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Abstract 

Apical membrane antigen 1 (AMA1) is essential for the invasion of host cells by malaria 

parasites. Several small-molecule ligands have been shown to bind to a conserved 

hydrophobic cleft in Plasmodium falciparum AMA1. However, a lack of detailed structural 

information on the binding pose of these molecules has hindered their further optimisation as 

inhibitors. We have developed a spin-labelled peptide based on RON2, the native binding 

partner of AMA1, to probe the binding sites of compounds on PfAMA1. The crystal structure 

of this peptide bound to PfAMA1 shows that it binds at one end of the hydrophobic groove, 

leaving much of the binding site unoccupied and allowing fragment hits to bind without 

interference. In paramagnetic relaxation enhancement (PRE)-based NMR screening, the 
1
H 

relaxation rates of compounds binding close to the probe were enhanced. Compounds 

experienced different degrees of PRE as a result of their different orientations relative to the 

spin-label while bound to AMA1. Thus, PRE-derived distance constraints can be used to 

identify binding sites and guide further hit optimisation. 
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Introduction 

Malaria is a mosquito-borne infectious disease caused by parasites of several species of 

Plasmodium, amongst which P. falciparum and P. vivax pose the greatest threat to human 

health. The global disease burden caused by malaria increased through the 1990s owing to 

emerging resistance of the parasite against drugs and the spread of insecticide-resistant 

mosquitoes; this is illustrated by the re-emergence of the disease in areas that had been 

previously malaria-free.
[1]

 Although remarkable progress has been made in controlling 

malaria since 2000,
[1]

 malaria deaths stood at 435,000 in 2017, up from 429,000 in 2015, 

suggesting that this progress has been stalled in recent years.
[2]

 This trend coincides with the 

spread of artemisinin resistance throughout South-East Asia, and there is serious concern that 

this will spread globally, including to Africa, where malaria prevalence is the highest.
[3]

 

Resistance to the most effective drugs to treat malaria, artemisinin
[4]

 and its partner drugs,
[5,6]

 

threatens the efficacy of frontline combination therapies, thus compromising global efforts.
[7]

 

This highlights an urgent need for novel antimalarial therapeutics.
[8]

 

 Most apicomplexan parasites, including the causative agents of malaria, share a conserved 

host cell invasion machinery.
[9]

 Apical membrane antigen protein 1 (AMA1), an integral 

membrane protein, is an important component of this machinery. AMA1 is released from the 

microneme of the parasite to its apical surface, where it interacts with its binding partner, 

rhoptry neck protein 2 (RON2), another parasite protein secreted and inserted into the host 

cell membrane during invasion.
[10,11]

 The AMA1/RON2 complex forms part of a tight ring-

like structure, called the moving junction, between the parasite apex and the host cell 

membrane, which enables the parasite to enter the host cell.
[12–14]

 AMA1 presents a conserved 

hydrophobic cleft that is the binding site for RON2. Several studies have shown that anti-

AMA1 antibodies, inhibitory peptides and other molecules targeting this hydrophobic cleft 

disrupt the AMA1-RON2 interaction, and are able to block the invasion process.
[13–16]

 By 

mapping the residues of AMA1 and RON2 involved in the interaction and determining 

inhibitor binding poses, small inhibitory molecules targeting the conserved hydrophobic cleft 

can be designed as a basis for developing a new class of antimalarial.
[17]

 

 Previously, a fragment screen identified a range of small-molecule ligands for the 

conserved hydrophobic cleft of PfAMA1.
[18]

 Some of those AMA1 hits were tested in 

chemical shift perturbation assays and several sub-sites on AMA1 were identified, all of 
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which represent possible binding sites to be targeted in subsequent medicinal chemistry 

campaigns.
[19]

 

 However, the specific binding sites of these fragments remain elusive as there are no 

experimental details defining the binding pose(s) of these molecules in the hydrophobic cleft. 

Efforts to crystallise AMA1-small molecule complexes, other than with peptides, have been 

unsuccessful, and NMR studies gave a qualitative indication of the binding sites but no 

specific structural information owing to flat structure-activity relationship (SAR) data and 

promiscuous binding of some of these molecules.
[20]

 Moreover, computational docking 

without experimental support does not provide reliable binding information because of the 

dynamic nature of AMA1 and the plasticity of the protein-protein interaction surface.
[21]

 As a 

result, the process of SAR-guided lead optimisation of these fragments has been hindered.  

 We have, therefore, pursued an alternative approach to define the binding sites of 

elaborated fragments using paramagnetic relaxation enhancement (PRE). PRE is caused by 

magnetic dipolar interactions between a nucleus and the unpaired electron of a paramagnetic 

centre, for example, a spin label, and results in an increase in the relaxation rate of the nuclear 

magnetisation in a distance-dependent manner.
[22,23]

 Spin labels such as nitroxide radicals are 

chemically stable, have a free electron, are paramagnetic and, owing to the large magnetic 

moment of an unpaired electron, exert detectable effects over distances up to 20-25 Å.
[24,25]

 

PRE methods have been used extensively for structural characterisation of protein and 

protein-ligand complexes where the protein itself is spin-labelled.
[26–29]

 In fragment-based 

ligand design, a ligand with a defined binding site can be spin-labelled to search for second 

ligands that bind to adjacent sites.
[30]

