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Summary 

Visceral leishmaniasis (VL) causes significant mortality and morbidity in many parts of the world. 

There is an urgent need for the development of new, effective treatments for this disease. We 

describe the development of a novel anti-leishmanial drug-like chemical series based on a 

pyrazolopyrimidine scaffold. The leading compound from this series (7, DDD853651/ 

GSK3186899) is efficacious in a mouse model of VL, has suitable physicochemical, 

This is the Accepted Manuscript version of the following article: Wyllie, Susan et al."Cyclin-dependent kinase 12 is a 
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pharmacokinetic and toxicological properties for further development and has been declared a 

preclinical candidate. Detailed mode of action studies indicate that compounds from this series act 

principally by inhibiting the parasite cdc-2-related kinase 12 (CRK12), thus defining a novel, 

druggable, target for VL. 
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Introduction  

Leishmania parasites cause a wide spectrum of human infections ranging from the life-threatening 

visceral disease to disfiguring mucosal and cutaneous forms. Leishmania spp. are obligate 

intracellular parasites of the vertebrate reticuloendothelial system, where they multiply as 

amastigotes within macrophage phagolysosomes; transmission is by blood-sucking sandflies, in 

which they proliferate as extracellular promastigotes. 

Visceral leishmaniasis (VL), resulting from infection with Leishmania donovani and L. 

infantum, causes 20,000-40,000 deaths annually, of which ~60% occur in India, Bangladesh and 

Nepal1. In 95% of cases, death can be prevented by timely and appropriate drug therapy2. However, 

current treatment options are far from ideal with outcomes dependent upon a number of factors 

including geographical location, the immune status and other co-morbidities of the patient, and the 

disease classification. None of the current front-line treatments for VL, amphotericin B (liposomal 

or deoxycholate formulations), miltefosine, paromomycin and antimonials, are ideal for use in 

resource poor settings, due to issues such as teratogenicity, cost, resistance and / or clinical relapse, 

prolonged treatment regimens and parenteral administration3-5. Thus, there is an urgent need for 

new treatment options for VL, particularly oral drugs. Unfortunately, there are currently no new 

therapeutics in clinical development and only a few in preclinical development. There is a paucity 

of well-validated molecular drug targets in Leishmania, and the molecular targets of the current 

clinical molecules are unknown. Recent studies6 identified the proteasome as a promising 

therapeutic target for treatment of VL as well as other kinetoplastid infections, and this currently 

represents the most robustly validated drug target in these parasites. Furthermore, whole cell 

(phenotypic) screening programs have been hindered by extremely low hit rates7. Here, we report 

the discovery of a promising new anti-leishmanial compound with a novel mechanism of action. 

 

Discovery  

Previously, we reported the identification of a diaminothiazole series from a compound screen 

against Trypanosoma brucei GSK3 kinase (TbGSK3)8. During compound optimization it became 

clear that the anti-trypanosomal activity of the series was driven, at least in part, by off-target 

activity. The early compounds showed activity against T. brucei bloodstream trypanosomes in 

viability assays, but showed little activity against L. donovani axenic amastigotes (e.g. compound 

1). Modification of the core structure, whilst retaining hydrogen bond donor and acceptor 
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functionalities, gave a bicyclic compound series (Fig. 1), one of which (compound 2), showed very 

weak activity against L. donovani axenic amastigotes, but was inactive against the clinically 

relevant intra-macrophage amastigotes. Appending a sulfonamide to the cyclohexyl ring resulted 

in compound 3, active against L. donovani amastigotes in both the axenic and intra-macrophage 

assays9,10 and selectively active against L. donovani compared to the THP-1 mammalian host cells 

used in the assay. Replacement of the iso-butyl substituent on the pyrazole ring with an aromatic 

substituent and the benzyl group on the sulfonamide with a trifluoropropyl substituent resulted in 

compound 4 which had marginally more activity. Notably this compound demonstrated >70% 

parasite reduction in a mouse model of VL when dosed orally, providing proof of concept in an 

animal model for this series. Replacing the pyridyl group with a 2-methoxyphenyl and the 

trifluoropropyl group with an iso-butyl group gave our most potent compound 5, which had an 

EC50 of 0.014 µM in the intra-macrophage assay. Compound 5 was metabolically unstable, 

although it demonstrated >95% parasite reduction when dosed in a HRNTM hepatic CYP450 null 

mouse model of infection11. Furthermore, the solubility of compounds 4 and 5 was poor.  

The 2-methoxyphenyl group of 5 was replaced by a morpholine (compound 6) to increase 

polarity, increase the 3-dimensional shape (sp3 character) and reduce the number of aromatic rings. 

This was substituted with a 2-methyl group to further reduce the planarity and the trifluoropropyl 

sulfonamide was re-introduced, to give the key compound DDD853651 / GSK3186899 

(compound 7)12. This compound was selected as our preclinical candidate, on the basis of the 

overall properties of the molecule (potency, efficacy in the mouse model, pharmacokinetics and 

safety profile).  
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Figure 1: The evolution of the pyrazolopyrimidine series to give the development compound 
79. Potencies against axenic amastigotes, intra-macrophage amastigotes and against THP-1 cells 
are shown9; data from ≥ 3 independent replicates for cidal axenic and intra-macrophage assays. In 
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the cidal axenic assay a higher cell density and improved detection limit is used than in compared 
to the axenic assay allowing distinction between cytostatic and cytotoxic compounds 10. HBA, 
hydrogen-bond acceptor; HBD, hydrogen bond donor. 
 

 

Compound 7 was active against L. donovani in an intra-macrophage assay9 with an EC50 of 

1.4 µM (95% CI 1.2-1.5 µM, n=12) and showed good selectivity against mammalian THP-1 cells 

(EC50 >50 µM). This is not as potent as our reported data for amphotericin B (EC50 of 0.07 µM in 

the intra-macrophage assay), but is comparable to the clinically used drugs miltefosine and 

paromomycin (EC50 values of 0.9 µM and 6.6 µM, respectively)9. Compound 7 was also active in 

our cidal axenic amastigote assay (EC50 0.1 µM (95% CI 0.06-0.17 µM, n=4)10. At a concentration 

of 0.2 µM, compound 7 was cytocidal at 96 h; increasing the concentration to 1.8 µM reduced this 

to 48 h (Extended Data Fig. 1). Compound 7 demonstrated a less than 10-fold variation in potency 

against a panel of Leishmania clinical-derived lines. The compound was also more active in a 

panel of Leishmania lines using human peripheral mononuclear cells as host cells (Extended Data 

Table 1). 

 
Figure 2: Efficacy of compound 7 in a mouse model of VL. Each arm was carried out with 5 
mice. (a) Reduction in parasite load for various dose regimens. uid is once daily dosing; bid is 

twice daily dosing. (b) Dose response for twice daily dosing for 10 days. (c) Given dose required 
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to give a particular reduction in parasite load for twice daily dosing for 10 days. The reported 
ED90 for miltefosine in a mouse model is 27 mg/kg uid 6,32,33. 

# Leishman Donovan Units (LDU) are the number of amastigotes per 500 nucleated cells 
multiplied by the organ weight in grammes34,35. CI, confidence interval 

 

A balance between solubility in relevant physiological media (Extended Data Table 2) and 

in vitro potency proved key for development of this series. Compound 7 was stable in microsomes 

and hepatocytes, predictive of good metabolic stability (Extended Data Table 3). The compound 

was orally bioavailable and showed a linearity of pharmacokinetics from 10 to 300 mg/kg in rats 

(Extended Data Table 4). In our mouse model of infection the compound demonstrated comparable 

activity to the front-line drug miltefosine, reducing parasite levels by 99% when dosed orally twice 

a day for 10 days at 25 mg/kg (Fig. 2). Efficacy of treatment was dependent on dose, frequency 

(twice a day better than once), and duration (10 days better than 5). The non-clinical safety data 

for compound 7 suggests a suitable therapeutic window for progression into regulatory preclinical 

studies. In vitro assays demonstrated that this compound did not significantly inhibit cytochrome 

P450 enzymes, mitigating a potential risk of problematic drug-drug interactions that is particularly 

relevant due to the frequency of VL/HIV co-infections1.  

As the series was developed from a known protein kinase scaffold13, Cellzome’s KinobeadTM 

technology was used to determine if compound 7 inhibits human protein kinases14. These 

experiments indicated that compound 7 interacted with four human kinases, MAPK11, NLK, 

MAPK14 and CDK7, at concentrations within multiples of the predicted clinical dose (Table S1). 

However, the extent of inhibition of these human kinases is not sufficient to preclude clinical 

development of the molecule and no significant inhibition of other human kinases was detected in 

the KinobeadTM assays. Non-GLP preclinical assessment of cardiovascular effects and 

genotoxicity did not reveal any issues that would prevent further development. Additionally, there 

were no significant adverse effects in a rat 7-day repeat dose oral toxicity study with respect to 

clinical chemistry and histopathology at all doses tested. Both the in vivo efficacy and safety profile 

of compound 7 support progression to definitive safety studies. 

 

Mode of Action Studies 

Elucidating the mode of action of novel chemical series can greatly benefit drug discovery 

campaigns15. Since there is no blueprint to establish the mode of action of bioactive small 
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molecules16,17, several complementary methodologies were employed. Representative 

pyrazolopyrimidine analogues (4, 5, 6 and 7) from the drug discovery program were used as 

chemical tools (Fig. 1), including compound 8, where the diaminocyclohexyl group was replaced 

by an aminopiperidine amide. These compounds showed very good activity correlation between 

the intra-macrophage, axenic amastigote and promastigote assays, giving us confidence to use the 

extracellular parasite forms (promastigote) for mode of action studies where it was not possible to 

use the intracellular forms (amastigote) (Table S2). 

As a first step towards identifying the target(s) of the leishmanocidal pyrazolopyrimidine 

series, structure activity relationships were used to inform the design of analogues containing a 

polyethyleneglycol (PEG) linker (9, 11, 12; Extended Data Fig. 2), which were then covalently 

attached to magnetic beads to allow for chemical proteomics. Firstly, beads derivatized with 9 

were used to pull down proteins from SILAC (Stable Isotope Labelling by Amino Acids in Cell 

Culture)-labelled L. donovani promastigote lysates18 in the presence (“light-labelled lysate”) or 

absence (“heavy-labelled lysate”) of 10 µM compound 10, a structurally related, bioactive 

derivative of compound 9 19. After combining the bead eluates and performing proteomic analyses, 

proteins that bound specifically to the pyrazolopyrimidine pharmacophore could be distinguished 

from proteins that bound non-specifically to the beads by virtue of high heavy : light tryptic peptide 

isotope ratios. These experiments identified CRK12, CRK6, CYC9, CRK3, MPK9, CYC6 and a 

putative STE11-like protein kinase (LinJ.24.1500) as specific binders to the compound 9-

derivatised beads (Log2 heavy : light ratio >2.8; 7-fold enrichment) (Fig. S5; Table S3). Secondly, 

pull down experiments were conducted with beads derivatized with 9, 11 or 12, followed by 

competition studies with 5, 8 and 8, respectively. Adherent proteins were washed off the beads, 

digested with trypsin and labelled with isobaric tandem mass tags. Comparison of the labelled 

peptides derived from experiments, with and without competition, by liquid chromatography / 

mass spectrometry identified proteins likely to specifically bind to the immobilized ligands. 

Potential candidates identified included: CRK3, CRK6, CRK12, CYC3, CYC6, CYC9, MPK9, 

MPK5 and several hypothetical proteins (Fig. S6; Table S4). We also investigated immobilizing 

the compound at an alternate position on the scaffold and this gave a similar binding profile (Fig. 

S6; Table S4), further validating the approach. These results are consistent with previous studies 

which report that the pyrazolopyrimidine core binds to protein kinases13,20-22.  
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The presence of cdc2-related kinases (CRK3, 6 and 12) and cyclins (CYC3, 6 and 9) in the 

initial target list led us to analyze the effects of pyrazolopyrimidines (5, 6, 7 and 8) on cell-cycle 

progression in L. donovani. Treatment resulted in an accumulation of cells in G1 and in G2/M and 

a decrease in the proportion of cells in S phase (Fig. 3a for compound 7 and Fig. S9 for 5, 6 and 

8), suggesting arrests in the cell-cycle at G1/S and G2/M, consistent with a mode of action via 

CRK and/or CYC components. 

 

 
Figure 3: Studies to validate the molecular target of the pyrazolopyrimidine series. (a) Cell 
cycle analysis following treatment with compounds for 8 h. Untreated cells at 0 h (black) and at 8 
h (grey). Cells treated with 5x EC50 value of compound 7 for 8 h (white). Unpaired Student t test 
(**, P = 0.01; ***, P = 0.001 (b) Effects of CRK12WT overexpression in promastigotes on the 
potency of compound 5 (EC50 value of 0.24 ± 0.002 nM, closed circles) compared to WT cells 
(0.72 ± 0.01 nM, open circles). (c) Effects of CRK12WT and CYC9 co-overexpression in 
promastigotes on the potency of compound 5 (EC50 value of 1.43 ± 0.01 nM, open circles) 
compared to WT cells (EC50 value of 0.5 ± 0.004 nM, closed circles). (d) Effects of CRK12MUT 

overexpression alone in promastigotes on the potency of compound 5 (EC50 value of 1.99 ± 0.002 
nM, open circles) compared to WT cells (EC50 value of 0.59 ± 0.001 nM open squares) and 
CRK12MUT/CYC9 co-overexpressing promastigotes (EC50 value of 4.6 ± 0.05 nM, closed circles). 
(e) Effect of knocking out a single copy of the CRK12 gene on the potency of compound 5 in 
promastigotes (EC50 value of 0.76 ± 0.004 nM, closed circles) compared to WT cells (EC50 value 
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of 1.5 ± 0.004 nM, open circles). P = 0.0014 using an unpaired Student t test.  All data are the 
mean ± SD from n = 3 technical replicates and are representative of at least duplicate experiments. 

 

 

 

Resistance was generated in L. donovani promastigotes against compounds 4 and 5.  A single 

cloned parental cell line was divided into three individual cultures for each compound and 

resistance was generated by exposing parasites to step-wise increasing concentrations of 

compound. Following resistance generation, each independently generated cell line was cloned 

and 3 individual clones from each compound selection (6 in total) were selected for in depth study. 

The resulting clones demonstrated >500-fold and 9®17-fold resistance to compounds 4 and 5, 

respectively (Extended Data Table 5). Resistance to both compounds was found to be stable over 

50 days in culture in the absence of drug pressure and, significantly, all clones showed cross-

resistance to 4 and 5, and 20®50-fold cross-resistance to 7. These data suggest our 

pyrazolopyrimidines share common mechanisms of resistance and most likely modes of action. 

Importantly, intracellular amastigotes, derived from the resistant promastigotes, were 8.5-fold and 

5-fold resistant to 5 and 7, respectively, compared to wild-type parasites (Extended Data Table 6) 

strongly suggesting that their mechanism(s) of action are the same in promastigote and intracellular 

amastigote stages of the parasite.  

To gain further insight into the mechanism of action and potential target(s) of this 

pyrazolopyrimidine series, our 6 drug-resistant clones underwent whole genome sequence 

analysis. A range of mutations, relative to parental clones, were found across the genome (Table 

S5), including a long region with loss of heterozygosity on chromosome 9. In total, 75 sites were 

identified genome-wide that each had single base substitutions resulting in a non-synonymous 

change in at least one clone (Table S6). The majority (65) of non-synonymous substitutions 

consisted of derived clones losing a parental allele but amplifying the remaining allele. In five of 

the six resistant clones a new heterozygous substitution was selected in a single gene of unknown 

function (LdBPK_251630) but most strikingly, in all 6 drug-resistant clones, a single homozygous 

non-synonymous substitution was found in CRK12 (LdBPK_090270), a gene within the long loss-

of-heterozygosity region. This mutation changes Gly572 to Asp and falls within the region 

predicted to encode the catalytic domain of L. donovani CRK12. This suggests that CRK12 is the 
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target of the pyrazolopyrimdines. Extensive variations in chromosomal copy numbers are common 

in Leishmania23,24, and extra copies of chromosome 9, containing the CRK12 gene, were found in 

four out of six drug-resistant clones (Table S7). Additionally, three of these four clones had extra 

copies of chromosome 32, containing the gene for CYC9. Previous studies in T. brucei have 

established that the partner cyclin of CRK12 is CYC925. This suggests that CYC9 may be the 

cognate cyclin partner for L. donovani CRK12.  

 

Target validation 

To dissect the role of CRK12 and CYC9 in the mechanism of action and resistance of 

pyrazolopyrimidines a series of protein overexpression studies were undertaken in L. donovani 

promastigotes. In all cases, overexpression of putative targets was confirmed by elevated levels of 

transcripts in our transgenic cell lines relative to WT, as determined by quantitative PCR (qPCR) 

(Table S8).  

Counter-intuitively, overexpression of wild-type CRK12 (CRK12WT) rendered the 

parasites ~3-fold more sensitive to 5 (Fig. 3b). The overexpression of CYC9 alone had no effect 

on compound resistance, but co-overexpression of CYC9 and CRK12WT rendered the transgenic 

parasites ~3-fold resistant to compounds 5 and 7 (Fig. 3c and Table S8). Next, we looked at the 

mutated (Gly572 to Asp) version of CRK12 (CRK12MUT) identified in all of our drug-resistant 

clones. Overexpression of CRK12MUT rendered the parasites ~3.4-fold resistant to 5 (Fig. 3d and 

Table S8) and to the preclinical lead compound 7 (Table S8), while being equally sensitive to the 

unrelated nitroimidazole drug fexinidazole sulfone (Table S9). Co-overexpression of CRK12MUT 

and CYC9 rendered the parasites ~6-fold resistant to compound 7 and ~8-fold resistant to 

compound 5. This shift in sensitivity is considerably greater than the 3.4-fold resistance observed 

with parasites overexpressing CRK12MUT alone (Fig. 3d). Replacing a single copy of the CRK12 

gene with a drug selectable marker left parasites ~2-fold more susceptible to compound 5 than WT 

(Fig. 3e, Fig. S10). We were unable to directly replace both endogenous copies of the CRK12 gene, 

except in the presence of an ectopic copy of the gene, suggesting that the CRK12 gene is essential 

for the growth and survival of L. donovani (Fig. S10). 

Initially, CRK3 and CRK6 were identified as credible targets based upon our collective 

proteomics datasets, as well as their established roles in kinetoplastid cell cycle regulation26,27. 

However, whole genome sequencing, qPCR (Fig. S8) and Southern blot (Fig. S7) analysis of 
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resistant clones confirmed that mutations within, or amplification of, the CRK3 and CRK6 genes 

were not responsible for resistance to pyrazolopyrimidines. Direct modulation of CRK3 and CRK6 

levels within L. donovani promastigotes, by generating overexpressing and single gene knockout 

parasites, did not alter drug sensitivity (Table S8). Overexpression of CRK3 and CRK6 in 

combination with their cognate cyclin partners CYC6 and CYC3 was not possible since co-

overexpression proved toxic. Collectively, these data suggest that the primary mechanism of action 

of this compound series is unlikely to be via CRK3 or CRK6 inhibition.  

Commonly, overexpression of a compound’s molecular target is accompanied by an 

increase in drug resistance. With this in mind, our collective data strongly suggest that the principal 

target of our pyrazolopyrimidine series is the CYC9-activated form of CRK12, such that 

overexpression of CRK12 and CYC9 together provides resistance. This hypothesis is also 

consistent with the amplification of both CRK12 and CYC9 in resistant parasites; as well as the 

identification of both proteins in our SILAC and KinobeadTM proteomic datasets. That 

overexpression of CYC9 alone has no effect suggests that CYC9 is, to some extent, in excess over 

CRK12 and thus overexpression of CRK12MUT can provide (~3-fold) resistance that is increased 

when additional CYC9 is co-expressed (~8-fold). The “hyper-sensitivity” of parasites 

overexpressing CRK12WT alone to these compounds remains perplexing. One potential 

explanation is that CRK12WT bound to a pyrazolopyrimidine in the absence of a CYC9 subunit is 

particularly toxic to the parasite. Alternatively, elevated levels of CRK12 may well sequester other 

cyclins thereby preventing their essential interactions with other CRKs. Further studies will be 

required to test these hypotheses.  
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Figure 4: Identification of cyclin dependent related kinases as targets of the 
pyrazolopyrimidine series using a chemoproteomic approach. (a) Relative amounts of protein 
captured on KinobeadsÔ in the presence of 10 µM compound 5 compared to vehicle, comparison 
of 2 experiments (experiment 1 is on the x axis and experiment 2 is on the y axis). A log2 scale is 
used. (b) Dose response curves of proteins binding to KinobeadsÔ in the presence of varying 
concentrations of compound 5. (c) Relative amounts of protein captured on 11-derviatised beads 
in the presence of 10 µM compound 5 compared to vehicle, comparison of  2 experiments 
(experiment 1 is on the x axis and experiment 2 is on the y axis). A log2 scale is used. (d) Dose 
response curves of binding of proteins to 11-derivatised beads in the presence of varying 
concentrations of 5. 
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over a range of concentrations in order to establish a competition-binding curve and determine a 

half-maximal inhibition (IC50) value (Fig. 4b). The IC50 values obtained in these experiments 

represent a measure of target affinity, but are also affected by the affinity of the target for the bead-

immobilized ligands. The latter effect can be deduced by determining the depletion of the target 

proteins by the beads, such that apparent dissociation constants (Kdapp) can be determined that are 

largely independent from the bead ligand30. The apparent dissociation constants (Kdapp) were 

determined as 1.4 nM for CRK12, 45 nM for MPK9, 58 nM for CYC3 and 97 nM for CRK6. 

