure S7), suggesting that there could be a relation with polarity (each of 

these properties reflects polarity and they are interrelated). A weak trend with logD (experimental 

octanol-water partitioning coefficient) was observed, with low-logD compounds somewhat more 

likely to be frequent hitters. No relation is observed with experimental aqueous solubility, but a 

trend is seen with increasing clogP. Although there are no categorical reasons for promiscuity in 

these compounds, the observation that ionisable groups and high lipophilicity may increase 

anomalous behavior in the 2-AT class is in line with recent observations by Tarcsay and Keserű,34 

who observed similar trends. 

 

DISCUSSION 

We have demonstrated that certain members of the class of compounds containing a 2-AT 

substructure are frequent hitting and promiscuous fragments in the context of FBDD, where 

screening is undertaken using biophysical binding assays. We have dubbed these fragments 

Promiscuous 2-AminoThiazoles (PrATs). Analysis of binding of the 28 2-ATs in our fragment 
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library was undertaken by SPR and NMR against six unrelated protein targets. Although some 

patterns have emerged, such as the presence of the free 2-amino group seeming to promote 

promiscuity, a clear mechanism of action has not been identified at this point. Nonetheless, our SPR 

analysis produced flat and confusing SAR against several of the targets, which has previously been 

noted in the characterisation of PAINS identified in HTS.  

 

As several approved drugs contain a 2-AT, it is clearly possible to accommodate this structure in a 

therapeutically useful compound. However, it is noteworthy that a number of PAINS subclasses 

also contain the 2-AT chemotype, which suggests that the 2-AT may carry some risks if selected for 

development. For example, in common with many aromatic amines, 2-ATs can be Ames positive 

dependent on the substitution pattern. Further, aminothiazoles have been associated with liver 

toxicity via bioactivation of the double bond, leading to formation of thioureas that are further 

bioactivated. However, problems relating to reactivity and covalent modification are unlikely to 

contribute to the observed promiscuity in biophysical binding assays, since the ligand-detected 

NMR assays used in FBDD typically provide evidence of compound identity and binding 

simultaneously, whilst both NMR and SPR discriminate between covalent and non-covalent 

interactors. 

 

Analysis of the AstraZeneca HTS data reveals that 2-ATs show elevated frequency as screening hits 

relative to the compound library as a whole. However, the percentage (10%) is significantly lower 

than the corresponding value for other known PAINS classes, which can be around 15-20%.31 The 

AstraZeneca data also suggest that acylation of the 2-amino group ameliorates the problem of 

frequent hitting, which indicates that not all 2-ATs are problematic in the context of HTS. 

Similarly, only 3.2% of 2-AT-containing compounds in the WEHI HTS library are defined as 

PAINS, which does not provide a strong case for exclusion of all 2-ATs from HTS collections.14 

Thus, the two HTS analyses are in broad agreement with each other and suggest that the majority of 
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2-ATs do not seem to be generally promiscuous at HTS-relevant concentrations in the 10 – 25 µM 

range. Even at HTS-relevant concentrations, some optimizable hits can be relatively promiscuous 

and we have previously identified a 2-aminobenzothiazole derivative16 that hit four out of the six 

HTS assays selected for the PAINS analysis,14 yet led to a highly selective and potent compound.35  

 

Nonetheless, many 2-ATs were observed to be problematic in both HTS and FBDD, suggesting that 

the promiscuity observed in FBDD is not solely due to the higher concentration used in the 

fragment screens. Whilst the higher hit rates that are expected in FBDD dictate that many fragments 

are likely to hit more than one target, these hits are only useful if they can be elaborated into more 

potent compounds. On this basis, it is possible that certain substructures such as 2-ATs, which show 

some limited promiscuity in HTS assays, but would not be flagged for exclusion from a fragment 

library by analysis of chemical or physical properties, are in fact undesirable as members of a 

fragment library based on a retrospective analysis of their behaviour in screening assays. A similar 

approach has previously been described in the HTS setting for deprioritising the use of compounds 

that are known to be promiscuous.36 

 

CONCLUSION 

We have identified 2-ATs as a promiscuous substructure in screens of our fragment library. Each of 

the 28 fragments containing a 2-AT substructure passed all of the biophysical and chemical filters 

that were used in designing the library and were demonstrated to have appropriate purity and 

aqueous solubility. However, based on our findings reported here and our unsuccessful attempts to 

optimize these fragments against different targets, we have removed 2-ATs from the fragment 

library at MIPS, on the basis that we judge the prospects for such compounds to be progressable as 

much smaller than the chances that they will not.  
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EXPERIMENTAL SECTION 

General procedures. Biacore sensor chips, N-hydroxysuccinimide (NHS), N-ethyl-N′-(3-

dimethylaminopropyl) carbodiimide (EDC), ethanolamine HCl, HBS-P running buffer, and P-20 

surfactant were obtained from GE Healthcare. Carbonic anhydrase II and 4-carboxybenzyl 

sulfonamide were obtained from Sigma-Aldrich. Dr Isabelle Lucet (WEHI) provided the kinase 

protein and positive control H4. Doubly His-tagged oxidoreductases 1 and 2 were provided by Dr 

Martin Williams (MIPS). All 2-aminothiazole fragments were obtained from Chembridge or Life.  