 Adopting this concept of second-site screening, here we 

describe the design, synthesis and application of a spin-labelled probe based on the C-

terminal loop of the RON2 peptide
[31]

 that would bind near the hydrophobic cleft of AMA1 

and exert PRE effects on ligands bound nearby. Our designed peptide was based on a 13-

residue truncated, disulfide-cyclised β-hairpin of RON2, RON2hp (CWTTRMSPPMQIC),
[31]

 

which, unlike longer RON2 signal peptides RON2sp1 or RON2sp2, makes extensive contacts 

with only one end of the hydrophobic cleft and leaves most of the cleft exposed. The 

disulfide bridge of RON2hp faces towards the centre of the hydrophobic cleft that has been 

identified as the primary hot spot for small molecule binding. To create a PRE probe, one of 

the disulfide-bridged Cys was substituted with D-Pro, which frees up the thiol group to allow 

spin-labelling. A crystal structure of the designed peptide bound to PfAMA1 confirmed the 

expected binding site, and ligand-detected NMR studies using the probe showed that it was 
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able to provide useful information on the binding orientation of fragments bound to the 

hydrophobic cleft. 

 

Results and Discussion 

Design and development of the probe 

The spin-labelled probe was designed based on the truncated 13-residue disulfide-bridged β-

hairpin corresponding to the C-terminal loop of RON2, RON2hp[F2038W,Q2046M] 

(CWTTRMSPPMQIC) (Figure 1A).
[31]

 Unlike the longer RON2sp1 peptide, RON2hp leaves 

most of the hydrophobic cleft free. The disulfide-bridge is positioned towards the centre of 

the hydrophobic cleft that has been identified as the primary hot spot for small molecule 

binding,
[32]

 and thus offers an ideal site for Cys specific spin-labelling to confer PRE effects 

on molecules bound to the cleft. The highly conserved disulfide bridge between Cys2037 and 

Cys2049 helps stabilise an anti-parallel β-hairpin structure for the peptide.
[33]

 Recent SAR 

studies on β-hairpin RON2 showed that a peptide with the disulfide bridge replaced by 

backbone linkers, for example, D-Pro-L-Pro, maintained binding affinity and functionality.
[34]

 

Initially, backbone-cyclised peptides were synthesised with either Cys2037 or Cys2049 

substituted with D-Pro. The overall yields were 36% for both, with > 97% purity (Figure 

S1A). The backbone cyclisation efficiency was very high, with < 1% linear peptide 

remaining.  

 The binding affinities of the peptides were assessed using SPR for P. falciparum AMA1 

from both FVO and 3D7 strains. As for native RON2hp, the peptides retained a slight 

preference for binding to FVO PfAMA1 over 3D7 PfAMA1  owing to an additional 

interaction with the polymorphic Asn225 residue.
[31]

 The Cys2037-D-Pro2049 linked peptide 

bound to FVO PfAMA1 with an affinity of 7 μM, whereas D-Pro2037-Cys2049 showed 

much weaker binding (Table 1). A 9-fold decrease in affinity for FVO PfAMA1 from the 

parent peptide might arise from changes in local geometry around the disulfide bond. 

Therefore, further studies were carried on the Cys2037-D-Pro2049 cyclised peptide 

(bcRON2hp hereafter). A solution NMR study of the bcRON2hp peptide showed more than 

the expected 10 amide peaks, presumably because of cis-trans isomerisation of one or more 

of the three Pro residues (Figure S1B). This indicates that the peptide might adopt multiple 

conformations in solution, similar to the parent peptide.
[31]
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 For the spin-labelled peptide, the free thiol group of Cys2037 of bcRON2hp specifically 

reacted with the thiosulfonate ester group of the MTSL spin label at neutral pH, with a final 

product yield of >95% and 100% purity (Figure S1C). The 1D 
1
H spectrum of the spin-

labelled peptide, N*bcRON2hp was characterised by extensive line broadening, with the 

most obvious effects on the Trp2038 indole peak adjacent to the MTSL-labelled Cys2037 

(Figure S1D). 

 

Figure 1. Design and development of the spin-labelled peptide as probe. A. Schematic overview 

of PfRON2 protein. SP, signal peptide. TMD, putative membrane domain. Disulfide-bond-forming 

cysteines are underlined. The probe is designed based on the truncated RON2 hairpin RON2hp 

(orange) with two benefical mutations: Cys2049 is replaced with D-Pro and backbone cyclised with 

Cys2037 for bcRON2hp. The MTSL spin label is attached to the free -SH of Cys2037 of bcRON2hp. 

The residues involved in backbone cyclisation are hyphened. The right-hand panel shows the co-

crystal structure of PfAMA1 with PfRON2sp1 peptide (PDB id: 3ZWZ)
[35]

 reproduced from Wang et 

al.
[31]

 PfAMA1 is represented as grey surface. The hydrophobic cleft of AMA1 is highlighted in green 

with the druggable hot spot dashed circled and arrowed. The domain II loop of PfAMA1 that is 

displaced on PfRON2sp1 binding is depicted as a broken grey line. The β-hairpin of PfRON2 

(RON2hp, residues 2037-2049)  coloured in orange and circled in red, binds to the polar Arg pocket 

(arrowed); the rest of the peptide is coloured in blue. B. SPR analysis of N*bcRON2hp binding to 

immobilized FVO PfAMA1. C. First harmonic EPR spectra showing sharper line shape of 

N*bcRON2hp in the free state (blue), which broadens when bound to FVO PfAMA1 (orange). 
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  This confirmed that the nitroxide was in an active (oxidised state) electron spin state. 