These values are determined in physiological conditions (substrates, cyclins and ATP) and provide 

further compelling evidence that the principal target of this compound series is CRK12. Further 

pull-downs with a resin-bound pyrazolopyrimidine analogue (11) were conducted in parallel with 

the KinobeadTM experiments and returned broadly similar results (Fig. 4 c, d). 

Collectively, our data provides strong evidence that CRK12 forms a significant interaction 

with CYC9: (a) our studies indicate that overexpression of CYC9 alongside CRK12 markedly 

increases resistance to our pyrazolopyrimidine compounds; (b) in several of our compound-

resistant cell lines, additional copies of chromosome 32, containing the CYC9 gene were found; 

(c) in the related organism T. brucei CYC9 was confirmed as the partner cyclin for CRK12; (d) in 

several chemical proteomics studies CYC9 was identified as binding to immobilized compounds 

from our pyrazolopyrimidines alongside CRK12. 

 

Modelling 

 

DFG

GK+9

Hinge

GK-Phe

a                                                            bBack pocket



 15 

Figure 5. Docking poses for (a) compound 4 and (b) compound 7. Dotted purple lines 
represent H-bonds. The mutated residue in position gate-keeper (GK) +9 is indicated in purple in 
the ribbon diagram. DFG denotes the consereved Asp-Phe-Gly motif. 
 

A homology model was built for L. donovani CRK12 using the structure of human cyclin 

dependent kinase 9 (CDK9, PDB code:4BCF) as a template. (Interestingly 7 showed an IC50 > 20 

µM against CDK9 in the KinobeadsÔ assay.) A combination of docking studies, molecular 

dynamics simulation and free energy calculations indicated the most likely binding mode is that 

shown in Fig. 5 (see supporting information for discussion). With very few exceptions, the binding 

modes of protein kinase inhibitors are highly conserved across kinase family members; searching 

the protein database revealed a related 5-amino-pyrazolopyrimidine, which bound to ALK in a 

very similar fashion (PDB code 4Z55, ligand 4LO). In our proposed binding mode, the bicyclic 

scaffold interacts with the hinge residues establishing two hydrogen bonds between the sp2 

pyrimidine nitrogen in position 6 and the backbone NH of Ala566 and between the pyrazole NH 

in position 1 and the backbone carbonyl oxygen of Ala564 (Fig. 5b). A third hydrogen bond is also 

established between the amino NH in position 5 and the backbone carbonyl oxygen of Ala566. 

The substituent in position 3 of the pyrazole ring is directed towards the ATP back pocket 

interfacing with the gatekeeper residue (Phe563). This binding mode is consistent with the 

analogues 9, 11 and 12 retaining binding affinity, with the PEG linkers being attached to water-

accessible parts of the core. The Gly572Asp mutation causing resistance to the pyrazolopyrimidine 

series is located at the end of the hinge region nine residues from the gatekeeper. In the Gly572Asp 

mutant, the negatively charged side chain of the aspartic acid is positioned in close contact to the 

oxygen atoms of the sulfonamide moiety leading to an unfavorable electrostatic interaction.  

 

Discussion 

New oral drugs for VL, particularly those capable of treating on-going outbreaks in East Africa, 

are urgently needed. Effective drugs will make a significant difference to treatment outcomes for 

this devastating parasitic disease. With the ultimate goal of VL elimination, multiple new treatment 

options will be required. We have identified a pyrazolopyrimidine series showing potential to treat 

VL. Our studies indicate that the principal mechanism of action of our pyrazolopyrimidine 

compounds is through inhibition of CRK12, defining CRK12 as one of very few chemically-

validated drug targets in Leishmania. Further, our data indicate that CYC9 is the definitive partner 
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cyclin for CRK12. The physiological function(s) of CRK12/CYC9 have yet to be determined and 

the availability of our inhibitory pyrazolopyrimidines should assist in probing this aspect of 

parasite biology. 

It is clear from our collective chemical proteomics studies that the pyrazolopyrimidines also 

interact with other Leishmania protein kinases, in particular CRK6 and CRK3, albeit with 

significantly lower affinities than for CRK12. While CRK12 is undoubtedly the principal target of 

this compound series, we cannot rule out the possibility that underlying this mechanism of action 

is an element of polypharmacology. Indeed, inhibition of secondary kinase targets may be 

responsible for some of the phenotypic effects observed in drug-treated parasites, such as cell cycle 

arrest. 

Compound 7 is being advanced towards human clinical trials and is currently undergoing 

preclinical development. The data generated to date provides a reason to believe that 

compound 7 has the potential to fulfil the community target product profile31. However, as a 

systematic approach to drug discovery is relatively new in this neglected disease and there is a lack 

of correlation between pre-clinical and clinical data, there are outstanding questions that can only 

be answered as the compound progresses through development. 

 

End notes 

Supplementary Information: this contains chemical synthesis and characterization, 

methodology and ethical statements. 
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Extended Data Figure 1: Rate-of-kill of L. donovani axenic amastigotes by compound 7. Chart 

shows relative luminescence units (RLU) versus time from axenic amastigote rate-of-kill 

experiment with compound 7 (representative results for one of two independent experiments are 

shown; data are mean and standard deviation of 3 technical replicates.). Concentrations are as 

follows (µM): 50, open circles; 16.7, closed circles; 5.6, open squares; 1.85, closed squares; 0.62, 

open triangles; 0.21, closed triangles; 0.069, open inverted triangles; 0.023, closed inverted 

triangles, 0.0076, open diamond and 0.0025, closed diamond. 
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Extended Data Figure 2. Linker-containing target molecules synthesized for chemical proteomic 

experiments and corresponding EC50 values. 
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Extended Data Table 1. Activity of compound 7 and miltefosine against a panel of Leishmania 

clinical isolates (intramacrophage assay using human peripheral blood mononuclear cells). 
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Extended Data Table 2. Solubility of compound 7 in simulated physiological media (4h at 37°C). 

 
  

  
 

 
Media Final pH Solubility 

[mg/mL] 

SGF pH1.6 1.5 1.12 

Fasted SIF pH6.5 6.5 0.017 

Fed SIF pH6.5 6.5 0.025 

 
SGF, simulated gastric fluid; SIF, simulated intestinal fluid. 
Data were generated using crystalline polymorph form 1 
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Extended Data Table 3. In vitro metabolic stability data for compound 7. 

 
  

  
 

 
Species Concentration 

(µM) 
Liver 
Microsomes Cli 
(mL/min/g 
tissue) 

Hepatocytes Cli 
(mL/min/g 
tissue) 

Mouse 0.5 0.52 0.84 
Rat 0.5 <0.5 0.77 
Dog 0.5 <0.4 0.31 
Human 0.5 0.71 0.55 

 
Cli, intrinsic clearance. 
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Extended Data Table 4. DMPK data for compound 7 

 
  

  
 

 
Intravenous Mouse 

(male, CD1) 
Rat 
(male, SD) 

1 mg/kg 1 mg/kg 
Cl (ml/min/kg) 169 ± 50 14 ± 9 
Vdss (L/kg) 4.0 ± 0.5 0.4 ± 0.1 
T1/2 (h) 0.3 ± 0.04 0.4 ± 0.2 
AUC(0-inf) (ng.h/mL) 104 ± 26 1514 ± 782 
Oral 10 mg/kg 10 mg/kg 
Cmax (ng/mL) 561 ± 148 1043 ± 261 
Tmax (h) 2 ± 0.6 2 ± 0.0 
AUC(0-inf) (ng.h/mL) 1463 ± 362 6475 ± 2494 
F% based on AUC(0-inf)  >100 46 ±18 
Oral 100 mg/kg 100 mg/kg 
Cmax (ng/mL) 8813 ± 1966 8470 ± 3750 
Tmax (h) 3 ± 2.3 7.3 ± 1.2 
AUC(0-inf) (ng.h/mL) 39433 ± 23830 61202 ± 23591 
F% based on AUC(0-inf)  >100 40 ± 15 
Oral 300 mg/kg 300 mg/kg 
Cmax (ng/mL) 11393 ± 4212 14833 ± 2676 
Tmax (h) 5 ± 1.2 7.3 ± 1.2 
AUC(0-inf) (ng.h/mL) *66150 ± 636 136333 ± 24846 
F% based on AUC(0-inf)  >100 51 ± 22 

* Back-extrapolated AUC greater than 20% 
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Extended Data Table 5. Sensitivity of WT and drug-resistant promastigotes to compounds 

within the series. Resistance was generated against compounds 4 and 5.  

 
  

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Values in parentheses denote standard deviation. n = 3 

Cell line 
  

Compound 4 Compound 5 Compound 7 

pEC50 (SD) Fold pEC50 (SD) Fold pEC50 (SD) Fold 

Wild type 
(Start clone) 

7 (0.1) 1 8.2 (0.4) 1 7.1 (0.3) 1 

Wild type 
(Age-matched) 

7.1 (0.2) 1 8.2 (0.1) 1 7.3 (0.2) 1 

4-resistant clone 1 < 4.3 >500 7.2 (0.1) 11 5.8 (0.4) 20 

4-resistant clone 2 < 4.3 >500 7.3 (0.1) 7 5.7 (0.2) 24 

4-resistant clone 3 < 4.3 >500 7 (0.2) 17 5.4 (0.1) 48 

5-resistant clone 1 < 4.3 >500 7.1 (0.2) 11 5.5 (0.2) 41 

5-resistant clone 2 < 4.3 >500 7.1 (0.2) 14 5.5 (0.1) 35 

5-resistant clone 3 < 4.3 >500 7.3 (0.1) 9 5.7 (0.1) 22 
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Extended Data Table 6: Sensitivity of WT and compound 5-resistant intramacrophage 

amastigotes (INMAC) to the compound series. 
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Materials and Methods 

1. Chemistry 
1.1 General Chemistry 

Chemicals and solvents were purchased from Sigma-Aldrich, Alfa Aesar, Apollo Scientific, 
Fisher Chemicals, TCI UK and VWR, and were used as received.  Air and moisture sensitive reactions 
were carried out under an inert atmosphere of nitrogen.  Analytical thin-layer chromatography (TLC) 
was performed using pre-coated TLC plates (layer 0.20 mm silica gel 60 with fluorescent indicator 
UV254, from Merck).  Developed plates were air-dried and analysed under a UV lamp (UV254/365 
nm), and/or with chemical stains where appropriate.  Flash column chromatography was performed 
using prepacked silica gel cartridges (230-400 mesh, 35-70 µm, from Teledyne ISCO) using a 
Teledyne ISCO CombiFlash Rf.  1H-NMR, 13C-NMR, 19F-NMR, and 2D-NMR spectra were 
recorded on a Bruker Avance DPX 500 spectrometer (1H at 500.1 MHz, 13C at 125.8 MHz, 19F at 
470.5 MHz), a Bruker Avance III HD (1H at 400.1 MHz, 13C at 100.6 MHz), or a Bruker Avance 
DPX 300 (1H at 299.9 MHz, 13C at 75.4 MHz, 19F at 282 MHz).  Chemical shifts (δ) are expressed in 
ppm recorded using the residual solvent as the internal reference in all cases.  Signal splitting patterns 
are described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br), or a 
combination thereof.  LC-MS analyses were performed with either an Agilent HPLC 1100 series 
connected to a Bruker Daltonics MicrOTOF, or an Agilent Technologies 1200 series HPLC 
connected to an Agilent Technologies 6130 quadrupole LC/MS, where both instruments were 
connected to an Agilent diode array detector.  LCMS chromatographic separations were conducted 
with either a Waters XBridge C18 column, 50 mm × 2.1 mm, 3.5 µm particle size, or Waters XSelect 
C18 column, 30 mm × 2.1 mm, 2.5 µm particle size; mobile phase, water/acetonitrile +0.1% HCOOH, 
or water/acetonitrile +0.1% NH3.  High-resolution electrospray measurements were performed on a 
Bruker Daltonics MicrOTOF mass spectrometer.  Preparative HPLC separations were performed 
with a Waters mass-directed HPLC (system fluidics organizer, 2545 binary gradient module, 2×515 
HPLC pumps, 2767 sample manager) connected in parallel to a Waters 3100 mass detector and a 
2998 photodiode array detector.  HPLC chromatographic separations were conducted using a Waters 
XBridge C18 column, 19 × 100 mm, 5 µm particle size; mobile phase, water/acetonitrile +0.1% NH3. 

 
1.2. Synthesis of 7 

 
Scheme S1: Synthesis of 7: (a) n-BuLi, THF, -78°C; (b) TFA, CH2Cl2, RT; (c) DIPEA, CH2Cl2, 
0°C; (d) NaOMe, THF, -40°C; (e) DIPEA, 1,4-Dioxane, 100°C; (f) Lawessons reagent, THF, 45°C; 
(g) Hydrazine hydrate, 1,4-Dioxane, 90°C. 
 

N-(trans-4-aminocyclohexyl)-3,3,3-trifluoropropane-1-sulfonamide TFA salt (13). 
This reaction was performed in two batches.  To a suspension of tert-butyl ((1,4-trans)-4-

aminocyclohexyl)carbamate (30 g, 140 mmol) in THF (1.33 L), cooled at -78 °C, n-butyllithium (56 
mL, 140 mmol) was added dropwise.  The resulting mixture was stirred at -78°C for 20 min and at -
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10°C for 10 min. After cooling to -78°C, 3,3,3-trifluoropropane-1-sulfonyl chloride (17.64 mL, 140 
mmol,) was added.  After stirring for 1.5 h, it was allowed to warm to RT and stirred for 20 min.  The 
reaction mixture was diluted with H2O (500 mL), followed by addition of a solution 2M HCl (20 mL) 
and was extracted with EtOAc (400 mL).  The organic layer was dried over Na2SO4, filtered and 
concentrated to give tert-butyl ((1,4-trans)-4-(3,3,3-
trifluoropropylsulfonamido)cyclohexyl)carbamate as a white solid (43.5 g, 83% yield). 1H-NMR 
(DMSO-d6): d 7.33 (1H, d), 6.77 – 6.70 (1H, m), 3.30 – 3.23 (2H, m), 3.17 – 3.01 (2H, m), 2.70 – 
2.56 (2H, m), 1.87 – 1.67 (4H, m), 1.36 (9H, s) and 1.31 – 1.13 (4H, m). 
 

TFA (182 mL, 2377 mmol) was added to a solution of tert-butyl ((1,4-trans)-4-(3,3,3-
trifluoropropylsulfonamido)cyclohexyl)carbamate (89 g, 238 mmol) in DCM (732 mL), cooled to 
0°C.  The reaction mixture was stirred at RT overnight.  The mixture was concentrated to dryness 
and co-evaporated with Et2O (100 mL) to give 13 as a white solid (93.5 g, quant. yield). 1H-NMR 
(DMSO-d6): d 7.89 (3H, br s), 7.43 (1H d), 3.34 – 3.24 (2H, m), 3.16 – 3.05 (1H, m), 2.99 – 2.86 
(1H, m), 2.72 – 2.56 (2H, m), 1.95 – 1.84 (4H, m) and 1.43 – 1.21 (4H, m). 

 
(S)-(2,4-dichloropyrimidin-5-yl)(2-methylmorpholino)methanone (14). 
A solution of (S)-2-methylmorpholine (141 g, 1.39 mol) and TEA (141.1 g, 1.4 mol) in DCM 

(1000 mL) was added dropwise to a stirred solution of 2,4-dichloropyrimidine-5-carbonyl chloride 
(268 g, 1.3 mol) in dry DCM (3000 mL) at 0°C under N2.  The reaction mixture was stirred for 3 h at 
0°C and then quenched with H2O (500 mL).  The phases were separated and the aqueous phase was 
extracted with DCM (2 x 300mL).  The combined organic phases were washed with 0.5 M HCl (1000 
mL), brine (2000 mL), dried over Na2SO4 and then evaporated under reduced pressure.  The residue 
was purified by flash column chromatography (petroleum/EtOAc 20/1 to 1/1) to give 14 as a yellow 
oil (188 g, 53% yield). 1H-NMR (DMSO-d6): δ 8.86 (1H, s), 4.33 – 4.25 (1H, m), 3.95 – 3.68 (1H, 
m), 3.58 – 3.37 (3H, m), 3.17 – 2.64 (2H, m) and 1.20 – 0.98 (3H, m). MS (ES+): m/z 276 [M+H]+. 

 
3,3,3-trifluoro-N-(trans-4-((4-methoxy-5-((S)-2-methylmorpholine-4-carbonyl)pyrimidin-

2-yl)amino)cyclohexyl)propane-1-sulfonamide (16). 
Sodium methoxide (40.5 g, 748.9 mmol) was added in portions to a stirred solution of 14 (188 

g, 680.9 mmol) in dry THF (2 L) at -40°C under N2.  The reaction mixture was stirred for 1 h at -
40°C and further sodium methoxide (9.2 g) was added in one portion.  The reaction mixture was 
stirred at -40ºC for 1 h and then, gradually warmed to -10°C for 1 h.  The reaction mixture was 
quenched with sat. aq. sol. ammonium chloride solution (500 mL) at 5 – 10°C and extracted with 
EtOAc (3 x 500mL).  The combined organic phases were washed with brine (1000 mL), dried over 
Na2SO4 and evaporated under reduced pressure.  The resulting crude material was purified by flash 
column chromatography (petroleum ether/EtOAc from 20/1 to 1/1) to give two fractions of 15 (75 g, 
38% yield and 30 g, 14% yield) as a yellow oil.  This material was used in the next step without 
further purification. 

 
To a solution of 15 (75 g, 276 mmol) in dry dioxane (1500 mL) was added DIPEA (178.4 g, 1.4 

mol) and 13 (139.4 g, 358.8 mmol) in one portion at 27ºC.  The resulting mixture was stirred at 120°C 
for 16 h.  The mixture was cooled to 20°C, where water (800 mL) and EtOAc (500 mL) were added.  
The reaction mixture was stirred for 10 min; then, the organic phase was separated and the aqueous 
layer was extracted with more EtOAc (2 x 500 mL).  The combined organic phases were washed with 
brine (2000 mL), dried over Na2SO4 and filtered.  The solvent was removed under vacuum to afford 
crude material which was purified by flash column chromatography (DCM/MeOH 50/1 to 20/1) to 
afford 16 (100 g, 71% yield) as a pale solid. 1H-NMR (DMSO-d6): δ 8.03 (1H, s), 7.49 – 7.31 (2H, 
m), 3.91 – 3.60 (5H, m), 3.48 – 3.11 (9H, m), 2.68 – 2.62 (2H, m), 1.98 – 1.96 (4H, m), 1.43 – 1.29 
(4H, m) and 1.16 – 1,01 (3H, s). MS (ES+): m/z 510 [M+H]+. 
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3,3,3-trifluoro-N-(trans-4-((4-methoxy-5-((S)-2-methylmorpholine-4-
carbonothioyl)pyrimidin-2-yl)amino)cyclohexyl)propane-1-sulfonamide (17). 