Surface Plasmon Resonance (SPR) conditions 

Expression and purification of hexahistidine-tagged AMA1,37 and GST-tagged SPSB2,24 were as 

described previously. Binding of 2-aminothiazoles to the target proteins was measured on a Biacore 

T200 instrument (GE Healthcare). AMA1, SPSB2, and CAII were immobilized onto a CM5 sensor 

chip (Biacore) by standard amine coupling chemistry using sodium acetate at pH 4.5, in running 

buffer A. Doubly-His6-tagged oxidoreductase proteins were immobilised onto an NTA chip 

(Biacore) charged with Ni2+ according to manufacturer’s instructions, in running buffer B. Singly-

His6-tagged Kinase was immobilized to an NTA sensor chip charged with Ni2+ using the Capture-

Couple method,38 in running buffer C. Immobilisation levels were typically 9000 RU for AMA1, 

6000 RU for SPSB2 and CAII, and 2000 – 3000 RU for both oxidoreductases, and the  kinase.  

Running buffer A: 25mM HEPES, 150mM NaCl, 5% DMSO, 0.005% P-20, pH 7.4. 

Running buffer B: 25mM HEPES, 200mM NaCl, 5% DMSO, 0.005% Tween-20, pH 8.0 

Running buffer C: 25mM HEPES, 150mM NaCl, 4mM MgCl2, 2mM TCEP, 3% DMSO, 0.005% 

Tween-20, pH 7.5.  

SPR Screening of 2-Aminothiazoles 

Binding assays were carried out at 25°C using a flow-rate of 100 µL/min in running buffer A 

(AMA1, SPSB2, CAII), running buffer B (oxidoreductase 1 and 2), or running buffer C (kinase). 

200 mM fragment stocks were diluted in the appropriate running buffer to obtain 200 µM working 

concentrations. The association and dissociation phases of binding were each followed for 30 s. An 
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identical injection of running buffer was carried out between each fragment injection, and the 

average of adjacent blanks was subtracted from the raw fragment response. Raw sensorgram data 

were reduced, solvent-corrected, and double-referenced using BIAEvaluation Software (GE 

Healthcare). Raw responses were converted to percentage occupancy by the method of Giannetti39 

using an Rmax value based on the response measured with a saturating concentration of the 

appropriate control, and the molecular weight of each fragment. For oxidoreductase 2, there is no 

positive control available, and binding is reported as percentage of the theoretical Rmax.  

SPR Positive Controls 

The R1 peptide40 was used as a control for AMA1. A peptide corresponding to residues within the 

N-terminus of inducible nitric oxide synthase was used as a control for SPSB2.24 4-Carboxybezyl 

sulfonamide was used as a control for CAII. An elaborated fragment “H4” was used as a control for 

the kinase. An elaborated fragment “LA010” was used as a control for oxidoreductase 1. No 

positive control was available for oxidoreductase 2. Dose-response determinations were carried out 

for all positive controls to confirm protein activity. A concentration series of 2-fold dilutions in 

running buffer was used, with a top concentration of 1 µM (R1), 5 µM (iNOS peptide), 10 µM (4-

CBS), 20 µM (H4) or 200 µM (LA010) (see Supplementary Figure S1).  
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SPR Positive Controls 

PROTEIN	   CONTROL	   EXPECTED	  KD	  

(µM)	   KD	  BY	  SPR	  (µM)	  

AMA1	   R1	  peptide	   0.10	   0.13	  

SPSB2	   iNOS	  peptide	   0.35	   0.57	  

CAII	   4-‐Carboxybenzyl	  
Sulfonamide	   1.0	   0.89	  

Oxidoreductase	  1	   Fragment	  “LA010”	   165	   205	  

Kinase	   Fragment	  "H4"	   4	   7.5	  

Figure S1. Binding of positive controls to target proteins by SPR. Control compounds were 

injected in a concentration series of 2-fold dilutions in running buffer, with a top concentration of 1 

µM (R1), 5 µM (iNOS peptide), 10 µM (4-CBS), 20 µM (H4) or 200 µM (LA10)  
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Figure S2. Raw data (red) and 1:1 kinetic fit from Biacore T200 Evaluation Software (black) for 

(A) R1 peptide binding to AMA1, (B) iNOS peptide binding to SPSB2, and (C) 4-CBS binding to 

CAII.  
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Figure S3. Binding of 2-AT 1 to immobilized AMA1 (A), SPSB2 (B), CAII (C), oxidoreductase 1 

(D), kinase (E), and oxidoreductase 2 (F) by SPR. All compounds were screened at 200 µM.  
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Figure S4. Binding of 2-AT 3 to immobilized AMA1 (A), SPSB2 (B), CAII (C), oxidoreductase 1 

(D), kinase (E), and oxidoreductase 2 (F) by SPR. All compounds were screened at 200 µM. 
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Figure S5. Binding of 2-AT 4 to immobilized AMA1 (A), SPSB2 (B), CAII (C), oxidoreductase 1 

(D), kinase (E), and oxidoreductase 2 (F) by SPR. All compounds were screened at 200 µM. 
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 6 
19F NMR Studies of 5-Trp-SPSB2 

Construction of the 5-F-Trp-SPSB2 protein, and 19F NMR determination of thiazole binding, were 

carried out as described previously.1 19F NMR studies were carried out at 30 °C in 50 mM 

Phosphate, 50 mM NaCl (pH 7.4), with a 5-F-Trp-SPSB2 concentration of 100 µM, with or without 

500 µM control peptide or 3 mM thiazole, as indicated.   

 

2-ATs PAINS subclasses 

 

 
 

   

 
 

 

 
  

  
 

Figure S6. Fourteen PAINS 2-AT subclasses with number of analogues in brackets. For thiaz_ene 

D and thiazole_amine A, enrichment factors are also given that indicate relative promiscuity. For 

benign compounds this is between 10-20%. Here, it varies from a very high 133%, to infinity, the 

latter implying that none of the four analogues was clean. The integer in parentheses represents the 

number of analogues belonging to that PAINS substructure and the percentage where listed is the 

enrichment factor as previously defined.2  
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Frequent-hitter incidence 

a)

 

b)

 

c)

 

Figure S7. Trends of frequent-hitter incidence with a) ion class b) donor count c) %PSA 
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