Adding the MTSL spin-label moiety to the backbone-cyclised peptide slightly improved the 

affinity for FVO PfAMA1 (2.2 μM) with respect to its unlabelled counterpart (Figure 1B, 

Table 1). 

 

Table 1. Equilibrium dissociation constants (KD) determined by SPR for the interaction of 

peptides with PfAMA1. 

Peptide Sequence FVO 

PfAMA1 

(KD, µM)
[a]

 

3D7 

PfAMA1 

(KD, µM)
[a]

 

bcRON2hp, Cys2037D-Pro DPWTTRMSPPMQIC > 100  > 100   

bcRON2hp, Cys2049D-Pro CWTTRMSPPMQIDP 7.0 ± 0.8 15± 6 

N*bcRON2hp MTSL-CWTTRMSPPMQIDP 2.2 ± 0.5 33± 11 

A_bcRON2hp Acetyl-CWTTRMSPPMQIDP 5.8 ± 1 > 100   

[a]
 Equilibrium dissociation constants (KD) were estimated using a steady-state affinity algorithm 

available within the Biacore T200 evaluation program. The residues involved in backbone cyclisation 

are underlined. The data are expressed as mean ±standard error of the means (SEM) for experiments 

that were conducted on at least three independent occasions.           

 

 We noticed that N*bcRON2hp was reduced upon storage of the stock at 4 °C, resulting in 

approximately 2-5% diamagnetic impurity after four months owing to reduction of the 

nitroxide. This impurity will have little effect on the PRE calculation as the effect of  the 

diamagnetic impurity is much weaker in the case of intermolecular PRE measurements on a 

complex with fast kinetics on the relaxation timescale.
[36]

 Cys2037 of the unlabelled 

bcRONhp was also alkylated (Figure S1E) to prevent its intermolecular dimerization due to 

disulfide formation during storage and to serve as a diamagnetic control in screening 

experiments. The alkylated peptide, A_bcRON2hp retained affinity (5.8 μM) for FVO 

PfAMA1. 

Active electron spin of the probe in the bound state 

To assess the oxidised state of the electron spin while bound to PfAMA1, X-band EPR 

spectra of the peptide were recorded. The spectrum of free N*bcRON2hp exhibited sharp 

spectral line shapes (Figure 1C), characteristic of a single isotropically rotating component 
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with relatively fast motion.
[27]

 Upon addition of FVO PfAMA1, the signal broadened owing 

to binding of the N*bcRON2hp to AMA1. The broadened signal reflected a second well-

defined component corresponding to the restricted motion expected for the AMA1-bound 

peptide, along with a sharp component arising from residual free peptide. Quantification of 

the spectra by double integration indicated that under these conditions, >90% of the peptide 

was bound to the protein, consistent with its affinity measured by SPR. The average electron 

“g factor” for the nitroxide radical was found to be 2.006, which is close to the “g” value for 

a free electron 2.003, indicating an intact spin. Numerical simulation of the EPR spectra 

indicated that the free spin-labelled peptide had a correlation time of 0.26 ns, consistent with 

a free small molecule undergoing isotropic rotation (Figure S2). The spin-labelled peptide 

bound to AMA1 had a correlation time of 8.4 ns, longer than the free peptide but surprisingly 

fast given that AMA1 (38 kDa) is expected to have a rotational correlation time of ~20 ns at 

25 °C. This suggests that the nitroxide retains substantial flexibility in the complex. These 

data indicated that the nitroxide spin was oxidised and active in both free and AMA1-bound 

states. As expected, no EPR spectra were observed for the diamagnetic unlabelled bcRON2hp 

in both free and AMA1-bound states. 

Crystal structure of N*bcRON2hp-AMA1 complex 

The crystal structures of both unlabelled (bcRON2hp) and MTSL-labelled (N*bcRON2hp) 

peptides in complex with FVO PfAMA1 were solved to define the probe binding mode and 

position of the spin label. Details of data collection and refinement are provided in Table 2. 

Purified recombinant FVO PfAMA1 used for crystallisation eluted as a single peak in size-

exclusion chromatography, consistent with the monomeric form of the protein (38 kDa) 

(Figure S3). The structures of bcRON2hp and N*bcRON2hp bound to FVO PfAMA1, at 2.1 

  and 1.6   resolution respectively, showed that the designed peptides adopted a similar 

conformation and binding pose to the native peptide RON2hp,
[31]

 and that the addition of the 

spin label had no effect on the overall position of the peptide. As expected, the peptides 

bound at one end of the hydrophobic cleft opposite to the DII loop, and interacted with the 

Arg pocket (Figure 2A). Overlay of the backbone-cyclised N*bcRON2hp and disulfide-

cyclised RON2hp F2038W peptides (PDB id 4Z0D)
[31]

 in the AMA1-bound structures 

revealed that the Cys2037-D-Pro2049 backbone constrained the N*bcRON2hp peptide 

structure sufficiently to adopt the native hairpin conformation stabilised by intra-molecular 

hydrogen bonds (Figure 2B, 2C). Thus, this scaffold positioned the side-chains of the key 

interacting residues Trp2038 and Arg2041 in an optimal orientation for binding to AMA1 
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(Figure 2D). An additional hydrophobic interaction with Tyr251 mediated by the nitroxide 

moiety of N*bcRON2hp might account for the improved affinity over its unlabelled 

counterpart (Figure 2D). 