16 (117 g, 230 mmol) was dissolved in dry THF (1700 mL).  Lawesson’s reagent (162.5 g, 401.8 
mmol) was added in portions and the resulting mixture was stirred for 2 h at 45°C.  The reaction 
mixture was cooled to 25°C and quenched by addition of sat. aq. sol. NaHCO3 (800 mL).  The reaction 
mixture was stirred for 10 min at RT and then extracted with EtOAc (3 x 500 mL).  The combined 
organic phases were washed with brine (1000 mL) and dried over Na2SO4.  The solvent was removed 
under vacuum to afford a crude product which was purified by flash column chromatography 
(DCM/MeOH 100/1 to 20/1) to afford 17 (91 g, 74% yield) as a green solid. 1H-NMR (DMSO-d6): δ 
8.11 – 8.04 (1H, m), 7.48 – 7.31 (2H, m), 5.34 – 5.11 (1H, m), 3.96 – 2.84 (13H, m), 2.73 – 2.59 (2H, 
m), 2.00 – 1.78 (4H, m), 1.44 – 1.27 (4H, s) and 1.21 – 1.02 (3H, m). MS (ES+): m/z 526 [M+H]+. 

 
3,3,3-trifluoro-N-(trans-4-((3-((S)-2-methylmorpholino)-1H-pyrazolo[3,4-d]pyrimidin-6-

yl)amino)cyclohexyl)propane-1-sulfonamide (7, DDD853651 / GSK3186899). 
17 (91 g, 173 mmol) was dissolved in dioxane (1200 mL), then hydrazine hydrate 85% (173.2 

g, 3.5 mol) was added and the reaction stirred at 90°C for 18 h.  The mixture was cooled to 25ºC, 
where H2O (800 mL) and EtOAc (800 mL) were added and the mixture was stirred at 25ºC for 20 
min.  The organic phase was separated and the aqueous phase was extracted with EtOAc (3 x 
1500mL).  The combined organic phases were washed with brine (2 x 2000 mL) and dried over 
Na2SO4.  The solvent was removed under vacuum and EtOAc (400 mL) was added to the residue and 
stirred at 27ºC for 1 h.  The resulting mixture was filtered, the cake was washed with EtOAc (100 
mL) and the filtrate was dried in vacuo to afford a crude solid.  This solid was then purified by re-
crystallization from methanol (400 mL) to give 5 (40 g, 47% yield) as a light green solid. 1H-NMR 
(DMSO-d6): δ 11.93 (1H, s), 8.82 (1H, s), 7.33 (1H, d), 7.14 (1H, s), 3.86 (1H, dd), 3.73 – 3.55 (5H, 
m), 3.31 – 3.09 (3H, m), 2.90 – 2.81 (1H, m), 2.66 – 2.50 (3H, m), 1.92 (4H, s br), 1.39 – 1.29 (4H, 
m) and 1.15 (3H, d). 13C-NMR (DMSO-d6):  d 160.5, 157.3, 154.0, 151.3, 128.1, 125.4, 71.3, 65.9, 
54.6, 52.0, 49.9, 47.9, 45.4, 33.1, 31.2, 28.9 (q, J = 29.9 Hz), and 19.2. HRMS (ES+): m/z [M+H]+ 
calcd for C19H28N7O3F3S, 492.1999; found, 492.1998. HPLC purity >99.9%. 
 
Other final compounds: 4, 8, 5 and 6, were synthesized by the routes shown in Scheme S1 or Scheme 
S2. These syntheses will be reported in full in a subsequent publication. 
 
1.3. Synthesis of analogues 9 and 10 

 
Scheme S2: Synthesis of 10 and 9. Reagents and conditions: (a) i-PrMgCl, 2-anisaldehyde, 
THF/Et2O, -40°C, 65 min; (b) Dess-Martin periodinane, CH2Cl2, 25°C, 1 h, 58% over two steps; (c) 
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7, DIPEA, EtOH, 120°C, 30 min, 76%; (d) TFA, CH2Cl2, 0-25°C, 16 h, 98%; (e) NaH, 1,3-
propanesultone, DMF, 0-90°C, 4.5 h, 78%; (f) SOCl2, PPh3, DIPEA, CH2Cl2, 0-25°C, 2 h, 38%; (g) 
DIPEA, CH2Cl2, 25°C, 18.5 h, 52%; (h) H2NNH2, EtOH, 120°C, 1 h, 65%; (i) TFA, CH2Cl2, 0-25°C, 
16 h, 93%. 
 

Synthesis of 2-chloro-4-methoxypyrimidin-5-yl)(2-methoxyphenyl)methanone (18). 
Step 1. To a solution of 5-bromo-2-chloro-4-methoxypyrimidine (2.23 g, 10 mmol) in THF (50 mL) 
at -40°C was added a solution of isopropyl magnesium chloride (2M in diethyl ether, 6.5 mL, 13 
mmol) drop-wise over 10 min and the resulting suspension stirred for 15 min. A solution of 2-
anisaldehyde (1.8 g, 14 mmol) in THF (10 mL) was then added drop-wise over 10 min, after which 
stirring continued for an additional 30 min. The reaction was subsequently quenched with methanol 
(1 mL), allowed to warm to room temperature and the solvent evaporated under reduced pressure. 
The resultant crude material was taken up in CH2Cl2 (50 mL), washed with 2M HCl (50 mL), dried 
and the solvent evaporated under reduced pressure.  
Step 2. The crude alcohol from step 1 was dissolved in CH2Cl2 (100 mL), solid Dess-Martin 
periodinane (5 g, 24 mmol) added and the reaction mixture stirred for 1 h at room temperature. A 
mixture of sat. sodium bicarbonate / sat. sodium thiosulfate (1:1, 100 mL) was added and stirring 
continued for 30 minutes. The organic layer was subsequently separated, dried, evaporated and crude 
material chromatographed (silica, 0:100→40:60 EtOAc:heptane) to yield  18 (1.6 g, 5.8 mmol, 58% 
over 2 steps).  1H-NMR (DMSO-d6): d 8.57 (s, 1H), 7.65 – 7.61 (m, 2H), 7.17 – 7.15 (m, 1H), 7.12 – 
7.09 (m, 1H), 3.87 (s, 3H) and 3.64 (s, 3H). MS (ES+): m/z 279 [M+H]+. 
 

Synthesis of tert-butyl ((trans)-4-((4-methoxy-5-(2-methoxybenzoyl)pyrimidin-2-yl) 
amino)cyclohexyl)carbamate (20). 

DIPEA (233 mg, 1.8 mmol) was added to a suspension of 2-chloro-pyrimidine (18) (418 mg, 
1.5 mmol) and amine 19 (386 mg, 1.8 mmol) in anhydrous EtOH (10 mL) and heated at 120°C under 
microwave irradiation for 30 min.  The reaction mixture was then stood at 4°C for 16 h.  The resultant 
precipitate was subsequently recovered by filtration, and washed with cold EtOH (5 mL) before being 
further dried under vacuum to give the title compound as a white solid (518 mg, 76%) which was 
used without further purification.  1H-NMR (500 MHz, DMSO-d6): δ 8.29 (s, 0.5H, ArH from 1 
conformer), 8.23 (s, 0.5H, ArH from 1 conformer), 7.98 (d, 0.5H, J=7.5 Hz, NH from 1 conformer), 
7.80 (d, 0.5H, J=7.5 Hz, NH from 1 conformer), 7.48 – 7.45 (m, 1H, ArH), 7.28 – 7.25 (m, 1H, ArH), 
7.09-7.08 (m, 1H, ArH), 7.03-7.00 (m, 1H, ArH), 6.75-6.70 (m, 1H, ArH), 3.80-3.65 (m, 7H, 2×CH3 
& CH), 3.23 – 3.17 (m, 1H, CH), 1.96 – 1.81 (m, 4H, 4×CHH) and 1.39 – 1.23 (m, 13H, 4×CHH & 
3×CH3).  Note, two conformational isomers in a 1:1 ratio are observed in the 1H-NMR.  MS (ES+): 
m/z (%) 457 (100) [M+H]+. 

 
Synthesis of (2-((trans-4-aminocyclohexyl)amino)-4-methoxypyrimidin-5-yl)(2-

methoxyphenyl)methanone (21). 
TFA (1 mL) was added to a solution of carbamate 20 (500 mg, 1.10 mmol) in anhydrous CH2Cl2 

(10 mL) at 0°C.  The reaction was subsequently allowed to warm to room temperature and stirred for 
an additional 16 h. The reaction solvent was them removed and the crude product subjected to cation 
exchange chromatography (10 g SCX2 silica, 20:80 MeOH:CH2Cl2→20:80 1M NH3 in 
MeOH:CH2Cl2) to give the title compound as a white solid (382 mg, 98%).  1H-NMR (500 MHz, 
CD3OD): δ 8.33 – 8.29 (m, 1H, ArH), 7.51 – 7.47 (m, 1H, ArH), 7.33 (dd, 1H, J=7.5, 2.0 Hz, ArH), 
7.08 – 7.03 (m, 2H, 2×ArH), 3.87 – 3.81 (m, 4H, CH3 & CH), 3.76 (s, 3H, CH3), 2.72 – 2.70 (m, 1H, 
CH), 2.17 – 1.95 (m, 4H, 4×CHH) and 1.53 – 1.27 (m, 4H, 4×CHH).  13C-NMR (125 MHz, CD3OD): 
δ 193.4 (C), 163.9 (CH), 158.8 (C), 133.3 (CH), 131.6 (C), 130.2 (CH), 121.7 (CH), 112.3 (CH), 56.1 
(CH3), 53.9 (CH3), 51.6 (CH), 50.8 (CH), 50.8 (CH), 35.2 (CH2), 32.4 (CH2) and 32.2 (CH2).  Note, 
the three pyrimidine ring quaternary carbon resonances are not observed. Note, the pair of CH peaks 
at 51.6 and 50.8 (one of two with a shift of 50.8) are for the same carbon; presumably the result of 
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two conformational isomers being observed in the NMR. Similarly, the the two CH2 resonances at 
32.4 and 32.2 are for the same methylene carbon.  MS (ES+): m/z (%) 357 (100) [M+H]+.  HRMS 
(ES+): calcd. for C19H25N4O3 [M+H]+ 357.1921, found 357.1903 (5.0 ppm). 

 
Synthesis of 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatetradecane-14-sulfonic acid (23). 
Sodium hydride (60% in mineral oil, 420 mg, 10.5 mmol) was added portion-wise to a solution 

of alcohol 22 (2.46 g, 12.0 mmol) in anhydrous DMF (40 mL) at 0°C.   The resultant reaction mixture 
then stirred for 30 min after which a solution of 1,3-propanesultone (1.22 g, 10 mmol) in DMF (10 
mL) was added.  The reaction was subsequently allowed to warm to room temperature, before being 
heated to 90°C with stirring for 4 h.  The reaction was then concentrated under reduced pressure, 
quenched by the addition of MeOH (10 mL), and the resultant crude mixture purified directly by 
silica column chromatography (80 g silica, 10:90→30:70 MeOH:CH2Cl2) to give the title compound 
as a white solid (2.55 g, 78%).  Rf (silica, 20:80 MeOH:CH2Cl2): 0.25.  1H-NMR (500 MHz, CD3OD): 
δ 3.62 – 3.59 (m, 6H, 3×CH2), 3.52 – 3.50 (m, 2H, CH2), 3.23 – 3.21 (m, 2H, CH2), 2.90 – 2.87 (m, 
2H, CH2), 2.08 – 2.02 (m, 2H, CH2) and 1.44 (s, 9H, 3×CH3).  13C-NMR (125 MHz, CD3OD): δ 
158.5 (C), 80.1 (C), 71.3 (CH2), 71.19 (CH2), 71.16 (CH2), 70.8 (CH2), 49.6 (CH2), 41.3 (CH2), 28.9 
(CH3) and 26.5 (CH2).  MS (ES-): m/z (%) 326 (100) [M-H]-.HRMS (ES+): calcd. for C12H26N1O7S 
[M+H]+ 328.1424, found 328.1410 (4.5 ppm). 

 
Synthesis of tert-butyl (2-(2-(3-(chlorosulfonyl)propoxy)ethoxy)ethyl)carbamate (24).1 
Thionyl chloride (262 mg, 2.2 mmol) was added dropwise to a solution of PPh3 (525 mg, 2.0 

mmol) in anhydrous CH2Cl2 (2 mL) at 0°C and stirred for 5 min before allowing the mixture to warm 
to room temperature. In parallel, DIPEA (129 mg, 1.0 mmol) was added to a separate solution of 
sulfonic acid 23 (327 mg, 1.0 mmol) in anhydrous CH2Cl2 (4 mL) at room temperature and stirred 
for 5 min.  Subsequently, the two solutions were combined and stirred for a further 2 h at room 
temperature.  The reaction mixture was then directly subjected to column chromatography (24 g 
silica, 0:100→100:0 EtOAc:hexane) to give the title compound as an orange oil (132 mg, 38%).  Rf 
(silica, 30:70 EtOAc:hexane): 0.65.  1H-NMR (500 MHz, CDCl3): δ 4.91 (br s, 1H, NH), 3.86 – 3.83 
(m, 2H, CH2), 3.68 – 3.65 (m, 2H, CH2), 3.63 – 3.59 (m, 4H, 2×CH2), 3.56 – 3.54 (m, 2H, CH2), 3.36 
– 3.29 (m, 2H, CH2), 2.35 – 2.30 (m, 2H, CH2) and 1.46 (s, 9H, 3×CH3).  MS (ES+): m/z (%) 368 
(100) [35Cl M+Na]+, 370 (37) [37Cl M+Na]+. 

 
Synthesis of tert-butyl (2-(2-(3-(N-(trans-4-((4-methoxy-5-(2-methoxybenzoyl)pyrimidin-2-

yl)amino)cyclohexyl)sulfamoyl)propoxy)ethoxy)ethyl)carbamate (25). 
A solution of sulfonic acid chloride 24 (132 mg, 0.38 mmol) in dry CH2Cl2 (4 mL) was added 

dropwise to a solution of amine 21 (136 mg, 0.38 mmol) and DIPEA (99 mg, 0.76 mmol) in 
anhydrous CH2Cl2 (2 mL) and stirred at room temperature for 18.5 h.  The reaction mixture was then 
directly subjected to column chromatography (24 g silica, 0:100→15:85 MeOH:CH2Cl2) to give the 
title compound as a white solid (132 mg, 52%).  Rf (silica, 10:90 MeOH:CH2Cl2): 0.70.  1H-NMR 
(500 MHz, CDCl3): δ 8.37 – 8.31 (m, 1H, ArH), 7.39 – 7.32 (m, 2H, 2×ArH), 6.96 (dd, 1H, J=7.5, 
7.5 Hz, ArH), 6.88 (d, 1H, J=8.5 Hz, ArH), 6.16 – 6.06 (m, 1H, NH), 5.31 – 5.04 (m, 2H, 2×NH), 
3.83 – 3.75 (m, 4H, CH3 & CH), 3.69 (s, 3H, CH3), 3.60 – 3.51 (m, 6H, 3×CH2), 3.51 – 3.45 (m, 2H, 
CH2), 3.30 – 3.20 (m, 3H, CH2 & CH), 3.13 – 3.10 (m, 2H, CH2), 2.13 – 2.03 (m, 6H, CH2 & 4×CHH) 
and 1.41 – 1.22 (m, 13H, tBu & 4×CHH).  Note, some of the peaks in the 1H-NMR are broad and 
show ‘shouldering’ suggestive of the presence of two conformational isomers.  Because of this a 
number of peaks expected to be singlets are instead observed as “multiplets”.  13C-NMR (125 MHz, 
CDCl3): δ 191.1 (C), 168.7 & 168.3 (C), 163.4 & 162.9 (C), 162.2 (C), 157.1 (CH), 156.3 (C), 131.7 
(CH), 130.4 (C), 129.3 (CH), 120.6 (CH), 111.6 & 110.4 (C), 111.0 (CH), 79.3 (C), 70.23 (CH2), 
70.16 (CH2), 70.0 (CH2), 68.9 (CH2), 55.6 (CH3), 53.5 (CH3), 52.2 (CH), 51.2 (CH2), 49.5 (CH), & 
49.1 (CH), 40.3 (CH2), 33.1 (CH2), 31.7 & 31.3 (CH2), 28.4 (CH3) and24.4 (CH2).  Note, some of the 
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carbon resonances in the 13C-NMR are present as two close, but separate peaks due to the presence 
of two conformational isomers.  MS (ES+): m/z (%) 666 (100) [M+H]+. 

 
Synthesis of tert-butyl (2-(2-(3-(N-(trans-4-((3-(2-methoxyphenyl)-1H-pyrazolo[3,4-

d]pyrimidin-6-yl)amino)cyclohexyl)sulfamoyl)propoxy)ethoxy)ethyl)carbamate (10). 
Hydrazine hydrate (50 mg, 1.0 mmol) was added to a solution of ketone 25 (33 mg, 0.05 mmol) 

in EtOH (0.5 mL) and heated at 120°C under microwave irradiation for 30 min.  The reaction mixture 
was then filtered and subjected directly to preparative HPLC purification (C18 silica, 5:95→95:5 
MeCN:water+0.1% NH3) to give the title compound as a white solid (21 mg, 65%).  1H-NMR (500 
MHz, DMSO-d6): δ 13.07 (s, 1H, NH), 8.76 (br s, 1H, ArH), 7.66 (dd, 1H, J=7.5, 1.5 Hz, ArH), 7.45 
– 7.42 (m, 1H, ArH), 7.28 – 7.18 (m, 2H, NH & ArH), 7.10 – 7.04 (m, 2H, NH & ArH), 6.74 (br t, 
1H, J=5.0 Hz, NH), 3.87 (s, 3H, CH3), 3.63 – 3.76 (m, 1H, CH), 3.51 – 3.49 (m, 6H, 3×CH2), 3.40 – 
3.38 (m, 2H, CH2), 3.09 – 3.03 (m, 5H, CH & 2×CH2), 1.98 – 1.86 (m, 6H, 4×CHH & CH2) and 1.41 
– 1.35 (m, 13H, 4×CHH & tBu).  13C-NMR (125 MHz, DMSO-d6): δ 160.0 (C), 157.1 (C), 156.4 (C), 
155.6 (C), 155.2 (C), 141.8 (CH), 130.0 (CH), 129.8 (CH), 121.6 (C), 120.6 (CH), 111.7 (CH), 77.6 
(C), 69.4 (CH2), 69.2 (CH2), 68.2(CH2), 53.3 (CH3), 51.5 (CH), 49.4 (CH2), 48.6 (CH) (observed by 
HSQC), 39.6 (CH2) (observed by HSQC), 32.7 (CH2), 30.8 (CH2), 28.2 (CH3) and 24.1 (CH2).  Note, 
the missing CH2 resonance is co-incident with another CH2 peak around 69 ppm. Note, a single 
quaternary carbon resonance was not observed in the NMR spectrum.  MS (ES+): m/z (%) 648 (100) 
[M+H]+, 670 (65) [M+Na]+.  HRMS (ES+): calcd. for C30H46N7O7S [M+H]+ 648.3174, found 
648.3147 (4.2 ppm). 

 
Synthesis of 3-(2-(2-aminoethoxy)ethoxy)-N-(trans-4-((3-(2-methoxyphenyl)-1H-

pyrazolo[3,4-d]pyrimidin-6-yl)amino)cyclohexyl)propane-1-sulfonamide (9). 
TFA (0.25 mL) was added to a solution of carbamate 10 (100 mg, 0.15 mmol) in anhydrous 

CH2Cl2 (2.75 mL) at 0°C.  The reaction was then allowed to warm to room temperature over a 2 h 
period and subsequently stirred for an additional 16 h.  The reaction mixture was then directly 
subjected to column chromatography (12 g silica, 0:100→50:50 0.5M NH3 in MeOH:CH2Cl2) to give 
the title compound as a white solid (83 mg, 93%).  Rf (silica, 1:20:79 NH3:EtOH:CH2Cl2): 0.26.  1H-
NMR (500 MHz, CD3OD): δ 8.80 (s, 1H, ArH), 7.68 (dd, 1H, J=7.5, 1.5 Hz, ArH), 7.47 – 7.44 (m, 
1H, ArH), 7.17 (d, 1H, J=8.0 Hz, ArH), 7.08 (ddd, 1H, J=7.5, 7.5, 1.0 Hz, ArH), 3.91 (s, 3H, CH3), 
3.88 – 3.83 (m, 1H, CH), 3.66 – 3.61 (m, 6H, 3×CH2), 3.55 (t, 2H, J=5.5 Hz, CH2), 3.29 – 3.23 (m, 
1H, CH), 3.18 – 3.15 (m, 2H, CH2), 2.84 (t, 2H, J=5.5 Hz, CH2), 2.18 – 2.15 (m, 2H, 2×CHH), 2.11 
– 2.03 (m, 4H, 2×CHH & CH2) and 1.54 – 1.40 (m, 4H, 4×CHH).  13C-NMR (125 MHz, CD3OD): δ 
161.7 (C), 158.6 (C), 158.4 (C), 157.0 (CH), 144.8 (C), 131.7 (CH), 131.3 (CH), 122.5 (C), 122.0 
(CH), 112.6 (CH), 107.8 (C), 73.1 (CH2), 71.4 (CH2), 71.2 (CH2), 70.0 (CH2), 56.0 (CH3), 53.5 (CH), 
51.4 (CH2), 50.5 (CH), 42.0 (CH2), 34.3 (CH2), 32.5 (CH2) and 25.6 (CH2).  MS (ES+): m/z (%) 274.5 
(90) [M+2H]2+, 548 (100) [M+H]+.  HRMS (ES+): calcd. for C25H38N7O5S [M+H]+ 548.2650, found 
548.2651 (-0.3 ppm). 
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1.4. Synthesis of analogues 11 and 12  

 
 
Scheme S3: Synthesis of 11 and 12.  Reagents and conditions: (a) DIPEA, EtOH, 120°C, 30 min, 
99%; (b) TFA, CH2Cl2, 0-25°C, 2.5 h, 93%; (c) DIPEA, TsCl, DMAP, CH2Cl2, 0-25°C, 16 h, 28%; 
(d) K2CO3, MeCN, 82°C, 22 h, 73-75%; (e) NaOH (aq), THF, 25°C, 16 h, 51-91%; (f) T3P®, DIPEA, 
EtOAc/CH2Cl2, 0-25°C, 16 h, 78-87%; (g) H2NNH2, EtOH, 120°C, 30 min, 43-56%; (h) TFA, 
CH2Cl2, 0-25°C, 16 h, 87%-quant. 

 
Synthesis of tert-butyl 4-((4-methoxy-5-(2-methoxybenzoyl)pyrimidin-2-

yl)amino)piperidine-1-carboxylate (26). 
DIPEA (233 mg, 1.8 mmol) was added to a suspension of (2-chloro-4-methoxy-pyrimidin-5-

yl)-(2-methoxyphenyl)methanone (18) (418 mg, 1.5 mmol) and tert-butyl 4-aminopiperidine-1-
carboxylate (361 mg, 1.8 mmol) in anhydrous ethanol (10 mL) and heated at 120oC under microwave 
irradiation for 30 min.  The reaction mixture was then evaporated onto silica, and directly purified by 
silica column chromatography (40 g silica, 20:80→70:30 EtOAc:hexane) to afford the title compound 
as a clear oil (660 mg, 99%).  Rf (silica, 50:50 EtOAc:hexane): 0.51.  1H-NMR (500 MHz, CD3OD): 
δ 8.36 – 8.31 (m, 1H, ArH), 7.50 – 7.47 (m, H, ArH), 7.34 (dd, 1H, J=7.5, 1.5 Hz, ArH), 7.08 – 7.02 
(m, 2H, 2×ArH), 4.10 – 4.06 (m, 3H, CH2 & CH), 3.90 – 3.81 (m, 3H, CH3), 3.75 (s, 3H, CH3), 3.05 
– 2.88 (m, 2H, 2×CHH), 2.08 – 1.95 (m, 2H, 2×CHH) and 1.55 – 1.47 (m, 11H, 2×CHH & 3×CH3).  
Note, the peaks for the pyrimidine and piperidine rings are broad and poorly defined.  MS (ES+): m/z 
(%) 443 (100) [M+H]+, 907 (20) [2M+Na]+. 

 
Synthesis of (4-methoxy-2-(piperidin-4-ylamino)pyrimidin-5-yl)(2-

methoxyphenyl)methanone (27). 
TFA (1.5 mL) was added to a solution of carbamate 26 (660 mg, 1.49 mmol) in anhydrous 

CH2Cl2 (13.5 mL) at 0°C.  The reaction was allowed to warm to room temperature and stirred for an 
additional 2.5 h.  The reaction mixture was then evaporated under reduced pressure and purified 
directly by cation exchange chromatography (10 g SCX2 silica, 20:80 MeOH:CH2Cl2→20:80 7N 
NH3 in MeOH: CH2Cl2) to give the title compound as a white solid (473 mg, 93%).  1H-NMR (500 
MHz, CD3OD): δ 8.37 – 8.28 (m, 1H, ArH), 7.51 – 7.47 (m, 1H, ArH), 7.34 (dd, 1H, J=7.5, 1.5 Hz, 
ArH), 7.08 – 7.02 (m, 2H, 2×ArH), 3.97 – 4.05 (m, 1H, CH), 3.86 – 3.80 (m, 3H, CH3), 3.75 (s, 3H, 
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CH3), 3.13 – 3.10 (m, 2H, 2×CHH), 2.75 – 2.70 (m, 2H, 2×CHH), 2.08 – 1.98 (m, 2H, 2×CHH) and 
1.51 – 1.47 (m, 2H, 2×CHH).  Note, the pyrimidine proton peaks and some of the piperidine proton 
peaks are broad and poorly defined.  13C-NMR (125 MHz, CD3OD): δ 193.4 (C), 163.8 (CH), 158.8 
(C), 133.4 (CH), 131.6 (C), 130.2 (CH), 121.7 (CH), 112.3 (CH), 56.2 (CH3), 54.0 (CH3), 50.1 (CH), 
45.9 (CH2) and 33.2 (CH2).  Note, the three pyrimidine ring quaternary carbons were not observed, 
probably due to peak broadening.  MS (ES+): m/z (%) 343 (100) [M+H]+, 707 (30) [2M+Na]+.  
HRMS (ES+): calcd. for C18H23N4O3 [M+H]+ 343.1765, found 343.1745 (2.8 ppm). 
 

Synthesis of (2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl 4-methylbenzene sulfonate) 
(28). 

DIPEA (2.58 g, 20 mmol) was added to a solution of alcohol 22 2 (2.05 g, 10 mmol), TsCl (3.81 
g, 20 mmol) and DMAP (12 mg, 0.1 mmol) in anhydrous CH2Cl2 (50 mL) at 0°C.  The reaction was 
then allowed to warm to room temperature and stirred for an additional 16 h, after which the reaction 
was washed with sat. aq. NH4Cl (50 mL) and the layers separated.  The aq. layer was subsequently 
extracted with CH2Cl2 (3×50 mL), the CH2Cl2 layers combined, dried over MgSO4, filtered and the 
solvent removed under reduced pressure.  The crude product was purified by chromatography (120 g 
silica, 0:100→100:0 EtOAc:hexane) to give the title compound as a clear oil (1.02 g, 28%).  Rf (silica, 
50:50 EtOAc:hexane) 0.61.  1H-NMR (500 MHz, CDCl3): δ 7.84 – 7.80 (m, 2H, AA′BB′, 2×ArH), 
7.38 – 7.35 (m, 2H, AA′BB′, 2×ArH), 4.81 (br s, 1H, NH), 4.19 – 4.16 (m, 2H, CH2), 3.65-3.62 (m, 
2H, CH2), 3.47 – 3.44 (m, 2H, CH2), 3.27 – 3.22 (m, 2H, CH2), 2.46 (s, 3H, CH3) and 1.46 (s, 9H, 
3×CH3).  MS (ES+): m/z (%) 260 (100) [M-Boc+H]+, 382 (15) [M+Na]+. 
 

Synthesis of methyl 2-(3-(2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethoxy)phenyl)acetate 

(29). 

A solution of tosylate 28 (791 mg, 2.2 mmol) in anhydrous MeCN (2.5 mL) was added to a 
suspension of K2CO3 (332 mg, 2.4 mmol) and methyl 2-(3-hydroxyphenyl)acetate (332 mg, 2.0 
mmol) in dry MeCN (17.5 mL) and heated at 82°C for 18 h.  The reaction mixture was then filtered, 
the solid washed with MeCN (5 mL) and the combined filtrates evaporated under reduced pressure.  
The resultant crude material was purified by column chromatography (40 g silica, 0:100→75:25 
EtOAc:hexane) to give the title compound as a clear oil (516 mg, 73%).  Rf (silica, 50:50 
EtOAc:hexane) 0.60.  1H-NMR (300 MHz, CDCl3): δ 7.27 – 7.21 (m, 1H, ArH), 6.89 – 6.82 (m, 2H, 
2×ArH), 4.97 (br s, 1H, NH), 4.14 – 4.11 (m, 2H, CH2), 3.83 – 3.80 (m, 2H, CH2), 3.70 (s, 3H, CH3), 
3.63 – 3.58 (m, 4H, 2×CH2), 3.37 – 3.34 (m, 2H, CH2) and 1.45 (s, 9H, 3×CH3).  13C-NMR (75 MHz, 
CDCl3): δ 171.8 (C), 158.9 (C), 156.0 (C), 1.35.4 (C), 129.6 (CH), 121.9 (CH), 115.6 (CH), 113.4 
(CH), 79.3 (C), 70.4 (CH2), 69.5 (CH2), 67.3 (CH2), 52.0 (CH3), 41.2 (CH2), 40.4 (CH2) and 28.4 
(CH3).  MS (ES+): m/z (%) 254 (100) [M-Boc+H]+, 376 (45) [M+Na]+. 

 
Synthesis of methyl 2-(4-(2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethoxy)phenyl) acetate 

(30). 
A solution of tosylate 28 (791 mg, 2.2 mmol) in anhydrous MeCN (2.5 mL) was added to a 

suspension of methyl 2-(4-hydroxyphenyl)acetate (332 mg, 2 mmol) and K2CO3 (332 mg, 2.4 mmol) 
in anhydrous MeCN (17.5 mL) and stirred at 82°C for 22 h.  The reaction mixture was then filtered, 
the solid washed with MeCN (2×5 mL), and the combined filtrates concentrated to dryness under 
reduced pressure.  The resultant crude material was purified by column chromatography (40 g silica, 
0:100→70:30 EtOAc:hexane) to give the title compound as a clear oil (530 mg, 75%).  Rf (silica, 
50:50 EtOAc:hexane) 0.55.  1H-NMR (300 MHz, CDCl3): δ 7.14 – 7.09 (m, 2H, AA'BB', 2×ArH), 
6.83 – 6.78 (m, 2H, AA'BB', 2×ArH), 5.15 (br s, 1H, NH), 4.03 – 3.99 (m, 2H, CH2), 3.73 – 3.70 (m, 
2H, CH2), 3.60 (s, 3H, CH3), 3.54 – 3.48 (m, 4H, 2×CH2), 3.28 – 3.24 (m, 2H, CH2) and 1.38 (s, 9H, 
3×CH3).  13C-NMR (75 MHz, CDCl3): δ 172.1 (C), 157.8 (C), 155.9 (C), 130.2 (CH), 126.4 (C), 
114.7 (CH), 79.0 (C), 70.3 (CH2), 69.3 (CH2), 67.3 (CH2), 51.8 (CH3), 40.1 (CH2) and 28.4 (CH3) 
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[note, a single CH2 peak is not observed/co-incident with another peak].  MS (ES+): m/z (%) 254 
(100) [M-Boc+H]+, 376 (90) [M+Na]+.  HRMS (ES+): calcd. for C18H27N1O6 [M+H]+ 354.1911, 
found 354.1913 (0.5 ppm). 

 
Synthesis of 2-(3-(2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethoxy)phenyl)acetic acid (31). 

A solution of NaOH (2 M, 14.6 mmol, 7.30 mL) was added to a solution of ester 29 (516 mg, 
1.46 mmol) in THF (7 mL) and stirred at room temperature for 16 h.  The reaction was then diluted 
with EtOAc (20 mL), the resultant bilayer separated, and the pH of the aqueous layer adjusted to ~3.  
The aqueous was subsequently extracted with EtOAc (3×20 mL), and the combined organic layers 
dried over MgSO4, filtered and the solvent removed under reduced pressure.  The crude material was 
then purified by column chromatography (40 g silica, 0:100→7.5:92.5 MeOH:CH2Cl2) to give the 
title compound as a white solid (252 mg, 51%).  Rf (silica, 2:98 MeOH:CH2Cl2) 0.39.  1H-NMR (500 
MHz, CD3OD): δ 7.23 (dd, 1H, J=8.0, 8.0 Hz, ArH), 6.91 – 6.85 (m, 3H, 3×ArH), 4.15 – 4.13 (m, 
2H, CH2), 3.83 – 3.82 (m, 2H, CH2), 3.60 – 3.58 (m, 4H, 2×CH2), 3.28 – 3.25 (m, 2H, CH2) and 1.45 
(s, 9H, 3×CH3).  13C-NMR (75 MHz, CD3OD): δ 175.4 (C), 160.4 (C), 158.5 (C), 137.6 (C), 130.5 
(CH), 123.0 (CH), 116.8 (CH), 114.3 (CH), 80.2 (C), 71.3 (CH2), 70.6 (CH2), 68.7 (CH2), 42.0 (CH2), 
41.3 (CH2) and 28.8 (CH3).  MS (ES+): m/z (%) 284 (100) [M-tBu+H]+, 362 (56) [M+Na]+.  HRMS 
(ES+): calcd. for C17H26N1O6 [M+H]+ 340.1755, found 340.1759 (1.2 ppm). 
 

Synthesis of 2-(4-(2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethoxy)phenyl)acetic acid 
(32). 

A solution of NaOH (2 M, 15.0 mmol, 7.50 mL) was added to a solution of ester 30 (530 mg, 
1.50 mmol) in THF (7.5 mL) and stirred at room temperature for 16 h.  The reaction was then diluted 
with EtOAc (20 mL), the resultant bilayer separated, and the pH of the aqueous layer adjusted to ~3.  
The aqueous was subsequently extracted with EtOAc (3×20 mL), and the combined organic layers 
dried over MgSO4, filtered and the solvent removed under reduced pressure to give a white solid 
which was used without further purification (462 mg, 91%).  1H-NMR (500 MHz, CD3OD): δ 7.23 – 
7.20 (m, 2H, AA′BB′, 2×ArH), 6.93 – 6.90 (m, 2H, AA′BB′, 2×ArH), 4.14 – 4.12 (m, 2H, CH2), 3.92 
– 3.81 (m, 2H, CH2), 3.60 – 3.58 (m, 2H, CH2), 3.54 (s, 2H, CH2), 3.27 – 3.25 (m, 2H, CH2) and 1.45 
(s, 9H, 3×CH3).  13C-NMR (125 MHz, CD3OD): δ 176.1 (C), 159.3 (C), 158.5 (C), 131.4 (CH), 128.6 
(C), 115.6 (CH), 80.1 (C), 71.2 (CH2), 70.6 (CH2), 68.7 (CH2), 41.3 (2×CH2) and 28.8 (CH3).  MS 
(ES-): m/z (%) 338 (100) [M-H]-.  HRMS (ES+): calcd. for C17H26N1O6 [M+H]+ 340.1755, found 
340.1755 (0.1 ppm). 

 
Synthesis of tert-butyl (2-(2-(3-(2-(4-((4-methoxy-5-(2-methoxybenzoyl)pyrimidin-2-

yl)amino)piperidin-1-yl)-2-oxoethyl)phenoxy)ethoxy)ethyl)carbamate (33). 
A solution of propylphosphonic anhydride (50% w/v in EtOAc, 0.89 mL, 1.5 mmol) was added 

to a solution of amine 27 (171 mg, 0.5 mmol), carboxylic acid 31 (170 mg, 0.5 mmol) and DIPEA 
(258 mg, 2.0 mmol) in anhydrous CH2Cl2 (5 mL) at 0°C.  The reaction was then allowed to warm to 
room temperature and stirred for an additional 16 h, after which the reaction mixture was directly 
subjected to column chromatography (24 g silica, 0:100→15:85 MeOH: CH2Cl2) to give the product 
amide as a pale orange solid (288 mg, 87%).  Rf (silica, 10:90 MeOH:CH2Cl2) 0.62.  1H-NMR (300 
MHz, CD3OD): δ 8.29 (br s, 1H, ArH), 7.50 – 7.45 (m, 1H, ArH), 7.33 – 7.30 (m, 1H, ArH), 7.27 – 
7.21 (m, 1H, ArH), 7.07 – 7.00 (m, 2H, 2×ArH), 6.88 – 6.83 (m, 3H, 3×ArH), 4.52 – 4.48 (m, 1H, 
CHH), 4.13 – 3.99 (m, 4H, CH2, CHH & CH), 3.82 – 3.78 (m, 7H, CH3 & 2×CH2), 3.73 (s, 3H, CH3), 
3.59 – 3.55 (m, 2H, CH2), 3.26 – 3.16 (m, 3H, CHH & CH2), 2.95 – 2.82 (m, 1H, CHH), 2.04 – 1.90 
(m, 2H, 2×CHH), 1.47 – 1.39 (m, 10H, CHH & 3×CH3) and 1.32 – 1.23 (m, 1H, CHH).  13C-NMR 
(125 MHz, CD3OD): δ 193.4 (C), 171.9 (C), 163.7 (CH), 160.6 (C), 158.8 (C), 158.5 (C), 138.0 (C), 
133.4 (CH), 131.5 (C), 130.9 (CH), 130.2 (CH), 122.3 (CH), 121.7 (CH), 116.1 (CH), 114.2 (CH), 
112.3 (CH), 80.1 (C), 71.3 (CH2), 70.6 (CH2), 68.7 (CH2), 56.1 (CH3), 54.1 (CH3), ~49 (CH) (co-
incident with the CD3OD multiplet as observed by HSQC), 46.4 (CH2), 42.1 (CH2), 41.6 (CH2), 41.3 
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(CH2), 33.0 (CH2), 32.3 (CH2) and 28.8 (CH3).  Note, the three pyrimidine ring quaternary carbons 
were not observed, probably due to peak broadening.  MS (ES+): m/z (%) 664 (100) [M+H]+.  HRMS 
(ES+): calcd for C35H46N5O8 [M+H]+ 664.3341, found 664.3342 (-0.2 ppm). 

 
Synthesis of tert-butyl (2-(2-(4-(2-(4-((4-methoxy-5-(2-methoxybenzoyl)pyrimidin-2-

yl)amino)piperidin-1-yl)-2-oxoethyl)phenoxy)ethoxy)ethyl)carbamate (34). 
A solution of propylphosphonic anhydride (50% w/v in EtOAc, 0.89 mL, 1.5 mmol) was added 

to a solution of amine 27 (171 mg, 0.5 mmol), carboxylic acid 32 (170 mg, 0.5 mmol) and DIPEA 
(258 mg, 2.0 mmol) in anhydrous CH2Cl2 (5 mL) at 0°C.  The reaction was then allowed to warm to 
room temperature and stirred for an additional 16 h, after which the reaction was diluted with CH2Cl2 
(20 mL), washed with sat. aq. NaHCO3 (25 mL), the layers separated and the aqueous extracted with 
CH2Cl2 (2×25 mL).  The combined CH2Cl2 layers were subsequently dried over MgSO4, filtered and 
the solvent removed under reduced pressure.  The resultant crude material was purified by column 
chromatography (40 g silica, 0:100-7.5:92.5 MeOH: CH2Cl2) to give the product amide as an off-
white solid (258 mg, 78%).  Rf (silica, 10:90 MeOH:CH2Cl2) 0.69.  1H-NMR (500 MHz, CD3OD): δ 
8.30 (br s, 1H, ArH), 7.51 – 7.47 (m, 1H, ArH), 7.34 (dd, 1H, J=7.5, 1.5 Hz, ArH), 4.52 – 4.49 (m, 
1H, CHH), 7.22 – 7.20 (m, 2H, AA′BB′, 2×ArH), 7.08 – 7.03 (m, 2H, 2×ArH), 6.95 – 6.92 (m, 2H, 
AA′BB′, 2×ArH), 4.13 – 4.06 (m, 3H, CH2, CH), 4.05 – 4.02 (m, 1H, CHH), 3.84 – 3.75 (m, 10H, 
2×CH3 & 2×CH2), 3.60 – 3.58 (m, 2H, CH2), 3.27 – 3.19 (m, 3H, CHH & CH2), 2.95 – 2.85 (m, 1H, 
CHH), 2.02 – 1.94 (m, 2H, 2×CHH), 1.51 – 1.40 (m, 10H, CHH & 3×CH3) and 1.32 – 1.20 (m, 1H, 
CHH).  13C-NMR (125 MHz, CD3OD): δ 193.4 (C), 172.3 (C), 163.8 (CH), 159.2 (C), 158.8 (C), 
158.5 (C), 133.4 (CH), 131.5 (C), 130.8 (CH), 130.2 (CH), 128.7 (C), 121.6 (CH), 116.0 (CH), 112.3 
(CH), 80.1 (C), 71.2 (CH2), 70.6 (CH2), 68.7 (CH2), 56.1 (CH3), 54.0 (CH3), ~49 (CH) (coincident 
with the CD3OD multiplet), 46.3 (CH2), 42.1 (CH2), 41.3 (CH2), 40.7 (CH2), 33.0 (CH2), 32.2 (CH2) 
and 28.8 (CH3).  Note, the three pyrimidine ring quaternary carbons were not observed, probably due 
to peak broadening.  MS (ES+): m/z (%) 664 (100) [M+H]+. 