 

 

 

Table 2.  Data collection and refinement statistics. 

 FVO PfAMA1- bcRON2hp FVO PfAMA1-N*bcRON2hp 

PDB ID 6N7Q 6N87 

Data Collection 

Wavelength (Å) 0.9537 0.9537 

Resolution range (Å) 36.27 - 2.1 (2.175 - 2.1)
[a]

 40.79 - 1.588 (1.644 - 1.588)
[a]

 

Space group C 1 2 1 I 1 2 1 

Unit cell 122.565 37.975 72.016  

90 91.06 90 

71.567 37.755 142.176  

90 94.13 90 

Total reflections 73917 (5980) 191591 (7829) 

Unique reflections 19743 (1955) 51482 (4902) 

Multiplicity 3.7 (3.8) 3.7 (3.4) 

Completeness (%) 100.00 (100.00) 99.57 (95.87) 

Mean I/sigma(I) 5.75 (1.53) 8.62 (1.42) 

Wilson B-factor 19.92 14.25 

R-pim (all I+ and I-) 0.124 (0.600) 0.056 (0.569) 

CC1/2 0.984 (0.587) 0.997 (0.493) 

Refinement statistics 

R-work 0.2069 (0.2726) 0.1604 (0.2708) 

R-free 0.2428 (0.2973) 0.1882 (0.2967) 

Number of non-H atoms 2351 2919 

  macromolecules 2187 2576 

  ligands  12 

  water 164 331 

Protein residues 280 328 

RMS(bonds) 0.003 0.016 

RMS(angles) 0.62 1.38 

Ramachandran favored (%) 96 97.46 

Ramachandran allowed (%)  2.54 

Ramachandran outliers (%) 0 0.00 

Clashscore 1.19 3.61 

Average B-factor 25.10 21.57 

  macromolecules 24.80 20.44 

  ligands  39.55 

  solvent 28.50 29.75 
 [a]

Statistics for the highest-resolution shell are shown in parentheses. 
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  Computational studies on AMA1 structures identified a druggable hydrophobic pocket 

(~420 Å
3 

solvent-accessible volume) in the cleft as the primary hot spot for small molecule 

binding.
[37,38]

 The pocket is surrounded by polar residues with a hydrophobic base composed 

of Ile252, Phe367 and Phe274, flanked by Tyr251 at one end and by Met273 at the other.
[37]

 

Again, the conformation adopted by 3D7 PfAMA1 upon RON2sp1 binding (PDB id: 3ZWZ) 

revealed a pocket surrounded by Met224, Phe183, Tyr236 and Tyr251 in the centre of the 

hydrophobic cleft.
[19]

 The N*bcRON2hp-FVO PfAMA1 complex structure showed that in the 

bound state the nitroxide was oriented towards the druggable pocket sitting at the edge of the 

centre of the cleft (Figure 3).  

 

 

Figure 2. Crystal Structure of N*bcRON2hp complexed with FVO PfAMA1. A. Cartoon 

representation of N*bcRON2hp-bound FVO PfAMA1 structure. The spin-labelled peptide is situated 

at one end of the hydrophobic cleft, and occupies the polar Arg pocket opposite to the DII loop 
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(purple). The protein is shown in grey, conserved residues making the hydrophobic cleft in green 

sticks, and the domain Ib loop resolved in this structure in blue. The peptide is colored orange, with 

the MTSL moiety cyan. B. Structural alignment of N*bcRON2hp (orange) with native disulfide-

bridged RON2hp (green). C. Intramolecular interactions within bound N*bcRON2hp constrained the 

peptide. D. Intermolecular interactions with AMA1; the spin label makes hydrophobic interactions 

with the conserved Tyr251 (green stick).  

 

Figure 3. Surface representation of N*bcRON2hp complexed with FVO PfAMA1. The MTSL 

spin label (cyan) of the peptide probe (orange stick) projects towards the hot spot at the centre of the 

cleft (green). Some hot spot forming residues flanked at one side of the druggable hot spot are 

highlighted in sticks in the enlarged box. 

 

 Interestingly, a cavity was formed near the base of the DII loop that overlapped partially 

with the druggable pocket mentioned above. The cavity is surrounded by several conserved 

hydrophobic residues Tyr142, Val137, Tyr234, Tyr236 and Tyr251, which also form the hot-

spot identified in a computational study of the R1-3D7 PfAMA1 complex structure.
[38]

 

Tyr251 is highly conserved across Plasmodium species and is essential to the AMA1-RON2 

interaction.
[16]

 Furthermore, recent computational and biophysical studies of the AMA1-

RON2 interaction have suggested the importance of the aromatic subsite (Tyr142, Tyr234, 

Tyr236 and Tyr251) for binding of a non-peptide inhibitor.
[39]

 Our structure showed that the 

spin label is well positioned to confer PRE on any small molecules binding to this druggable 

pocket in the cleft.   