 
Synthesis of tert-butyl (2-(2-(3-(2-(4-((3-(2-methoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-

6-yl)amino)piperidin-1-yl)-2-oxoethyl)phenoxy)ethoxy)ethyl)carbamate (35). 
Hydrazine hydrate (50 mg, 1.0 mmol) was added to a solution of ketone 33 (33 mg, 0.05 mmol) 

in EtOH (0.5 mL) and heated at 120°C under microwave irradiation for 30 min.  The reaction mixture 
was then filtered and directly subjected to HPLC purification (C18 silica, 5:95→95:5 MeCN:water 
+0.1% NH3) to give the  title compound as a white solid (19 mg, 59%).  1H-NMR (500 MHz, DMSO-
d6): δ 13.11 (br s, 1H, NH), 8.78 (s, 1H, ArH), 7.66 (dd, 1H, J=7.5, 2.0 Hz, ArH), 7.45 – 7.42 (m, 1H, 
ArH), 7.34 (br s, 1H, NH), 7.24 – 7.18 (m, 2H, 2×ArH), 7.06 (ddd, 1H, J=7.5, 7.5, 1.0 Hz, ArH), 6.84 
– 6.77 (m, 4H, 3×ArH & NH), 4.35 – 4.32 (m, 1H, CHH), 4.08 – 4.06 (m, 2H CH2), 4.03 – 3.97 (m, 
2H, CH & CHH), 3.87 (s, 3H, CH3), 3.73 – 3.70 (m, 4H, 2× CH2), 3.47 – 3.45 (m, 2H, CH2), 3.17 – 
3.08 (m, 3H, CHH & CH2), 2.83 – 2.78 (m, 1H, CHH), 1.93 – 1.88 (m, 2H, 2×CHH) and 1.42 – 1.31 
(m, 11H, 2×CHH & 3×CH3).  13C-NMR (125 MHz, DMSO-d6): δ 168.4 (C), 159.8 (C), 158.4 (C), 
156.4 (C), 155.6 (CH), 141.9 (C), 137.4 (C), 130.0 (CH), 129.8 (CH), 129.3 (CH), 121.6 (C), 121.1 
(CH), 120.6 (CH), 115.1 (CH), 112.3 (CH), 111.7 (CH), 77.6 (C), 69.3 (CH2), 68.6 (CH2), 66.9 (CH2), 
55.3 (CH3), 47.5 (CH), 44.5 (CH2) and 28.2 (CH2).  Note, HSQC analysis shows that three CH2 peaks 
are co-incident with the DMSO-d6 multiplet, and that there are two weak CH2 peaks at ~32.0 and 
~31.3.  Note, three quaternary carbons were not observed.  MS (ES+): m/z (%) 646 (100) [M+H]+.  
HRMS (ES+): calcd for C34H43N7O6 [M+H]+ 646.3348, found 646.3323 (3.9 ppm). 
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Synthesis of tert-butyl (2-(2-(4-(2-(4-((3-(2-methoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-
6-yl)amino)piperidin-1-yl)-2-oxoethyl)phenoxy)ethoxy)ethyl)carbamate (36). 

Hydrazine hydrate (177 mg, 3.53 mmol) was added to a solution of ketone 34 (117 mg, 0.176 
mmol) in EtOH (1.75 mL) and heated at 120°C under microwave irradiation for 30 min.  The reaction 
mixture was then filtered and directly subjected to HPLC purification (C18 silica, 5:95→95:5 
MeCN:water +0.1% NH3) to give the  title compound as a white solid (51 mg, 43%).  1H-NMR (500 
MHz, DMSO-d6): δ 13.11 (br s, 1H, NH), 8.78 (s, 1H, ArH), 7.66 (dd, 1H, J=7.5, 2.0 Hz, ArH), 7.45 
– 7.42 (m, 1H, ArH), 7.32 (br s, 1H, NH), 7.20 – 7.16 (m, 3H, 3×ArH), 7.06 (ddd, 1H, J=7.5, 7.5, 1.0 
Hz, ArH), 6.91 – 6.88 (m, 2H, AA′BB′, 2×ArH), 6.79 – 6.74 (m, 1H, NH), 4.34 – 4.31 (m, 1H, CHH), 
4.07 – 4.05 (m, 2H CH2), 4.00 – 3.97 (m, 2H, CH & CHH), 3.86 (s, 3H, CH3), 3.73 – 3.71 (m, 2H, 
CH2), 3.66 (s, 2H, CH2), 3.47 – 3.44 (m, 2H, CH2), 3.17 – 3.08 (m, 3H, CHH & CH2), 2.81 – 2.76 
(m, 1H, CHH), 1.92 – 1.87 (m, 2H, 2×CHH) and 1.38 – 1.30 (m, 11H, 2×CHH & 3×CH3).  13C-NMR 
(125 MHz, DMSO-d6): δ 168.8 (C), 159.8 (C), 157.0 (C), 156.4 (C), 155.6 (CH), 155.2 (C), 141.9 
(C), 130.0 (CH), 129.8 (2×CH, HSQC suggests two carbon atoms have the same shift), 127.9 (C), 
121.6 (C), 120.6 (CH), 114.3 (CH), 111.7 (CH), 77.6 (C), 69.2 (CH2), 68.6 (CH2), 67.0 (CH2), 55.3 
(CH3), 44.4 (CH2), 38.8 (CH2) and 28.2 (CH3).  Note, HSQC analysis shows that two CH2 peaks are 
co-incident with the DMSO-d6 multiplet, and that there is a weak CH peak at ~47.4 ppm, and there 
are two weak CH2 peaks at ~31.7 and ~31.3.  Note, two quaternary carbons were not observed.  MS 
(ES+): m/z (%) 646 (100) [M+H]+.  HRMS (ES+): calcd for C34H43N7O6 [M+H]+ 646.3348, found 
646.3315 (5.0 ppm). 

 
2-(3-(2-(2-aminoethoxy)ethoxy)phenyl)-1-(4-((3-(2-methoxyphenyl)-1H-pyrazolo[3,4-

d]pyrimidin-6-yl)amino)piperidin-1-yl)ethanone (12). 
TFA (0.25 mL) was added to a solution of Boc protected amine 35 (52 mg, 0.081 mmol) in 

anhydrous CH2Cl2 (2.75 mL) at 0°C.  The reaction was subsequently allowed to warm to room 
temperature and stirred for an additional 16 h.  The reaction mixture was then concentrated to dryness 
under reduced pressure, and the resultant crude material purified by column chromatography (12 g 
silica, 0:100→70:30 0.5M NH3 in MeOH:CH2Cl2) to give the title compound as a clear semi-solid 
(38 mg, 87%).  Rf (silica, 20:80 0.5 M NH3 in MeOH:CH2Cl2) 0.40.  1H-NMR (500 MHz, CD3OD): 
δ 8.80 (s, 1H, ArH), 7.65 (dd, 1H, J=7.5, 1.5 Hz, ArH), 7.45 – 7.42 (m, 1H, ArH), 7.25 (dd, 1H, 
J=8.0, 8.0 Hz, ArH), 7.15 (d, 1H, J=8.0 Hz, ArH), 7.07 – 7.04 (m, 1H, ArH), 6.88 – 6.83 (m, 3H, 
3×ArH), 4.48 – 4.45 (m, 1H, CHH), 4.16 – 4.03 (m, 3H, CH2&CH), 4.01 – 3.98 (m, 1H, CHH), 3.88 
– 3.77 (m, 7H, CH3&2×CH2), 3.67 – 3.65 (m, 2H, CH2), 3.25 – 3.19 (m, 1H, CHH), 2.96-2.90 (m, 
3H, CH2&CHH), 2.07 – 1.97 (m, 2H, 2×CHH), 1.49 – 1.41 (m, 1H, CHH) and 1.32 – 1.26 (m, 1H, 
CHH).  13C-NMR (125 MHz, CD3OD): δ 171.9 (C), 161.5 (C), 160.5 (C), 158.5 (C), 158.3 (C), 157.1 
(CH), 144.8 (C), 138.1 (C), 131.8 (CH), 131.3 (CH), 131.0 (CH), 122.4 (CH), 122.3 (C), 122.1 (CH), 
116.1 (CH), 114.1 (CH), 112.6 (CH), 108.0 (C), 71.2 (CH2), 70.8 (CH2), 68.6 (CH2), 56.0 (CH3), 49.3 
(CH), 46.5 (CH2), 42.2 (CH2), 41.52 (CH2), 41.50 (CH2), 33.1 (CH2) and 32.4 (CH2).  MS (ES+): m/z 
(%) 273.5 (80) [M+2H]2+, 546 (100) [M+H]+. HRMS (ES+): calcd. for C29H36N7O4 [M+H]+ 
546.2823, found 546.2803 (3.6 ppm). 

 
2-(4-(2-(2-aminoethoxy)ethoxy)phenyl)-1-(4-((3-(2-methoxyphenyl)-1H-pyrazolo[3,4-

d]pyrimidin-6-yl)amino)piperidin-1-yl)ethanone, trifluoroacetate salt (11). 
TFA (0.25 mL) was added to a solution of Boc protected amine 36 (45 mg, 0.070 mmol) in 

anhydrous CH2Cl2 (4.75 mL) at 0°C.  The reaction was subsequently allowed to warm to room 
temperature and stirred for an additional 16 h.  The reaction mixture was then concentrated to dryness 
under reduced pressure to give the title compound as a pale yellow semi-solid (47 mg, quant.).  1H-
NMR (500 MHz, CD3OD): δ 8.90 (s, 1H, ArH), 7.74 (dd, 1H, J=7.5, 2.0 Hz, ArH), 7.47 – 7.44 (m, 
1H, ArH), 7.21 – 7.16 (m, 3H, 3×ArH), 7.08 – 7.05 (m, 1H, ArH), 6.93 – 6.90 (m, 2H, AA′BB′, 
2×ArH), 4.48 – 4.45 (m, 1H, CHH), 4.16 – 4.14 (m, 3H, CH2&CH), 4.04 – 4.01 (m, 1H, CHH), 3.91 
– 3.86 (m, 5H, CH3&CH2), 3.78 – 3.74 (m, 4H, 2×CH2), 3.31 – 3.28 (m, 1H, CHH), 3.16 – 3.14 (m, 
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2H, CH2), 2.98 – 2.92 (m, 1H, CHH), 2.09 – 2.07 (m, 1H, CHH), 2.02 – 1.99 (m, 1H, CHH), 1.54 – 
1.46 (m, 1H, CHH) and 1.39 – 1.31 (m, 1H, CHH).  19F-NMR (470 MHz, CD3OD): δ -76.8 (CF3).  
13C-NMR (125 MHz, CD3OD): δ 172.3 (C), 159.0 (C), 159.0 (q, J=41.5 Hz, C), 158.5 (C), 158.3 (C),  
146.2 (C), 132.3 (CH), 131.2 (CH),  130.9 (CH), 128.9 (C), 122.1 (CH), 121.4 (C), 116.1 (q, J=282.5 
Hz, CF3), 115.9 (CH), 112.7 (CH), 108.1 (C), 70.9 (CH2), 68.6 (CH), 68.1 (CH2), 58.4 (CH3), 56.0 
(CH), 46.1 (CH2), 42.0 (CH2), 40.7 (CH2), 40.5 (CH2), 32.7 (CH2) and 32.1 (CH2).  Note, HMBC 
analysis identifies a CH resonance at ~152 ppm.  Note, one of the quaternary carbon peaks is not 
detected.  MS (ES+): m/z (%) 273.5 (50) [M+2H]2+, 546 (100) [M+H]+.  HRMS (ES+): calcd. for 
C29H36N7O4 [M+H]+ 546.2823, found 546.2825 (-0.3 ppm). 

 
 

1.5 Synthesis of analogues 43 and 48. 
 

 
Scheme S4: Synthesis of compound 43, a pyrazolopyrimidine analogue containing a PEG linker at 
the 4-position of the pharmacophore Reagents and conditions: (a) NBS, MeCN, 70°C, 2 h, 68%; (b) 
SEMCl, DIPEA, CH2Cl2, 0°C, 3.5 h, 67%; (c) NaH, THF, 0-25°C, 16 h, 79%; (d) DIPEA, dioxane, 
102°C, 64 h, 35%; (e) Pd(PPh3)4, K2CO3, DMF, 130°C, 6 h, 41%; (f) HCl, CH2Cl2 / dioxane, 25°C, 
16 h, 46%. 
 

 
Synthesis of 3-bromo-4,6-dichloro-1H-pyrazolo[3,4-d]pyrimidine (37). 
NBS (392 mg, 2.2 mmol) was added to a solution of 4,6-dichloro-1H-pyrazolo[3,4-d]pyrimidine 

(378 mg, 2.0 mmol) in anhydrous MeCN (10 mL) and heated with stirring at 70oC for 2 h.  The 
reaction solvent was then removed under reduced pressure, and the resultant crude residue redissolved 
in EtOAc (25 mL), which was washed with satd. aq. NaCl (25 mL), the layers separated and the 
aqueous phase extracted with EtOAc (2 x 25 mL).  The combined EtOAc layers were subsequently, 
dried over MgSO4 , filtered, and the solvent removed under reduced pressure.  The crude aryl bromide 
was purified by silica column chromatography (40 g silica, 0:100→35:65 EtOAc:heptane) to afford 
the title compound as a white solid (404 mg, 75%).  Rf (silica, 20:80 EtOAc:heptane): 0.43.  1H-NMR 
(500 MHz, DMSO-d6): δ 14.95 (br s, 1H, NH). 
 

Synthesis of 3-bromo-4,6-dichloro-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-
d]pyrimidine (38). 

DIPEA (564 mg, 4.37 mmol) was added dropwise to a solution of 3-bromo-4,6-dichloro-1H-
pyrazolo[3,4-d]pyrimidine (37) (390 mg, 1.46 mmol) in anhydrous CH2Cl2 (15 mL) at 0oC and stirred 
for 10 min, followed by the dropwise addition of SEMCl (291 mg, 1.75 mmol).  The reaction was 
subsequently stirred for an additional 3.5 h.  The reaction was then washed with water (15 mL), the 
layers separated, and the aqueous layer extracted with CH2Cl2 (3×15 mL).  The combined CH2Cl2 
layers, were then dried over MgSO4, filtered, and the solvent removed under reduced pressure.  The 
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crude product was purified by silica column chromatography (40 g silica, 0:100→40:60 
EtOAc:heptane) to afford the title compound as a clear oil (406 mg, 70%).  Rf (silica, 20:80 
EtOAc:heptane): 0.68.  1H-NMR (400 MHz, CDCl3): δ 5.74 (s, 2H, CH2), 3.70 (t, 2H, J=8.0 Hz, 
CH2), 0.96 (t, 2H, J=8.0 Hz, CH2) and 0.00 (s, 9H, Si(CH3)3).  13C-NMR (100 MHz, CDCl3): δ 157.8 
(C), 156.1 (C), 155.5 (C), 121.4 (C), 111.6 (C), 75.8 (CH2), 68.0 (CH2), 17.7 (CH2) and -1.5 (CH3).  
MS (ES+) (%) 397 (59) [35Cl,79Br M+H]+, 399 (100) [35Cl,81Br & 37Cl,79Br M+H]+, 401 (46) 
[37Cl,81Br M+H]+. 

 
Synthesis of 4-(2-(2-(benzyloxy)ethoxy)ethoxy)-3-bromo-6-chloro-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-d]pyrimidine (39). 
Sodium hydride (60% in oil, 22 mg, 0.56 mmol) was added to a solution of 2-(2-
benzyloxyethoxy)ethanol (194 mg, 0.99 mmol) in anhydrous THF (2.5 mL) at 0°C and stirred for 30 
min.  The resultant alkoxide solution was allowed to warm to room temperature and added to a 
solution of 3-bromo-4,6-dichloro-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-
d]pyrimidine (38) (201 mg, 0.50 mmol) in anhydrous THF (2.5 mL), and subsequently stirred at room 
temperature for 16 h.  The reaction mixture was then diluted with EtOAc/sat. aq. NaCl (1:1, 50 mL), 
the layers separated, and the aqueous extracted with EtOAc (3×25 mL).  The combined organic layers 
were dried over MgSO4, filtered, and the solvent removed under reduced pressure.  The crude ether 
was purified by silica column chromatography (24 g silica, 10:90→50:50 EtOAc:heptane) to afford 
the title compound as a clear oil (234 mg, 83%).  Rf (silica, 20:80 EtOAc:heptane): 0.37.  1H-NMR 
(400 MHz, CDCl3): δ 7.35 – 7.26 (m, 5H, Ph), 5.68 (s, 2H, CH2), 4.79 – 4.76 (m, 2H, CH2), 4.59 (s, 
2H, CH2), 3.99 – 3.97 (m, 2H, CH2), 3.83 – 3.81 (m, 2H, CH2), 3.70 – 3.66 (m, 4H, 2×CH2), 0.98 – 
0.94 (m, 2H, CH2) and 0.00 (s, 9H, Si(CH3)3).  13C-NMR (100 MHz, CDCl3): δ 163.6 (C), 158.3 (C), 
157.0 (C), 138.1 (C), 128.3 (CH), 127.62 (CH), 127.56 (CH), 120.3 (C), 102.0 (C), 75.4 (CH2), 73.3 
(CH2), 71.0 (CH2), 69.5 (CH2), 68.8 (CH2), 67.8 (CH2), 67.5 (CH2), 17.6 (CH2) and -1.5 (CH3).  MS 
(ES+) (%) 557 (70) [35Cl,79Br M+H]+, 559 (100) [35Cl,81Br & 37Cl,79Br M+H]+.  HRMS (ES+): calcd. 
for C22H31Br1Cl1N4O4Si1 [M+H]+ 557.0981, found 557.0989 (-0.8 ppm). 

 
 

 
Scheme S5: Synthesis of intermediate 40.  Reagents and conditions: (a) nBuLi, THF, -78-25°C, 40 
h, 51%; (b) HCl, dioxane / CH2Cl2, 0-25°C, 16 h, 84%. 
 

Synthesis of tert-butyl (trans-4-(2-methylpropylsulfonamido)cyclohexyl)carbamate (44). 
A solution of nBuLi (2.5M in hexanes, 4.4 mL, 11 mmol) was added dropwise to a solution of 

N-Boc-trans-1,4-cyclohexanediamine (2.14 g, 10 mmol) in anhydrous THF (25 mL) at -78°C.  The 
reaction was then warmed to -10°C and stirred for 15 min before being cooled again to -78°C, prior 
to the addition of neat iso-butanesulfonyl chloride (2.04 g, 13 mmol). The reaction was subsequently 
allowed to warm to room temperature and stirred for an additional 16 h.  The reaction was quenched 
by the addition of an aqueous HCl solution (1M, 10 mL), the layers separated and the aqueous 
neutralised with sat. aq. NaHCO3, followed by extraction with EtOAc (3×25 mL).  The combined 
organic layers were dried over MgSO4, filtered, and the solvent removed under reduced pressure.  
The resultant solid was triturated from heptane/diethyl ether (3:1, 200 mL) to give the title compound 
as a white solid (1.78 g, 51%).  1H-NMR (500 MHz, CDCl3): δ 4.37 (br s, 1H, NH), 4.00 (d, 1H, 
J=7.5 Hz, NH), 3.46 – 3.36 (m, 1H, CH), 3.29 – 3.22 (m, 1H, CH), 2.91 (d, 2H, J=6.5 Hz, CH2), 2.30 
– 2.22 (m, 1H, CH), 2.09 – 2.03 (m, 4H, 4×CHH), 1.45 (s, 9H, tBu), 1.39 – 1.30 (m, 2H, 2×CHH), 
1.25 – 1.17 (m, 2H, 2×CHH) and 1.11 (d, 6H, J=6.5 Hz, 2×CH3).  13C-NMR (100 MHz, CDCl3): δ 
155.2 (C), 79.4 (C), 62.2 (CH2), 52.2 (CH), 48.6 (CH), 33.3 (CH2), 32.0 (CH2), 28.4 (CH3), 25.1 (CH) 
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and 22.6 (CH2).  MS (ES+): m/z (%) 279 (100) [M-tBu+H]+, 352 (50) [M+NH4]+.  HRMS (ES+): 
calcd for C15H34N3O4S [M+NH4]+ 352.2265, found 352.2255 (2.7 ppm). 

 
Synthesis of N-(trans-4-aminocyclohexyl)-2-methylpropane-1-sulfonamide (40). 

A solution of HCl (4M in dioxane, 8 mL, 32 mmol) was added to a suspension of carbamate 44 (1.34 
g, 4.0 mmol) in anhydrous CH2Cl2 (20 mL) at 0°C.  The reaction was then allowed to warm to room 
temperature and stirred for 16 h.  The solvent was then removed under reduced pressure to give the 
hydrochloride salt of the title compound as a white solid (1.01 g, 84%).  1H-NMR (300 MHz, DMSO-
d6): δ 8.15 (br s, 3H, NH3+), 7.07 (d, 1H, J=7.5 Hz, NH), 3.09 – 2.98 (m, 1H, CH), 2.95 – 2.81 (m, 
3H, CH & CH2), 2.13 – 2.00 (m, 1H, CH), 1.97 – 1.85 (m, 4H, 4×CHH), 1.47 – 1.21 (m, 4H, 4×CHH) 
and 1.01 (d, 6H, J=6.5 Hz, 2×CH3).  13C-NMR (100 MHz, DMSO-d6): δ 60.4 (CH2), 51.1 (CH), 48.7 
(CH), 32.0 (CH2), 29.5 (CH2), 24.9 (CH) and 22.8 (CH3).  MS (ES+): m/z (%) 235 (100) [M+H]+.  
HRMS (ES+): calcd. for C10H23N2O2S [M+H]+ 235.1475, found 235.1469 (2.3 ppm). 

 
Synthesis of N-(trans-4-((4-(2-(2-(benzyloxy)ethoxy)ethoxy)-3-bromo-1-((2-

(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-d]pyrimidin-6-yl)amino)cyclohexyl)-2-
methylpropane-1-sulfonamide (41). 

DIPEA (325 mg, 2.52 mmol) was added to a suspension of chloropyrimidine 39 (234 mg, 0.42 
mmol) and amine 40 (454 mg, 1.68 mmol) in anhydrous 1,4-dioxane (5 mL) and heated at 102°C for 
64 h.  The reaction mixture was subsequently added to EtOAc/sat. aq. NaCl (1:1, 50 mL), the layers 
separated and the aqueous extracted with EtOAc (3×25 mL).  The combined EtOAc layers were then 
dried over MgSO4, filtered and the solvent removed under reduced pressure.  The resultant crude 
product was purified by column chromatography (24 g silica, 0:100→75:25 EtOAc:heptane) to afford 
the title compound as a thick yellow oil (125 mg, 35% conversion, 60% yield).  Rf (silica, 50:50 
EtOAc:heptane): 0.47.  1H-NMR (400 MHz, CDCl3): δ 7.38 – 7.27 (m, 5H, Ph), 5.55 (br s, 2H, CH2), 
5.13 (br s, 1H, NH), 4.60 – 4.57 (m, 5H, 2×CH2 & NH), 3.98 – 3.93 (m, 2H, CH2), 3.85 – 3.83 (m, 
3H, CH2 & CH), 3.71 – 3.65 (m, 4H, 2×CH2), 3.37 – 3.29 (m, 1H, CH), 2.96 (d, 2H, J=6.5 Hz, CH2), 
2.36 – 2.26 (m, 1H, CH), 2.21 – 2.13 (m, 4H, 4×CHH), 1.51 – 1.30 (m, 4H, 4×CHH), 1.15 (d, 6H, 
J=7.0 Hz, 2×CH3), 0.98 – 0.94 (m, 2H, CH2) and 0.01 (s, 9H, Si(CH3)3).  13C-NMR (100 MHz, 
CDCl3): δ 163.2 (C), 160.5 (C), 158.6 (C), 138.1 (C), 128.3 (CH), 127.6 (CH), 127.5 (CH), 120.2 
(C), 97.2 (C), 74.5 (CH2), 73.2 (CH2), 71.0 (CH2), 69.5 (CH2), 69.0 (CH2), 66.8 (CH2), 66.1 (CH2), 
62.0 (CH2), 52.1 (CH), 48.9 (CH), 33.1 (CH2), 31.4 (CH2), 24.9 (CH), 22.6 (CH3), 17.7 (CH2) and -
1.5 (CH3).  MS (ES+) (%) 755 (82) [79Br M+H]+, 757 (100) [81Br M+H]+.  HRMS (ES+): calcd for 
C32H52BrN6O6SSi [M+H]+ 755.2616, found 755.2610 (0.9 ppm). 
 

Synthesis of N-(trans-4-((4-(2-(2-(benzyloxy)ethoxy)ethoxy)-3-(2-methoxyphenyl)-1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-d]pyrimidin-6-yl)amino)cyclohexyl)-2-
methylpropane-1-sulfonamide (42). 

Potassium carbonate (183 mg, 1.32 mmol) was added to a solution of (2-methoxyphenyl)boronic 
acid (60 mg, 0.40 mmol) and bromopyrazole 41 (100 mg, 0.13 mmol) in anhydrous DMF (2 mL).  
The resultant suspension was then purged with a flow of nitrogen gas for 10 min, before the addition 
of Tetrakis(triphenylphosphine)palladium(0) (30 mg, 0.026 mmol).  The reaction mixture was then 
heated at 130°C for 6 h before being filtered through celite, and purified by column chromatography 
(24 g silica, 0:100→80:20 EtOAc:heptane) to afford the title compound as a thick yellow oil (50 mg, 
41%).  Rf (silica, 50:50 EtOAc:heptane): 0.25.  1H-NMR (400 MHz, CDCl3): δ 7.42 (dd, 1H, J=7.5, 
2.0 Hz, ArH), 7.33 – 7.27 (m, 6H, ArH & Ph), 6.94 (dd, 1H, J=7.5, 7.5 Hz, ArH), 6.89 (d, 1H, J=8.0 
Hz, ArH), 5.62 (s, 2H, CH2), 4.98 – 4.94 (m, 1H, NH), 4.50 – 4.45 (m, 5H, 2×CH2 & NH), 3.89 – 
3.83 (m, 1H, CH), 3.74 – 3.67 (m, 7H, CH3 & 2×CH2), 3.46 – 3.40 (m, 4H, 2×CH2), 3.37 – 3.25 (m, 
1H, CH), 2.92 (d, 2H, J=7.0 Hz, CH2), 2.32-2.24 (m, 1H, CH), 2.21 – 2.10 (m, 4H, 4×CHH), 1.48 – 
1.26 (m, 4H, 4×CHH), 1.11 (d, 6H, J=7.0 Hz, 2×CH3), 0.97-0.93 (m, 2H, CH2) and -0.03 (s, 9H, 
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Si(CH3)3).  MS (ES+) (%) 783 (100) [M+H]+.  HRMS (ES+): calcd for C39H59N6O7SSi [M+H]+ 
783.3930, found 783.3912 (2.2 ppm). 

 
Synthesis of N-(trans-4-((4-(2-(2-(benzyloxy)ethoxy)ethoxy)-3-(2-methoxyphenyl)-1H-

pyrazolo[3,4-d]pyrimidin-6-yl)amino)cyclohexyl)-2-methylpropane-1-sulfonamide (43). 
A solution of HCl (4M in dioxane, 255 µL, 1.02 mmol) was added to a solution of SEM protected 
pyrazole 42 (40 mg, 0.051 mmol) in anhydrous CH2Cl2 (2 mL) and the mixture subsequently stirred 
at room temperature for 16 h.  The reaction solvent was then evaporated under reduced pressure and 
the crude product purified directly by preparative HPLC (C18 silica, 5:95→95:5 MeCN:water+0.1% 
NH3) to afford the title compound as a white solid (16 mg, 46%).  1H-NMR (400 MHz, CD3OD): δ 
7.36 – 7.21 (m, 7H, 2×ArH & Ph), 6.98 (d, 1H, J=8.5 Hz, ArH), 6.93 (dd, 1H, J=7.5 Hz, ArH), 4.45 
– 4.42 (m, 4H, 2×CH2), 3.81 – 3.73 (m, 1H, CH), 3.73 (s, 3H, CH3), 3.67 – 3.65 (m, 2H, CH2), 3.47 
– 3.37 (m, 4H, 2×CH2), 3.22 – 3.17 (m, 1H, CH), 2.92 (d, 2H, J=6.5 Hz, CH2), 2.25 – 2.15 (m, 1H, 
CH), 2.12 – 2.02 (m, 4H, 4×CHH), 1.48 – 1.29 (m, 4H, 4×CHH) and 1.08 (d, 6H, J=7.0 Hz, 2×CH3).  
13C-NMR (100 MHz, CD3OD): δ 164.2 (C), 160.9 (C), 158.0 (C), 138.2 (C), 130.9 (CH), 129.9 (CH), 
127.9 (CH), 127.5 (CH), 127.3 (CH), 119.7 (CH), 110.5 (CH), 95.7 (C), 72.7 (CH2), 70.4 (CH2), 69.3 
(CH2), 68.9 (CH2), 65.7 (CH2), 60.8 (CH2), 54.6 (CH3), 52.0 (CH), 49.1 (CH), 33.0 (CH2), 31.2 (CH2), 
24.9 (CH) and 21.5 (CH3).  Note, 3 quaternary carbon resonances were not observed.  MS (ES+) (%) 
653 (100) [M+H]+.  HRMS (ES+): calcd. for C33H45N6O6S [M+H]+ 653.3116, found 653.3111 (0.7 
ppm). 

 
 
 

 
Scheme S6: Synthesis of 48, a pyrazolopyrimidine analogue containing a PEG linker at the 4-position 
of the pharmacophore.  Reagents and conditions: (a) NaH, THF, 0-25°C, 6 h, 61%; (b) DIPEA, 
dioxane, 102°C, 112 h, 61%; (c) Pd(PPh3)4, K2CO3, DMF, 130°C, 7 h, 46%; (d) HCl, CH2Cl2 / 
dioxane, 25°C, 88 h, 46%. 
 

 
Synthesis of tert-butyl (2-(2-((3-bromo-6-chloro-1-((2-(trimethylsilyl)ethoxy) 

methyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)oxy)ethoxy)ethyl)carbamate (45). 
Sodium hydride (60% in oil, 22 mg, 0.55 mmol) was added to a solution alcohol 22 (103 mg, 0.5 
mmol) in anhydrous THF (2.5 mL) at 0°C and stirred for 30 min.  The resultant alkoxide solution 
was allowed to warm to room temperature and added to a solution of 3-bromo-4,6-dichloro-1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-d]pyrimidine (38) (199 mg, 0.50 mmol) in 
anhydrous THF (2.5 mL), and subsequently stirred at room temperature for 6 h.  The reaction mixture 
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was then diluted with EtOAc/sat. aq. NaCl (1:1, 50 mL), the layers separated, and the aqueous 
extracted with EtOAc (3×25 mL).  The combined organic layers were dried over MgSO4, filtered, 
and the solvent removed under reduced pressure.  The crude ether was purified by silica column 
chromatography (24 g silica, 20:80→100:0 EtOAc:heptane) to afford the title compound as a clear 
oil (193 mg, 61%).  Rf (silica, 20:80 EtOAc:heptane): 0.15.  1H-NMR (400 MHz, CDCl3): δ 5.68 (s, 
2H, CH2), 4.97 (s, 1H, NH), 4.75 – 4.72 (m, 2H, CH2), 3.91 – 3.89 (m, 2H, CH2), 3.76 – 3.65 (m, 4H, 
2×CH2), 3.38 – 3.34 (m, 2H, CH2), 1.45 (s, 9H, tBu),  0.97 – 0.93 (m, 2H, CH2) and 0.00 (s, 9H, 
Si(CH3)3).  13C-NMR (100 MHz, CDCl3): δ 163.6 (C), 158.4 (C), 157.0 (C), 155.9 (C), 120.4 (C), 
102.0 (C), 79.4 (C), 75.4 (CH2), 70.4 (CH2), 68.4 (CH2), 67.6 (CH2), 67.5 (CH2), 40.3 (CH2), 28.4 
(CH3), 17.7 (CH2) and -1.5 (CH3).  MS (ES+) (%) 510 (72) [35Cl,79Br M-tBu+H]+, 512 (100) 
[35Cl,81Br & 37Cl,79Br M-tBu+H]+, 566 (42) [35Cl,79Br M+H]+, 568 (40) [35Cl,81Br & 37Cl,79Br M+H]+.  
HRMS (ES+): calcd for C20H34BrClN5O5Si [M+H]+ 566.1196, found 566.1194 (0.3 ppm). 
 

 
Synthesis of tert-butyl (2-(2-((3-bromo-6-(((trans)-4-(2-methylpropyl- 

sulfonamido)cyclohexyl)amino)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo 
[3,4-d]pyrimidin-4-yl)oxy)ethoxy)ethyl)carbamate (46). 
Neat DIPEA (260 mg, 2.01 mmol) was added to a suspension of chloropyrimidine 38 (190 mg, 0.34 
mmol) and amine 40 (363 mg, 1.34 mmol) in anhydrous 1,4-dioxane (5 mL) and heated at 102°C for 
112 h.  The reaction mixture was subsequently added to EtOAc/sat. aq. NaCl (1:1, 50 mL), the layers 
separated and the aqueous extracted with EtOAc (3×25 mL).  The combined EtOAc layers were then 
dried over MgSO4, filtered and the solvent removed under reduced pressure.  The resultant crude 
product was purified by column chromatography (24 g silica, 10:90→70:30 EtOAc:heptane) to afford 
the title compound as a white solid (124 mg, 44% conversion, 61% yield).  Rf (silica, 60:40 
EtOAc:heptane): 0.54.  1H-NMR (400 MHz, CDCl3): δ 5.50 (br s, 2H, CH2), 5.14 – 5.09 (m, 1H, 
NH), 5.05 – 4.98 (m, 1H, NH), 4.65 – 4.45 (m, 3H, CH2 & NH), 3.84 – 3.77 (m, 3H, CH2 & CH), 
3.64 – 3.60 (m, 4H, 2×CH2), 3.34 – 3.25 (m, 3H, CH2 & CH), 2.91 (d, 2H, J=6.5 Hz, CH2), 2.30 – 
2.20 (m, 1H, CH), 2.17 – 2.08 (m, 4H, 4×CHH), 1.47 – 1.28 (m, 13H, tBu & 4×CHH), 1.10 (d, 6H, 
J=7.0 Hz, 2×CH3), 0.93 – 0.89 (m, 2H, CH2) and -0.05 (s, 9H, Si(CH3)3).  13C-NMR (100 MHz, 
CDCl3): δ 163.1 (C), 160.5 (C), 158.7 (C), 155.9 (C), 120.2 (C), 97.1 (C), 79.3 (C), 74.5 (CH2), 70.3 
(CH2), 68.5 (CH2), 66.9 (CH2), 65.6 (CH2), 62.0 (CH2), 52.1 (CH), 48.9 (CH), 40.3 (CH2), 33.1 (CH2), 
31.4 (CH2), 28.3 (CH3), 24.9 (CH), 22.6 (CH3), 17.7 (CH2) and -1.5 (CH3).  MS (ES+) (%) 764 (87) 
[79Br M+H]+, 766 (100) [81Br M+H]+.  HRMS (ES+): calcd for C30H55BrN7O7SSi [M+H]+ 764.2831, 
found 764.2810 (2.7 ppm). 
 

 
Synthesis of tert-butyl (2-(2-((3-(2-methoxyphenyl)-6-(((trans)-4-(2-methyl 

-propylsulfonamido)cyclohexyl)amino)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrazolo[3,4-
d]pyrimidin-4-yl)oxy)ethoxy)ethyl)carbamate (47). 
Potassium carbonate (58 mg, 0.42 mmol) was added to a solution of (2-methoxyphenyl)boronic acid 
(19 mg, 0.13 mmol) and bromopyrazole 46 (32 mg, 0.042 mmol) in anhydrous DMF (2 mL).  The 
resultant suspension was then purged with a flow of nitrogen gas for 10 min, before the addition of 
tetrakis(triphenylphosphine)palladium(0) (10 mg, 0.0084 mmol).  The reaction mixture was then 
heated at 130°C for 7 h under microwave irradiation before being filtered through celite, and purified 
by column chromatography (12 g silica, 0:100→80:20 EtOAc:heptane) to afford the title compound 
as a yellow oil (17 mg, 46%).  Rf (silica, 50:50 EtOAc:heptane): 0.36.  1H-NMR (400 MHz, CDCl3): 
δ 7.44 (dd, 1H, J=7.5, 1.5 Hz, ArH), 7.40 – 7.36 (m, 1H, ArH), 7.02 – 6.96 (m, 2H, 2×ArH), 5.63 (s, 
2H, CH2), 5.01 – 4.97 (m, 1H, NH), 4.72 – 4.66 (m, 1H, NH), 4.45 – 4.39 (m, 2H, CH2), 4.38 – 4.31 
(m, 1H, NH), 3.95 – 3.83 (m, 1H, CH), 3.77 (s, 3H, CH3), 3.74 – 3.70 (m, 2H, CH2), 3.64 – 3.62 (m, 
2H, CH2), 3.37 – 3.28 (m, 3H, CH2 & CH), 3.16 – 3.12 (m, 2H, CH2), 2.93 (d, 2H, J=6.5 Hz, CH2), 
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2.33 – 2.11 (m, 5H, CH & 4×CHH), 1.49 – 1.31 (m, 13H, tBu & 4×CHH), 1.12 (d, 6H, J=7.0 Hz, 
2×CH3), 0.98 – 0.94 (m, 2H, CH2) and -0.03 (s, 9H, Si(CH3)3).  MS (ES+) (%) 792 (100) [M+H]+. 

 
Synthesis of N-(trans-4-((4-(2-(2-(benzyloxy)ethoxy)ethoxy)-3-(2-methoxyphenyl)-1H-

pyrazolo[3,4-d]pyrimidin-6-yl)amino)cyclohexyl)-2-methylpropane-1-sulfonamide (48). 
A solution of HCl (4M in dioxane, 215 µL, 0.86 mmol) was added to a solution of SEM protected 
pyrazole 47 (17 mg, 0.022 mmol) in anhydrous CH2Cl2 (2 mL) and the mixture subsequently stirred 
at room temperature for 88 h.  The reaction solvent was then evaporated under reduced pressure and 
the crude product purified directly by preparative HPLC (C18 silica, 5:95→95:5 MeCN:water+0.1% 
NH3) to afford the title compound as a white solid (6 mg, 46%).  1H-NMR (400 MHz, CD3OD): δ 
7.44 – 7.39 (m, 2H, 2×ArH), 7.09 (d, 1H, J=8.5 Hz, ArH), 7.01 (dd, 1H, J=7.5 Hz, ArH), 4.50 – 4.47 
(m, 2H, CH2), 3.84 – 3.77 (m, 4H, CH & CH3), 3.69 – 3.67 (m, 2H, CH2), 3.33 – 3.31 (m, 2H, CH2), 
3.25 – 3.19 (m, 1H, CH), 2.94 (d, 2H, J=6.5 Hz, CH2), 2.66 – 2.63 (m, 2H, CH2), 2.26 – 2.18 (m, 1H, 
CH), 2.16 – 2.05 (m, 4H, 4×CHH), 1.51 – 1.36 (m, 4H, 4×CHH) and 1.10 (d, 6H, J=7.0 Hz, 2×CH3).  
13C-NMR (100 MHz, CD3OD): δ 164.2 (C), 160.9 (C), 159.4 (C), 158.0 (C), 142.5 (C), 130.9 (CH), 
129.9 (CH), 122.0 (C), 119.7 (CH), 110.6 (CH), 95.7 (C), 71.5 (CH2), 68.7 (CH2), 65.5 (CH2), 60.7 
(CH2), 54.6 (CH3), 52.0 (CH), 49.1 (CH), 40.5 (CH2), 33.0 (CH2), 31.2 (CH2), 24.9 (CH) and 21.5 
(CH3).  MS (ES+) (%) 562 (100) [M+H]+.  HRMS (ES+): calcd. for C26H40N7O5S [M+H]+ 562.2806, 
found 562.2811 (-0.8 ppm). 