 The highly flexible and dynamic DII loop, which is absent in the apo FVO PfAMA1 

structures (PDB id: 4R1A)
[40]

 and its complex with RON2hp analogues (PDB id: 4Z0D, 

4Z0E, 4Z0F, 4Z09),
[31] 

was partly resolved in this structure in a new conformation (Figure 4). 
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Most of the residues in the DII loop (residues 350-388) were resolved in the electron density 

except residues 354-359 and 385-387. As the DII loop is conserved in both 3D7 and FVO 

PfAMA1, the DII loop conformation in this structure was compared with the reported DII 

loop in apo (PDB: 1Z40)
[41]

 and IgNAR-bound 3D7 PfAMA1 (PDB: 2Z8V),
[42]

 in which the 

complete DII loop is modelled. In both the apo and IgNAR-bound 3D7 PfAMA1 structures, 

the DII loop is resolved in a similar conformation that covers much of the functional binding 

site. The 360-367 segment is helical in all structures but is displaced outward from the DI 

surface in the N*bcRON2hp-FVO PfAMA1 complex structure, rather than packing against 

that surface as it does in the 3D7 structures (Figures 4 and S4). Residues 370-379 form the 

hairpin tip of DII that covers the hydrophobic pocket in the 3D7 structures but are helical in 

the N*bcRON2hp-FVO PfAMA1 complex. This conformational change exposes the 

hydrophobic pocket in a partially open gap mediated by the DII hairpin and flexible Ib 

loop.
[42]

 The position of the Ib loop is not resolved in the apo
[36]

 and complex structures of 

FVO PfAMA1,
[31]

 but is stabilised by polar interactions between Thr171 and Gln174 and 

resolved in electron density. Thus, binding of the spin-labelled peptide to FVO PfAMA1 

induced displacement of the loops that cover the pocket, exposing the pocket to solvent for 

small molecule binding, and is therefore suitable to test compounds in the presence of the 

probe for PRE. 
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Figure 4. DII loop conformation. The DII loop is resolved in new conformation with most of the 

residues in density. Polar interactions between side chains of Ser377 and Asn257, and Asn371 and 

Ser272 stabilise the 370-379 segment as a helix. The 360-367 helix projects outward from the surface. 

Residues at the limits of the defined segments are indicated by sphere. Green sticks represent 

hydrophobic residues and domain Ib loop in blue. 

 

 Crystal packing against the DII loop showed that N*bcRON2hp from a neighbouring 

protein is stabilising the 360-367 helix through inter-chain contacts, which might explain the 

resolved conformation of this segment (Figure S5). Residues 370-379, including the hairpin 

of DII, were resolved as a helix that is stabilised by polar interactions between Asn371 and 

Ser272, and Ser377 and Asn257 (Figure 4). Polar contacts mediated by Asp134 and Thr382, 

the main chain of Leu380 [O] and Arg143 [N] may also contribute to its stabilisation. 

Alternatively, this new structure may represent an intermediate conformation in the 

displacement of the highly dynamic DII loop from the RON2 binding site, as suggested 

recently by Delgadillo et al.
[43]

 

PRE-based screening of compounds 

To assess the utility of the designed probe N*bcRON2hp for PRE, six fragments were tested 

individually in the presence of the probe (Figure 5). The selected compounds represent five 

different scaffolds among the 57 hits that were positive in both saturation transfer difference 

(STD) and Carr-Purcell-Meiboom-Gill (CPMG) experiments and whose binding was 

competed by the R1 peptide.
[18]

 We also tested a representative of the pyrrolo pyrimidine 

scaffold (6) for which the binding site on AMA1 is unknown.
[44]

 We observed PRE conferred 

by the spin-label on the spectra of these compounds, which are in fast exchange between the 

free and bound states, effectively a transferred PRE. We observed transverse relaxation (T2) 

by recording their one-dimensional 
1
H NMR spectra using CPMG at various spin lock 

periods (0-300 ms). The sub-stoichiometric concentration of the spin-labelled probe (1:3 

probe to protein ratio) was chosen in the screen to minimize any false positives arising from 

non-specific binding of the probe to AMA1. The concentration of the fragment hits was 

limited to 5-fold higher than the protein concentration so that the PRE was not compromised 

by slowly-relaxing signals from excess ligands that were not affected by the protein-bound 

spin label.  
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Figure 5. Fragment hits from representative scaffold series screened in the presence of 

N*bcRON2hp and AMA1.  

 

 The transverse relaxation profile of benzimidazole (1) is illustrated in Figures 6 and S6. In 

the free state, 1 is expected to rotate quickly, relax slowly and yield sharp signals (data not 

shown). Upon binding to AMA1, the compound tumbled slowly, resulting in faster relaxation 

and therefore line broadening (Figures 6A, S6). After addition of N*bcRON2hp, further 

broadening of signals was observed; some peaks broadened beyond detection at a spin-lock 

time of 150 ms (eg. H4) and all resonances disappeared at 300 ms (Figures 6A, orange vs 

blue, S6).  

 Upon reduction of the paramagnetic nitroxide to the diamagnetic state by addition of 

ascorbate, the signals recovered in intensity (Figure 6B, green vs orange). Peak recovery was 

also obvious in spectra recorded in the presence of diamagnetic A_bcRONhp peptide (Figure 

6C, black vs orange). This clearly indicated that the enhanced relaxation of proton signals 

after adding the spin-label was due to PRE conferred by the oxidised spin.  
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Figure 6. PRE based screening of benzimidazole (1). A. CPMG spectra are shown at spin-lock 

periods of 0, 70 and 300 ms. AMA1-bound fragment signal (blue) is broadened in the presence of 

N*bcRON2hp (orange) owing to PRE. B. Recovery of signals upon reduction of the paramagnetic 

nitroxide to the diamagnetic state by ascorbate (green vs orange) and C. in a separate study with the 

peptide without the spin-label, A_bcRON2hp (black vs orange). The concentrations used in each 

experiment were 50 µM 1, 10 µM PfAMA1 FVO, 3 µM N*bcRON2hp and 3 µM A_bcRON2hp. 

Spectra were acquired at 10 °C with 128 scans. The inset shows best fit to a single exponential for 

paramagnetic (orange) and diamagnetic (green and black represent ascorbate and A_bcRON2hp, 

respectively) samples by least squares method using Prism. Enhanced relaxation of proton H4 in the 

paramagnetic state slowed down upon conversion to the diamagnetic state.  

 

 Complete broadening of resonances from all proton signals of the benzene sulfonamide (2) 

(Figure 7), furan (3), quinazolinone (4), pyrazole (5), and pyrrolo pyrimidine (6) at 300 ms in 

the presence of the spin-labelled peptide was also observed (Figure S7). These results 

suggested that all of these compounds bind to similar binding sites in the hydrophobic cleft, 
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including compound 6, for which the binding site was previously unknown. When the 

nitroxide was quenched by ascorbate reduction, all fully broadened peak intensity was 

partially recovered, confirming that the enhanced relaxation was caused by the unpaired 

electron’s effect on the protons (Figure 7B, green vs. orange and S7). It is unclear to us why 

the broadened signals did not recover their full intensity in the reduced spin state. One 

explanation could be that the ascorbate failed to reduce the nitroxide tag fully to the 

diamagnetic hydroxylamine owing to the slightly hydrophobic environment in the bound 

state and ascorbate radical reoxidised the hydroxylamine back to nitroxide, causing slow 

exchange of the diamagnetic to the paramagnetic state.
[29]

  

 

 

Figure 7. NMR profile of benzene sulfonamide (2) in PRE-based screening. A. CPMG spectra are 

shown at spin-lock periods of 0 and 300 ms. AMA1-bound fragment signal (blue) is broadened in the 

presence of N*bcRON2hp (orange) owing to PRE. B. Recovery of signals upon reduction of the 

paramagnetic nitroxide to the diamagnetic state by ascorbate (green vs orange). Spectra were acquired 

at 10 °C with 128 scans. Concentrations of 2, N*bcRON2hp and AMA1 were 50, 3 and 10 µM, 

respectively. 

 

 We attempted to assess the PRE rate (Γ2) by measuring the difference in transverse 

relaxation rates between the paramagnetic (R2, para) and diamagnetic (R2, dia) states of the 

probe using the equation Γ2 = R2, para - R2, dia.
[45]

 As we acquired CPMG spectra, which 
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measure relaxation in the transverse plane (T2 relaxation), for both paramagnetic and 

diamagnetic samples, this subtraction cancels out relaxation mechanisms common to both 

states, such that the only remaining relaxation mechanism arises from electron-nucleus 

interactions (i.e., the PRE effect). The effects of conformational exchange and internal 

motion on relaxation, therefore, do not contribute. PRE effects were analysed for each 

individual proton in 1. Protons from different parts of 1 showed different PRE magnitudes, 

presumably as a consequence of the relative orientation of the compound to the spin-label. 

The protons around the phenolic ring experienced stronger PRE effects than those on the 

benzimidazole ring, suggesting orientation of the phenolic ring towards the spin label (Figure 

S8, Table S1).  

 We conducted several control experiments to validate the PRE effects. The above CPMG 

experiments were conducted similarly on compounds in the presence of N*bcRON2hp 

peptide but no AMA1. As expected, no paramagnetic enhancement was detected after adding 

the spin label, and the resulting spectra were identical to those of the free compounds, as 

exemplified by 1 (Figure S9). This demonstrated that there was no direct interaction between 

the probe and 1, and the PRE effects observed above were due entirely to simultaneous 

binding of the probe and compounds to AMA1, which brought those molecules into spatial 

proximity. Another CPMG control study was performed on an AMA1 non-binder, dopamine 

(7), as a negative control. The resonances of 7 in the presence of AMA1 were similar to those 

observed after adding N*bcRON2hp (Figure S10), confirming that the PRE effects observed 

with 1-6 were due to the binding of these molecules in close proximity to the spin-label.  

 Along with the CPMG control studies, a separate STD study was performed to assess if 

compound binding to AMA1 was affected in the presence of N*bcRON2hp. STD signals of 

the fragments were identical before and after addition of the diamagnetic A_bcRON2hp, as 

illustrated for benzimidazole (1) in figure S11, indicating that the fragments bound to the 

cleft other than the probe binding site, and thus, the probe did not interfere with the binding 

sites for this diverse range of fragments.  

We tried to measure quantitative PRE effects conferred by N*bcRON2hp on amide groups of 

15
N-labelled AMA1 for any non-specific binding of the probe. However, this analysis was 

complicated by intermediate exchange broadening of the peaks in the bound state of the 

peptide at the tested concentration. 