2. Parasite assays, drug metabolism and pharmacokinetic, rodent efficacy 
2.1. Axenic, cidal axenic and intra-macrophage Leishmania donovani assays 

These assays were conducted as previously described 3,4. THP-1 cells were obtained from the 
European Collection of Authenticated Cell Cultures (ECACC) and were mycoplasma tested. 
Leishmania donovani species identity was confirmed by restriction fragment length polymorphism 
(RFLP) analysis5. 

 
2.2. Drug sensitivity against a panel of Leishmania strains 

Human peripheral blood mononuclear cells (PBMC’s) were isolated from buffy coat supplied 
by the Scottish National Blood Transfusion Service (SNBTS) from anonymised donors under 
agreement with the SNBTS Committee for Governance of Blood & Tissue Samples for Non-
therapeutic Use. Human PBMC’s were isolated from 1 donor/ assay by Ficoll-Paque premium 
separation according to the manufacturer’s instructions (GE Healthcare). CD14+ monocytes were 
purified using CD14 magnetic microbeads conjugated to monoclonal anti-human CD14 antibodies 
according to the manufacturer’s instructions (Miltenyi Biotec). CD14+ cells were plated in petri 
dishes at 4x106/dish with 100 ng/ml recombinant human M-CSF (R&D Systems) and incubated at 
37OC 5% CO2 for 7 days. Macrophages were then incubated with low passage metacyclic 
promastigotes at 4 x 107/ dish for 16h-24h. These included two African L. donovani strains 
(MHOM/ET/67/HU3: LV9, SUKA001), two Indian strains (MHOM/IN/2002/BHU1, 
MHOM/IN/80/DD8) and one L. infantum strain (MHOM/MA/67/ITMAP263). Leishmania species 
identities were confirmed by RFLP analysis5. Extracellular parasites were removed by washing three 
times with fresh culture media. Adherent PBMC were detached from petri dishes using a cell scraper 
following incubation with Versene and plated at 2 x 104 cells per well into 96-well plates (Corning 
Cellbind) pre-stamped with 500nl test compounds (10 point potency curves, 1/3 dilution) and 
incubated at 37°C in 5% CO2 for 96h. Plates were fixed, stained and imaged as described for in 
macrophage drug sensitivity assays (resistant lines) below. However, host cell cytoplasm was 
detected using the Sytox green signal. Compound potencies against Leishmania parasites were 
calculated in IDBS Activitybase using total number of amastigotes per well and PBMC toxicity 
curves generated using number of host cells. All data was normalised to percent inhibition based on 
the raw data values for the 100% effect control (0.5 µM compound 7) and the 0% effect control 
(DMSO). Curve fitting was again performed as described for in macrophage drug sensitivity assays 
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(resistant lines) below. Cell lines were obtained as follows: LV9 from P. Walrad University of York, 
SUKA001, BHU1, DD8, ITMAP263 from V. Yardley, London School of Hygiene and Tropical 
Medicine. 

 
2.3. Solubility in Physiologically Relevant Material 

Simulated Gastric Fluid (SGF): Solubility was determined by a slightly modified version of 
published methods 6,7. 

Fasted Simulated Intestinal Fluid (FaSSIF): Solubility was determined by a slightly modified 
version of published methods 8. 

Fed Simulated Intestinal Fluid (FeSSIF): Solubility was determined by a slightly modified 
version of published methods8. The primary difference is that this version uses a pH 6.5 phosphate 
buffer in contrast to the pH 5.0 acetate buffer in the reference. 

  
Preparation of media 

Simulated Gastric Fluid (SGF pH 1.6): Sodium Chloride (450 mg) was dissolved in 30ml of 
0.1N HCl. Once dissolved, water was added to reach a final volume of 100 ml. (Final pH 1.6 ± 0.1).  

Fasted Simulated Intestinal Fluid (pH 6.5): Potassium phosphate (2.042 g) and potassium 
chloride (3.728 g) was dissolved in ~350ml of water. Once dissolved, 0.1M sodium hydroxide (50 
ml) was added to the solution. Water was added to reach a final volume of 500 ml (Final pH 6.5±0.1). 

Fed Simulated Intestinal Fluid (pH 6.5):Potassium phosphate (6.085 g) and potassium chloride 
(3.728 g) was dissolved in ~350 ml of water. Once dissolved, 0.1M sodium hydroxide (187.5 ml) was 
added to the solution. Water was added to reach a final volume of 500 ml (Final pH 6.5 ± 0.1). 

In order to determine concentration in solution, ~2 mg of material was added to four vials each 
containing either, SGF, FeSSIF or FaSSIF. Suspensions were allowed to stir at room temperature 
(25ºC) for 24 h. After 24 h, the suspensions were centrifuged and clear supernatant was analysed for 
drug content using HPLC-UV/Vis. If the supernatant was not clear, an additional filtration step was 
employed by passing the supernatant through a syringe fitted with a 0.45 µM PVDF membrane.  
Filtrate was then assayed for drug content using HPLC-UV/Vis. 

 
2.4. Stability in microsomes 

Pooled male CD1 mouse (Xenotech), Sprague Dawley rat (BD), beagle dog (Xenotech) and 
human (IVT) liver microsomes were supplied by an accredited vendor. For the incubation, the 
NADPH regenerating system (800 µL) was pre-warmed. In a separate well, compound (5 µl) was 
added to 445 µl of microsomes and pre-warmed to yield final compound concentrations of 0.1, 0.5 
and 5 µm (n=3, each concentration). The reaction was initiated by adding NADPH regenerating 
system solution (50 µL) to the incubation mixtures.  

Aliquots (50 µl) were removed and quenched using acetonitrile containing internal standard (100 
µl) at 0, 3, 6, 9, 15 and 30 minutes post reaction start time. Quenched samples were then further 
diluted with Milli-Q water (120 µL) and centrifuged at 3000 rpm for 10 minutes. Supernatant was 
analysed using LC-MS/MS. 

Reactions were monitored as disappearance of parent from time = 0 min. The observed rate 
constant (kobs) for parent degradation was calculated by determining the slope of the line of the graph 
of the natural log of percentage parent remaining versus time of incubation. Clearance was estimated 
from the rate of depletion k (min-1), the volume of the incubation V (mL) and the amount of 
microsomal proteins in the incubation M (mg). This was scaled for the protein in the incubation 
relative to that in the intact liver. 

 
   Clint= k* (V/M)*(SF/g liver) 
 
SF: Scaling Factor as suggested by GSK (39.7 mg/g for human; 48 mg/g for mouse; 46 mg/g for 

rat; 36.7 mg/g for dog). 
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2.5. Stability in hepatocytes 

Pooled male CD1 mouse (Xenotech), Sprague Dawley rat (Xenotech), beagle dog (Xenotech), 
and human (IVT) cryopreserved hepatocytes were supplied by an accredited vendor. Samples 
remained frozen until use. 

At time of study, hepatocytes were thawed and assessed for cell viability using Trypan Blue Dye 
exclusion testing. Viable cells were then diluted to a cell concentration of 0.5 x 106 cell/ml. Cells 
(0.99 ml) were then aliquoted into 24 well plates and pre-incubated for 10 minutes.  

Following pre-incubation, parent (10 µl) was added to the cell suspensions to yield a final 
concentration of 0.1, 0.5 and 5 µM respectively. At each time point (0, 5, 10, 15, 20, 30, 45, 60, 90, 
120, 150 and 180 mins), 50 µl of cell mixture was quenched with 100 µl of acetonitrile containing 
internal standard. The quenched solutions were then transferred to a 96 well plate. Quenched samples 
were then further diluted with Milli-Q water (120 µL) and centrifuged at 3000 rpm for 10 minutes. 
Supernatant was analysed using LC-MS/MS. 

 
The intrinsic clearance (CLint) was determined from the first order elimination constant k (min-

1) (that was be obtained from XLFit log-linear plot by plotting the peak area ratio of the remaining 
test item with internal standard versus time), using the actual volume of the incubation V (mL), the 
amount of hepatocytes in the incubation M (million cells) and scaling factor per g liver for all species. 

 
  Clint= k* (V/M)*SF 
 
SF scaling factor: 117.5 million cells/gr liver for human hepatocytes; 108 million cells/g liver 

for rat hepatocytes; 135 million cells/g liver for mouse hepatocytes; 170 million cells/g liver for dog 
hepatocytes. 

Note: Rate/min is the rate constant that is obtained from the log-linear plot by plotting the peak 
area ratio of the remaining test compound at time t with internal standard versus time. Values for Clint 
are expressed as mL/min/g liver. 

 
2.6. In vivo pharmacokinetics 
 2.6.1 Mouse Pharmacokinetics 

The in-life portion and bioanalysis of the study was conducted at Aptuit in Verona Italy. Data 
analysis and interpretation was conducted at GlaxoSmithKline. The in-life portion of the study was 
conducted under AESOP Treatment of mice with test compounds for the collection of 
pharmacokinetic and or tissue samples and under animal husbandry protocol CEEA 7. Additionally, 
all locally generated protocols and procedures outside the scope of the GSK internal policies were 
observed at the Aptuit site. 

Male CD1 Mice (n=3) were dosed either intravenously at a target dose of 1 mg/kg or orally at a 
target dose of 10, 100 or 300 mg/kg.  

Following discrete intravenous tail vein dosing from a solution of 5%DMSO:20% Encapsin in 
saline, serial blood samples (20 µl) were taken via tail snip at 0.08, 0.25, 0.5, 1, 2, 4, 8 and 24 h post 
dose and placed into individual tubes containing potassium EDTA and 80 µl of 0.1N Hepes buffer. 
Blood samples were placed on ice immediately after collection.  All samples were stored at 
approximately –20°C or below until analysis. 

Following discrete oral gavage dosing from a suspension of 1% methyl cellulose at target doses 
of 10, 100 or 300 mg/kg respectively, serial blood samples (20 µl) were taken via tail snip at 0.25, 
0.5, 1, 2, 4, 8 and 24 h post dose and placed into individual tubes containing potassium EDTA and 
80ul of 0.1N Hepes buffer. Blood samples were placed on ice immediately after collection.  All 
samples were stored at approximately –20°C or below until analysis. Blood samples were analysed 
for parent using a method based on protein precipitation followed by LC-MS/MS with a quantitative 
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range between 5-5000 ng/ml. Once analysed if concentrations were above the dynamic range of the 
standard curve, samples were diluted with blank blood and processed normally for analysis. 

 
2.6.2 Rat PK 

Male Sprague Dawley rats (n=3) were dosed either intravenously at a target dose of 1 mg/kg or 
orally at a target dose of 10, 100 and 300 mg/kg.  

Following discrete intravenous tail vein dosing from a solution of 5% DMSO:20% Encapsin in 
saline, serial blood samples (~200 µl) were taken via lateral tail vein at 0.08, 0.25, 0.5, 1, 2, 4, 8 and 
24 h post dose and placed into individual tubes containing potassium EDTA and thoroughly mixed.  
Blood samples were placed on ice immediately after collection.  Within 2 h of collection, 70 µl of 
blood sample was transferred to a tube containing 130 µl of 0.1N Hepes buffer. Following dilution, 
samples were stored at approximately –20°C or below until analysis. 

Following discrete oral gavage dosing from a suspension of 1% methyl cellulose at target doses 
of 10, 100 and 300 mg/kg respectively, serial blood samples (~200 µl) were taken via lateral tail vein 
at 0.25, 0.5, 0.75, 1, 2, 4, 6, 8 and 24 hours post dose and placed into individual tubes containing 
potassium EDTA and thoroughly mixed.  Blood samples were placed on ice immediately after 
collection.  Within 2 h of collection, 70 µl of blood sample was transferred to a tube containing 130 
µl of 0.1N Hepes buffer. Following dilution, samples were stored at approximately –20°C or below 
until analysis.  

Samples were analysed for parent using a method based on protein precipitation followed by 
LC-MS/MS with a quantitative range between 2.90-2860 ng/ml. 

Once analysed if concentrations were above the dynamic range of the standard curve, pre-diluted 
samples were diluted with blank matrix (1:2.86 whole blood:0.1N Hepes buffer) and processed 
normally for analysis. 

 
2.6.3 Data Analysis 

Data analysis and calculation of pharmacokinetic parameters was performed using Phoenix, 
WinNonLin Version 6.3. 

Following the intravenous administration, the whole blood clearance was calculated by 
determining the dose administered to each animal and dividing by the AUC0-¥ . The estimate of the 
volume of distribution at steady state (VSS) was calculated as MRT*CL, where MRT is the mean 
residence time, calculated by AUMC0-¥ /AUC0-¥.    

For both intravenous and oral administration, the systemic exposures were determined by 
calculating the area under the blood concentrationtime- curve (AUC) from the start of dosing to the 
last observed quantifiable concentration (AUC0-t) by using the linear up-log down trapezoidal rule. 
The slope of the terminal elimination phase was estimated by linear regression of the terminal data 
points (minimum 3 points) from a natural log concentration versus time plot of the data.  The half-
life (t1/2) of the terminal elimination phase was calculated as t1/2 = 0.693/l.     

Graphs were generated using Microsoft Excel. 
 

2.7. In vivo efficacy 
Groups of female BALB/c mice (5 per group) were inoculated intravenously with approximately 

2 × 107 L. donovani amastigotes (LV9, WHO designation: MHOM/ET/67/HU3) harvested from the 
spleen of an infected hamster 9. From day 7 post-infection, mice were randomnly allocated into 
groups and were treated with either drug vehicle only (orally), with miltefosine (30 mg kg-1 orally), 
with compound 4 (50 mg kg-1 orally) or with compound 7 (3, 10, 25 and 50 mg kg-1 orally). 
Miltefosine was dosed once daily for 5 or 10 days, compound 4 was dosed twice daily for 5 days and 
compound 7 was dosed once or twice daily for 5 or 10 days. Dosing solutions were prepared fresh 
each day and the vehicle used was 0.5% hydroxypropylmethylcellulose, 0.4% Tween 80 and 0.5% 
benzyl alcohol (compound 7) or 10% DMSO:60% PEG400: 30% MilliQ H2O (compound 4). On day 
14 (5 days dosing groups) or 19 (10 days dosing groups) all animals were humanely euthanized, liver 
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smears made and parasite burdens determined by counting the number of amastigotes/500 liver cells 
10. Parasite burden is expressed in Leishman Donovan Units (LDU): mean number of amastigotes 
per/ 500 liver cell × mg weight of liver 11. 

 

3. Preclinical Safety Studies 
3.1. Inhibition assays for cytochrome P450 enzymes 

Since compound 7 may be administered as a combination or as a concomitant medication, it was 
evaluated for CYP450 inhibition (isoforms CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 
(atorvastatin, nifedipine and midazolam)) and exhibited no direct inhibition (IC50 >100 µM) across 
the isoforms tested. Compound 7 exhibits some potential in vitro activity in the eXP12,13 panel against 
AhR (1 of 7 tested values >4.5, reported value 4.55) indicating that CYP1A1 may be induced in vivo. 
However, in the 7 day rat toxicology, the CYP1A1 gene was not significantly up-regulated. 
 
3.2. Rat 7-day toxicology 

Compound 7 was administered to male Wistar Han rats at doses of 100, 300 and 1000 
mg/kg/day for 7 days maximum duration. On Day 7, there was no notable difference in systemic 
exposure between doses of 300 and 1000 mg/kg/day but exposure increased with dose on day 1. There 
was an 11 fold margin at 300mg/kg/day in the rat 7 day study, where no adverse effects were noted, 
to the predicted human blood AUC0-24 of 19595 ng.h/mL after a 600 mg dose b.i.d.  

In the rat 7 day repeat dose toxicology study doses of 100, 300 and 1000 mg/kg/day were 
tolerated for the duration of the study. No observable clinical signs, changes in food 
consumption/body weight, or any macroscopic changes were seen.  

At the 1000mg/kg/day dose level, test article-related microscopic observations were present in 
the adrenal cortex [vacuolar degeneration, minimal (2/4 animals)]. Animals given 1000mg/kg/day 
showed increases in plasma glucose concentration (1.44X) and alkaline phosphatase activity (1.32X), 
and lower calcium concentration (0.94X). HepatoTaq gene expression assessment in the liver was 
negative for all gene panels at all dose levels. 

 

4. Mode of Action Studies 
4.1. Cell Lines for Mode of Action Studies 

Mechanism of action studies were carried out using the clonal Leishmania donovani cell line 
LdBOB (derived from MHOM/SD/62/1S-CL2D). Promastigotes were grown at 26 °C in modified 
M199 media with axenic amastigotes grown at 37°C, as previously described 14. Leishmania LdBoB 
were provided by Professor Steve Beverley, University of Washington, St. Louis, USA. 

 
4.2. Stable Isotope Labelling by Amino acids in Cell culture (SILAC) of Leishmania donovani 

For SILAC labelling, promastigotes were grown in SILAC SDM-79 media (SDM-79 – RK, 
made to the original SDM-79 formulation without L-Lys, L-Arg, as reported previously 15 containing 
stable heavy isotope labelled L-arginine and L-lysine at 30% of the typical concentration (120 and 
300 µM respectively). Log-phase cells were diluted 5,000-fold in either SDM-79 – RK supplemented 
with either normal isotopic abundance L-arginine and L-lysine (SDM-79 + R0K0, light) or with L-
Arginine.HCl U-13C6 and L-Lysine.2HCl U-2H4 (SDM-79 + R6K4, heavy). 

Cells were harvested at ~5 × 107 cells ml-1 by centrifugation and resuspended at 0.5 × 109 cells 
ml-1 in ice-cold buffer 1 containing protease and phosphatase inhibitors (0.1 mM TLCK, 1 µg ml-1 
Leupeptin, 1 mM PMSF, 1 mM benzamidine, Phosphatase Inhibitor Cocktail II (Calbiochem)). 
Detergent based lysis was performed by adding an equal volume of ice-cold buffer 2 (100 mM Tris 
pH 7.5, 10% glycerol, 300 mM NaCl, 3 mM MgCl2, 1.6% Igepal-CA-630, 2 mM DTT) and the cell 
lysate centrifuged at 100,000 × g for 1 h at 4 ºC to remove insoluble material. The Aliquots of the 
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cell lysate were snap frozen and stored at -80 ºC prior to subsequent processing. The total protein 
concentration of the cell lysate was determined by BCA assay (Pierce) to be ~ 5 mg mL-1.  

 
4.3. Chemical proteomic profiling 
 

 
Beads derivatised with compound 9 were prepared as follows.  The storage solvent was removed 

from commercial NHS functionalised magnetic beads (Thermo Scientific) and the beads washed and 
resuspended in anhydrous DMSO (150 µL [mg resin]-1). Compound 9 (7 nmol [mg resin]-1) and 
DIPEA (14 nmol [mg resin]-1) were then added and the resin gently agitated for 24 h at room 
temperature. The reaction solvent was subsequently removed, and the beads washed with and 
resuspended in anhydrous DMSO (150 µL [mg resin]-1).  Ethanolamine (70 nmol [mg resin]-1) and 
DIPEA (70 nmol [mg resin]-1) were then added and the resin gently agitated for 24 h at room 
temperature.  The reaction solvent was then removed and the resin washed with DMAc, prior to 
storage in the same solvent.   

Stable isotope labelled L. donovani cell lysates (0.5 mL) were first gently mixed with 2 mg 
empty (ethanolamine blocked) resin for 30 min at 4°C to reduce non-specific protein binding. This 
pre-cleared lysate was then incubated for 1 h at 4°C with 10 µM compound 10 in DMSO (light label) 
or DMSO (heavy label) only control (1% DMSO final). Subsequently, compound 9-resin (2 mg) was 
added to each sample, and gently mixed for a further 1 h at 4°C. The beads were isolated using a 
magnet, washed three times with lysis buffer containing 0.2% Igepal-CA630, and twice with Tris-
buffered saline before the light and heavy samples were combined, and the bead-bound proteins were 
eluted with NuPAGE LDS buffer (Invitrogen) containing 50 mM DTT for 10 min at 100 °C. Eluted 
sample were subjected to electrophoresis on a NuPAGE Bis-Tris 10% acrylamide gel (Invitrogen) 
under reducing conditions until the dye front had entered ~1.5 cm into the resolving gel. The proteins 
were stained with Instant Blue Coomassie (Expedeon), and the entire stained area excised and 
subjected to in-gel reductive alkylation and tryptic digestion for 18 h at 37°C with 12.5 µg/mL trypsin 
gold (Promega). Tryptic peptides were recovered in 45% MeCN, 1% formic acid and lyophilized 
prior to analysis. 