 



This article is protected by copyright. All rights reserved 

18 
 

Conclusion 

A spin-labelled probe was successfully designed based on RON2. The binding mode of the 

probe and the position of the spin label were defined in a crystal structure of the probe 

complexed with FVO PfAMA1. The probe bound to AMA1 at one end of the cleft such that 

the spin label was oriented towards the centre of the hydrophobic cleft, thereby making it 

suitable for conferring PRE on small molecules binding to the druggable hydrophobic pocket. 

PRE-based screening along with several control studies indicated that the ligand binding sites 

were distinct from but close to (~20 Å) the probe binding site and experienced different 

degrees of PRE effects according to their orientation. The probe enabled us to better define 

the binding site(s) of the small molecules in the context of the broader hydrophobic groove of 

AMA1. This simple and straightforward qualitative assessment of PRE effects is applicable 

for screening of compounds and to obtain general information on the binding site in the broad 

shallow binding surface of a dynamic system like AMA1. Quantitative PRE measurements 

will be extended to derive distance- and orientation-dependent positional constraints of the 

small molecule ligands to direct subsequent ligand optimisation. 

 

Experimental Section 

Protein preparation 

Constructs incorporating domains I and II of the ectodomains of 3D7 and FVO PfAMA1 

(residues 104-438) were expressed in Escherichia coli BL21 (DE3) as N-terminal His-tagged 

proteins in the pPROEX HTb vector, purified and refolded according to the previously 

published protocol.
[18]

 Details are presented in the Supporting Information.  

Synthesis and purification of the spin-labelled peptide probe 

All peptides were synthesised on a 0.1 mmol scale using standard Fmoc-based solid-phase 

peptide synthesis on a PS3 (Protein Technologies Inc.) automated solid-phase peptide 

synthesiser. For the spin-labelled peptide N*bcRON2hp, the backbone-cyclised peptide, 

bcRON2hp was first synthesised from its precursor linear peptide. The first amino acid was 

loaded on to the 2-chlorotrityl chloride resin (1.2 mmol/g) manually in the presence of 6 eq of 

diisopropylethylamine (DIPEA) in dichloromethane (DCM). The unreactive sites on the resin 

were capped with a freshly-prepared solution mixture of DCM: MeOH: DIPEA (17:2:1). 

Other amino acids were attached following standard Fmoc-deprotection and coupling using a 
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3-fold excess of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU) as coupling agent, in the presence of DIPEA in N,N-

dimethylformamide (DMF). The peptide with protected side chains was cleaved off the resin 

with 1% TFA in DCM, precipitated with cold diethyl ether (Et2O), dried in vacuo, and 

lyophilised. For backbone cyclisation, the crude linear peptide was dissolved (1 mg/mL) in a 

mixture of 3 eq of the coupling reagent (6-chlorobenzotriazol-1-yloxy)-

tripyrrolidinophosphonium hexafluorophosphate (PyClocK) and 10 eq of DIPEA in DMF and 

stirred continuously at 25 °C for 20 h. The side-chain protecting groups were removed using 

a mixture of TFA/thioanisole/phenol/water/DODT (82.5/5/5/5/2.5). The crude peptide was 

precipitated with cold Et2O and dissolved in 20% acetonitrile before lyophilisation. The 

peptide was purified by reverse-phase HPLC on a Vydac 218 TP C18 column (250 × 10 mm, 

10 μm). Peptide purity (100%) and molecular mass (m/z [M+H]
+
 calcd: 1529.9, found: 1530.7) 

were checked by electrospray ionisation LC-MS. 

 For N*bcRON2hp, MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) 

methyl methanesulfonothioate) (Adipogen Life Sciences) was added to a 0.2 mM solution of 

bcRON2hp (Cys2037-D-Pro2049 cyclised) in 20 mM Tris-HCl, pH 7 from a freshly prepared 

stock (150 mM in MeOH) and reacted for 2 h at 25 °C under N2 in the dark. Upon completion 

of the reaction, peptide was purified directly by preparative HPLC using the same column as 

above. The purity (>95%) and molecular mass of the labelled peptide (m/z [M+H]
+
 calcd: 

1714.3, found: 1714.7) were verified by LC-MS. Details of the purification protocol are 

given in the Supporting Information. 

 The free thiol of Cys2037 of the unlabelled bcRON2hp peptide (Cys2037-D-Pro2049 

cyclised) was alkylated by adding equimolar iodoacetamide from freshly prepared stock (87 

mM in 100 mM NH4HCO3) to 0.5 mM peptide in 100 mM NH4HCO3 and reacted for 3 h in 

the dark at 25 °C. The alkylated peptide, A_bcRON2hp was purified similarly to bcRON2hp 

and authenticated by LC-MS for molecular mass (m/z [M+H]
+
 calcd: 1586.83, found: 

1586.78) and purity 100%.  

Surface plasmon resonance binding analysis 

The binding affinities of the peptides for 3D7 PfAMA1104-438 and FVO PfAMA1104-438 were 

analysed using a Biacore T200 biosensor instrument (GE Healthcare). Proteins were 

immobilised onto a CM5 chip (GE Healthcare) using a standard amide coupling protocol 

according to the manufacturer’s instructions to achieve a target level of 2000 RU. SPR 
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experiments were performed at 25 °C using HBS-EP (10 mM HEPES, 150 mM NaCl, 0.1% 

EDTA and 0.05% surfactant P20, pH 7.4) as the running buffer. Peptide stocks were prepared 

in water (1 mg/mL) and diluted in fresh running buffer immediately before the run. To 

generate binding data, peptides were injected over immobilised AMA1 at concentrations 

ranging from 0.1 to 100 μM at a constant flow rate of 90 μL/min for 30 s. Peptide 

dissociation was monitored by flowing running buffer at 90 μL/min for 120 s. Bulk refractive 

index changes were eliminated by subtracting the reference flow cell responses. Dissociation 

constants (KD) were determined by fitting to a steady-state affinity model using Biacore T200 

evaluation software.  

Electron paramagnetic resonance measurements 

X-band continuous-wave electron paramagnetic resonance (EPR) spectra were acquired on a 

Bruker Elexsys E500 spectrometer fitted with a Bruker super-high-Q probehead (ER 

4122SHQE). The microwave power was set to 20 mW and the magnetic field was modulated 

at 100 kHz with an amplitude of 1 G. Samples (120 μL) were placed in a quartz flat cell 

(Wilmad, WG-808-Q) and spectra were recorded at 25 °C over 100 G at a rate of 1 G/s. The 

receiver gain was set 70 dB with time constant of 164 ms. All samples were prepared in 20 

mM Tris-HCl buffer, pH 8, at peptide and protein concentrations of 10 and 15 μM, 

respectively. EPR spectra of both N*bcRONhp and bcRON2hp were acquired in the presence 

and absence of FVO PfAMA1, where bcRON2hp served as diamagnetic control. Spectral 

simulations were performed using the Easyspin v.4.5.5 software suite on MATLAB.
[46]

 

Crystallization, data collection, structure solution and refinement 

For crystallography studies with bcRON2hp and N*bcRON2hp, the FVO PfAMA1-peptide 

complex was concentrated to 6 and 8 mg/mL respectively. Crystals of the complex were 

obtained by the hanging drop method in 15-20% PEG400, 0.1 M Tris pH 8.4, 20% 

isopropanol and 0.1 M sodium acetate. Single crystals were flash-cooled in liquid nitrogen. 

Diffraction data were collected at 100 K using synchrotron radiation on the MX1 beamline 

(3BM1) at the Australian synchrotron. Data were processed using XDS
[47]

 and scaled using 

AIMLESS
[48]

 from the CCP4 suite.
[49]

 Crystallographic parameters and data collection 

statistics are provided in Table 2. Initial phases were obtained by the molecular replacement 

method using the program PHASER
[50]

 and chain A of PDB id 4R1A as a search model.
[40]

 

Model building and structural validation were performed using Phenix
[51]

 and Coot.
[52]

 The 

coordinates and structure factors are available from the Protein Data Bank
[53]

 (entry 6N7Q 
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and 6N87). All structure figures were prepared in the PyMOL Molecular Graphics System, 

version 1.3r2 (Schrödinger, LLC).   

NMR measurements 

For PRE-based screening experiments, fragments were diluted from their concentrated stocks 

(200 mM in 
2
H6-DMSO) in 20 mM phosphate buffer, pH 6.8, containing 10% 

2
H2O and 1% 

2
H6-DMSO to give a final concentration of 50 µM. In each experiment, FVO PfAMA1, and 

peptides either spin-labelled N*bcRON2hp or, unlabelled A_bcRON2hp were used at 10 and 

3 µM, respectively. For reduction of the N*bcRON2hp, a 30-fold molar excess of sodium 

ascorbate was added from freshly prepared buffered concentrated stock, and the samples 

were kept at 35 °C for 1 h, followed by overnight incubation at 4 °C. 

 All NMR experiments were conducted on a Bruker Avance III 600 MHz spectrometer 

equipped with a TXI-cryoprobe. One representative elaborated fragment from each of five 

diverse scaffolds of PfAMA1 hits
[18]

 was rescreened by CPMG experiments performed at 

10 °C with 128 scans, with presaturation to suppress the residual water peak. The CPMG 

reference spectra of the free and PfAMA1-bound fragments were acquired with a constant 

spin echo delay of 1 ms and spin-lock periods of 0, 10, 30, 50, 70, 100, 150, 200 and 300 ms. 

The same sets of experiments were carried out on N*bcRONhp added to the PfAMA1-bound 

fragment samples, both before and after reduction of the spin label by ascorbate. The signal 

intensity of different CPMG experiments was normalised by using the intensity at 0 ms spin-

lock time and the relaxation data were fitted to single exponentials by non-linear, least-

squares curve fitting using GraphPad Prism 7 software to obtain transverse relaxation rates 

(R2). CPMG control experiments were performed at the same experimental settings using 

A_bcRON2h as a diamagnetic reference. Similarly, another CPMG control was conducted on 

free fragment samples before and after adding N*bcRON2hp. CPMG spectra of a non-binder 

of PfAMA1 served as negative control for PRE.  

Binding of fragments to PfAMA1 in the presence of N*bcRON2hp was examined by 

acquiring STD spectra before and after adding A_bcRON2hp. Parameters were kept identical 

to the initial STD screen.
[18]

 Saturation was achieved by a 5 s train of 50 ms Gaussian pulses, 

with the irradiation frequency of the saturation pulse train changed after every scan (on- and 

off-resonance frequencies were -380 and -20000 Hz, respectively). Spectra were recorded at 

10 °C with total 2048 scans. All spectra were processed and analysed in Topspin3.7.  
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