 
4.4. Mass spectrometry data acquisition and processing 

Liquid chromatography tandem mass spectrometry was performed by the Fingerprints 
Proteomic Facility at the University of Dundee, as described previously 15. Data was processed using 
MaxQuant version 1.3.0.5 16 which incorporates the Andromeda search engine 17. Proteins were 
identified by searching a protein sequence database containing L. infantum JCPM5 annotated proteins 
(Version 24, downloaded from TriTrypDB 18, http://www.tritrypdb.org/) supplemented with 
frequently observed contaminants (porcine trypsin, bovine serum albumins and mammalian keratins) 
that contains a total of 8,482 protein sequences. Search parameters specified an MS tolerance of 6 
ppm, an MS/MS tolerance at 0.5 Da and full trypsin specificity, allowing for up to two missed 
cleavages. Carbamidomethylation of cysteine was set as a fixed modification and oxidation of 
methionines, N-terminal protein acetylation and N-pyroglutamate were allowed as variable 
modifications. Peptides were required to be at least 7 amino acids in length, with false discovery rates 
(FDRs) of 0.01 calculated at the levels of peptides, proteins and modification sites based on the 
number of hits against the reversed sequence database. SILAC ratios were calculated using unique 
and razor peptides, and required a minimum of two SILAC pairs, and two unique peptides per protein 
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group. To account for any errors in the counting of the number of cell numbers mixed, the distribution 
of SILAC ratios was normalised within MaxQuant at the peptide level so that the median of Log2 
ratios is zero, as described by Cox et al 17. Data was visualized using Perseus 1.3.0.4 (www.perseus-
framework.org) and further information on the identified proteins was obtained from TriTrypDB 
(http://www.tritrypdb.org) 18. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE19 partner repository with the dataset identifier 
PXD009711. 

 
4.5. Cellzome Pull-Down Experiments 

Preparation of Kinobeads human cell and tissue extracts was performed as previously described 
20,21. The chemoproteomic affinity capturing experiments were performed as previously described 20. 
Briefly, Sepharose beads were derivatized with compounds 9, 11, 12, or 48 at 2 mM concentration, 
and beads were washed and equilibrated in lysis buffer (50 mM Tris-HCl, pH 7.4, 0.4 % Igepal-
CA630, 1.5 mM MgCl2, 5 % Glycerol, 150 mM NaCl, 25 mM NaF, 1 mM Na3VO4, 1 mM DTT, and 
one Complete EDTA-free protease inhibitor tablet (Roche) per 25 mL). The beads (Kinobeads or 
beads immobilized with pyrazolopyrimidine series analogues) were incubated at 4°C for 1 h with 
either 0.1 mL (0.3 mg) L. donovani extract, or with 1 mL (5 mg) of HEK293, K-562 and placenta 
mixed cell/tissue extract, which was pre-incubated with compound or DMSO (vehicle control). The 
experimental set up was such that 10 samples are analysed in a multiplexed format based on isobaric 
tandem mass tags (TMT 10plex) 22. The experiments were configured to generate values for the 
affinity of the beads to the bound proteins (“depletion” values, 4 samples) and to allow determination 
of IC50 values (6 samples) in a single experiment. Samples 1 and 2 were vehicle control duplicates, 
samples 3 and 4 were duplicates of the “rebinding” experiment and samples 5-10 served to generate 
IC50 values by adding compound over a range of 5 concentrations (highest concentration 10 µM, then 
4 dilution steps of 1:5 each). In the “rebinding” experiment, the unbound fraction from the first bead 
incubation step was incubated again with “fresh” beads, allowing the determination of target 
depletion by the beads. Apparent dissociation constants were determined by taking into account the 
protein depletion by the beads 20. To test pyrazolopyrimidine compounds on beads derivatized with 
compounds 9, 11, 12, or 48, different compound concentrations were tested (vehicle control versus 
1.25 µM – 20 µM compound).  For profiling in human cell/tissue extracts 6 samples were measured 
for IC50 determination (highest concentration 20µM, then 4 dilution steps of 1:5 each, with sample 6 
being the vehicle control).  

Beads were transferred to filter plates (Durapore (PVDF membrane, Merck Millipore) or to 
disposable columns (MoBiTec), washed extensively with lysis buffer and eluted with SDS sample 
buffer. Proteins were alkylated, separated on 4–12 % Bis-Tris NuPAGE (Life technologies) and 
stained with colloidal Coomassie. Gel lanes were cut into three slices and subjected to in-gel digest 
using LysC for 2 h and trypsin overnight. Digestion, labeling with TMT isobaric mass tags, peptide 
fractionation, and mass spectrometric analyses were performed 23. Proteins were quantified by 
isobaric mass tagging and LC-MS/MS.  

Fragment spectra of peptides were searched using Mascot (Matrix Science) against a sequence 
non-redundant database consisting of two species of Leishmania: L. infantum and L. major (Fredlin 
strain) which were download from from TriTrypDB release 4.1 
(http://tritrypdb.org/common/downloads/release-
4.1/Linfantum/fasta/LinfantumAnnotatedProteins_TriTrypDB-4.1.fasta, 30 June 2012 and 
http://tritrypdb.org/common/downloads/release-4.1/Lmajor/fasta/ 
LmajorFriedlinAnnotatedProteins_TriTrypDB-4.1.fasta, 30 June 2012 respectively). To ensure as 
wide a coverage as possible, additional Leishmania protein sequences from the NCBI nr 
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/) database were added, as well as known contaminant sequences 
such as keratins and trypsin. The resulting database consisted of 8312 sequences from L.infantum and 
8416 from L.major.  To assess the false discovery rate (FDR) “decoy” proteins (reverse of all protein 
sequences) were created and added to the database. Protein identification and quantification was 
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performed 22. Proteins identified with >1 unique peptide matches were considered for further data 
analysis. Raw data tables for the chemoproteomics experiments can be found in the Supplementary 
Tables 1-6. The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE19 partner repository with the dataset identifier PXD PXD009764. 

 
4.6. Cell cycle analysis 

Mid-log LdBOB promastigotes (5 x 106 ml-1) were incubated with test compounds at a 
concentration equivalent to 5x their respective EC50 values. After 8 h in the presence of drug, 1 x 106 

promastigotes were harvested by centrifugation (10 min, 4ºC, 1600 g), washed in phosphate-buffered 
saline containing 1% foetal calf serum (PBS-FCS) prior to fixation in ice-cold 70% ethanol. Fixed 
cells were washed twice in PBS-FCS, then resuspended in PBS-FCS containing 50 µg ml-1 propidium 
iodide and 50 µg ml-1 ribonuclease A and incubated at room temperature protected from light for 30 
min. A Becton Dickinson FACScalibur was used to analyse samples with CellQuest software and 
detector FL2-A with an Amp gain value of 1.75. Data analysis was carried out using FlowJo 
(Treestar). 
 
4.7. Generation of overexpression and knockout constructs  

LdCRK3, LdCRK6, LdCYC3, LdCYC6 and LdCRK12 genes used in the generation of 
overexpression constructs were identified in the L. infantum JPCM5 genome sequence (tritrypdb.org) 
were and synthesised commercially (GeneArt).  Synthesised genes were digested with appropriate 
restriction enzymes and then cloned into Leishmania overexpression vector pIR1SAT 24. Similarly, 
LdCRK12, LdCRK3 and LdCRK6 replacement cassettes were synthesized comprising the selectable 
drug resistance genes puromycin N-acetyl transferase (PAC) and hygromycin phosphotransferase 
(HYG) flanked by the 450 bp immediately upstream and downstream of both genes. The accuracy of 
all assembled constructs was verified by sequencing. 

 
4.8. Generation of LdBOB transgenic cell lines  

Mid-log-phase L. donovani promastigotes (LdBOB) were transfected with overexpression or 
“knock-in” constructs using the Human T-Cell Nucleofector kit and the Amaxa Nucleofector 
electroporator (program V-033). Following transfection, cells were allowed to grow for 16 to 24 h in 
modified M199 medium 14 with 10% fetal calf serum prior to appropriate drug selection (100 µg 
nourseothricin µg ml−1, hygromycin 50 µg ml-1 and puromycin 20 µg ml-1. Cloned cell lines were 
generated by limiting dilution, maintained in selective medium, and removed from drug selection for 
one passage prior to experiments. 

 
 

Knockout confirmation primers 
 

 

Primer name Primer sequence 

5' UTR-CRK12 F 5'- TCACATCCACCGCAACTACCCGC -3' 

CRK12 mid gene R 5'- TTCTCCCTCCTCCACGATGATCG -3' 

HYG mid gene R 5'- GCAATAGGTCAGGCTCTCGCTGA -3' 

PURO mid gene R 5'- ACGCTCTCCGGCGTGGTCCAGACC -3' 

PURO gene specific F 5'- ATGACCGAGTACAAGCCCACGG -3' 

PURO gene specific R 5'- TCAGGCACCGGGCTTGCGGGTC -3' 

Ectopic CRK12 F 5'- ACACGGATACGCGAGCCCGCTA -3' 
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4.9 Quantitative RT-PCR 

L. donovani RNA was isolated using an RNeasy purification kit (Qiagen) and cDNA-
synthesized using a high capacity RNA-to-cDNA kit (Applied Biosystems). PCR primers were 
designed using the Premierbiosoft's Beacon Designer 6. qRT-PCRs consisted of 1 µl (40 ng) of 
cDNA, 10 µl of Brilliant III Ultra-Fast QPCR Master Mix (Agilent Technologies), 1 µl (500 nM) 
each of the forward and reverse primers, and 0.3 µl (30 nM) of reference dye and nuclease-free PCR 
grade-treated water. PCR was performed using an Agilent Mx3005P machine with the following 
cycling conditions: 95°C for 3 min; 40 cycles of 95°C for 20 s; then 60°C for 20 s. The pteridine 
reductase (PTR1) gene LinJ.23.0310 was used to provide a baseline of transcription levels for 
normalization of the data. Relative quantification in the overexpression or drug-resistant cell lines 
were normalized to the wild-type cell line using the ΔΔCt method. 

 
4.10. Promastigote drug sensitivity assays 

For EC50 determination with LdBOB promastigotes, wild-type and resistant parasites were 
seeded in 384-well plates (Greiner) pre-stamped with compound dilutions (10-point curve, 1/3 
dilutions, 50 µM top concentration). After incubation for 72 h at 37⁰C and 5% CO2, resazurin was 
added at a final concentration of 0.05 mM. Plates were incubated for a further 4 h and then 
fluorescence was measured (excitation 528 nm, emission 590 nm) with a plate reader.  
All potency data was processed using IDBS XL-fit software. Raw data was converted into percent 
inhibition through linear regression by setting the high inhibition control as 100% and the no 
inhibition control as 0%. Curve fitting was carried out using the following 4 parameter logistic 
equation: y = A + {[B − A]/[1 + (C/x)D]}, where A = % inhibition at bottom, B = % inhibition at top, 
C = 50 % effect concentration (EC50), D = slope, x = inhibitor concentration and y = % inhibition. 

 
4.11. Generation of drug-resistant cell lines 

LdBOB promastigotes were re-cloned by limiting dilution prior to the generation of resistance. 
Resistance was generated against two compounds from the BA05 series (4 and 5) by sub-culturing 
the clonal cell line in the continuous presence of these drugs. Starting at a sub-lethal concentration, 
drug concentrations in 3 independent cultures were increased in a step-wise manner, usually by 2-
fold. An age-matched control line without drug pressure was maintained for the duration of the 
selection process. At the end of the selection process the resistant lines were cloned by limiting 
dilution and EC50 values for the selection compounds were measured for 3 clones, as well as for the 
age matched control and the original parent line (same clone as age matched control but frozen for 
the duration of the resistance generation). 

 
4.12. Intra macrophage drug sensitivity assays (resistant cell lines) 

Mouse peritoneal macrophages were harvested from BALB/c mice and prepared for infection, 
as previously described 10. Macrophages were initially cultured in T75 flasks in RPMI media 
containing 20% FCS, at a concentration of 1 x 106 ml-1.  After adhering to flasks for 1h at 37°C, 
macrophages were incubated with metacyclic promastigotes at 1 x 107 ml-1 for 16 h. Non-
phagocytosed parasites were removed by washing 3 times with fresh culture media. Adherent cells 
were then detached from culture flasks using a cell scraper following incubation with Versene and 
plated at 2 x 104 cells per well into 96-well plates (Corning Cellbind) pre-stamped with 500 nl test 
compounds (10 point potency curves). Plates were then incubated at 37°C in 5% CO2 for 96 h.  

Using automated EL406 washer/dispenser and liquid handling software (Biotek), plates were 
washed 3 times with PBS, fixed with 4% formaldehyde, washed 3 times with PBS. Cells were then 
permeabilised and stained with 333nM Sytox green (nucleic acid stain)/0.1% Triton/PBS and washed 
3 times with PBS before the addition of 0.05% thimerosal in PBS. Automated imaging was performed 
using the Operetta High-Content Imaging System using 20x objective (PerkinElmer).  A 10 slice Z 
stack was performed at 1 µm intervals. Intracellular parasites and host cell nuclei were detected using 
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the Sytox Green signal (excitation 504 nm and emission 523nm), while host cell cytoplasm was 
detected using the bright field image. An algorithm was generated in Columbus Image Analysis 
Software (PerkinElmer) to segment host cell nuclei, host cell cytoplasm and parasite nuclei/ 
kinetoplasts using a Z-stack maximum projection image. Compound potencies were calculated in 
IDBS Activitybase using percent infected cells and peritoneal macrophage toxicity curves generated 
using numbers of host cells. All data were normalised to percent inhibition based on the raw data 
values for the 100% effect control (2µM amphotericin B) and the 0% effect control (DMSO). Curve 
fitting was carried out using the following four-parameter equation: y = A + {[B − A]/[1 + (C/x)D]} 
as previously described 3. 

 
4.13. Southern blot analyses of drug resistant Leishmania cell lines 

The CRK3, CRK6 and Ovo A (used as a loading control) genes were amplified by PCR (primers 
used below) from LdBOB genomic DNA using the PCR DIG Probe Synthesis Kit (Roche). The 
resulting DIG-labelled products were used as probes. Samples of genomic DNA (5 µg) from WT and 
resistant cell lines were digested with appropriate restriction endonucleases, the digestion products 
were then separated on a 0.8% agarose gel and transferred on to a positively charged nylon membrane 
(Roche). Membranes were hybridized overnight in DIG Easy Hyb solution (Roche) at 42°C with the 
DIG-labelled gene specific probes (2 µl of PCR product). Following hybridization, membranes were 
washed twice in low stringency conditions (25°C, 5 min, SSC with 0.1% SDS) and twice in high 
stringency conditions (68°C, 15 min, 0.5×SSC with 0.1% SDS), where 1 x SSC comprises 150 mM 
sodium chloride and 50 mM sodium acetate, pH 7.0. Bound probe was detected using the DIG 
immunological detection kit (Roche) as per manufacturers’ instructions. 

 
Southern probe primers 

 

Primer name 

 

Primer sequence 

 

LdCRK3-F 

LdCRK3-R 

 

LdCRK6-F 

LdCRK6-R 

 

LdOvoA-F 

LdOvoA-F 

 

 

5′- ATGTCTTCGTTTGGCCGTGCTAC -3´ 

5′- TACCAGCGAAGGTCGCTGAACCA-3′ 

 

5´- ATGTCCGCGTCCGTGAACAA-3´ 

5´- CTACGCATCCTTCATAAAGGGGT-3´ 

 

5´- ATGAAGGCGCTGCACCTTCGT-3´ 

5´- CTACTTCTTGCGATACGTCGCGAG -3´ 

 

 
 

4.13. Whole genome sequencing and genomic variant analysis 
Genomic DNA was prepared from 3 independently generated L. donovani clones resistant to 

compounds 4 and 5, respectively.  In addition, DNA was prepared from the originating wild-type 
parental clone and an aged parental clone as a control. For each sample, 1.5-2 µg of genomic DNA 
was used to produce amplification-free Illumina libraries of 400-600 base pairs (bp) length25. 
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Sequencing was carried out on an Illumina HiSeq 2000 sequencer according to the manufacturer’s 
standard sequencing protocol and yielded 38.0-48.9 million reads of 100 bp length per library. The 
resulting data sets represented a nominal sequencing coverage of the 32.4-megabase L. donovani 
genome of 117.4- to 150.9-fold. The raw sequence data are available at the European Nucleotide 
Archive (http://www.ebi.ac.uk/ena) under the study PRJEB583. 

To generate a reference genome from the parental clone, the L. donovani reference from 
GeneDB (version February 2015) was iteratively morphed using 7 iterations of ICORN26, with reads 
mapped using Bowtie227, so that 135,000 high-confidence single-base substitutions and 29,000 
insertions or deletions in the parental clone were reflected in the reference sequence. For 
heterozygous sites, the reference base was corrected wherever the call ratio exceeded 50%. This new 
sequence was annotated by transfer from the reference L. donovani using RATT (Strain option)28. As 
the published assembly of L. donovani is just a draft, a de novo assembly was also generated with 
Velvet29 (parameters: -exp_cov auto -ins_length 480 -ins_length_sd 50 -cov_cutoff 5 -clean yes -
min_contig_lgth 200 -min_pair_count 10). The resulting scaffolds were ordered with ABACAS30 
against the L. donovani reference. As before, annotation was transferred with RATT from the existing 
L. donovani reference, but this time annotation of L. infantum (Version 5 GeneDB) was also 
incorporated, to allow possible new genes to be included.  

To call variants, Bowtie2 (parameters: -X 1000 (maximal fragment size --very-sensitive -N 1 -
L 31 --rdg 5,2 – sensitive setting for read alignments) was used to align all reads of the 8 clones 
against the morphed and the de novo assemblies of the parental clone. Two variant calling approaches 
were used: (i) mpileuip: Variants were called using mpileup and the varfilter (varFilter  -D 2000; 
Quality >= 60) from the SAMtools package31, after realigning the reads with GATK IndelRealigner 
package; and (ii) gatk: variation was also called with the  GATK Unified Genotyper32 pipeline (pnrm 
POOL -ploidy 2 -glm POOLBOTH). As input the bam files of the eight isolates were merged and 
GATK IndelRealignerstep was performed. The variation of each clone, and concordance with other 
clones was analysed using a bespoke PERL script. For the reads mapped onto the reference genome, 
the script ignored variants that were called in all drug resistant clones as well as their parent. Both 
variant calling methods gave similar results for the SNPs in genes. In table S12 we used the call from 
the GATK genotypes. For the non-synonymous call in genes we ignored indels which were called in 
the mpileup method. We generate three categories of changes relative to the parental sequence: (i) 
loss of heterozygosity (ii) new heterozygous allele and (iii) new homozygous allele.  

The number of reads used to measure coverage was normalised using the depth of coverage for 
four chromosomes (12, 13, 35 and 36) that showed no difference in copy number between the eight 
clones. Reads were randomly used from the entire dataset for each clone using samtools (view –s) so 
that same amount of reads were used for each experimental condition, based on the ratio of the four 
chromosomes.  Coverage plots were generated and manually assessed for differences in the coverage 
between the different clones versus the parent in Artemis Bamview33. For improved visualization, 
relative coverage plots were generated, dividing the coverage at each position of each clone by the 
coverage of the parent. An average over a window of 500 kb was taken.  
 

5. Ethical Statements 
• Rat Pharmacokinetics: The in-life portion and bioanalysis of the study was conducted at 

Aptuit in Verona, Italy. Data analysis and interpretation was conducted at GlaxoSmithKline. 
The in-life portion of the study was conducted under AESOP Treatment of rats with test 
compounds for the collection of pharmacokinetic and or tissue samples (AP3494v2) and under 
animal husbandry protocol CEEA 7.  

• In vivo efficacy: All regulated procedures, at the University of Dundee, on living animals was 
carried out under the authority of a project licence issued by the Home Office under the 
Animals (Scientific Procedures) Act 1986, as amended in 2012 (and in compliance with EU 
Directive EU/2010/63). Licence applications will have been approved by the University's 
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Ethical Review Committee (ERC) before submission to the Home Office. The ERC has a 
general remit to develop and oversee policy on all aspects of the use of animals on University 
premises and is a sub-committee of the University Court, its highest governing body. � 

• Rat toxicology studies: All animal studies were ethically reviewed and carried out in 
accordance with Animals (Scientific Procedures) Act 1986 and the GSK Policy on the Care, 
Welfare and Treatment of Animals 

• The human biological samples were sourced ethically and their research use was in accord 
with the terms of the informed consents 

6. Molecular Modelling 
 
6.1. Homology Modelling 
In order to identify suitable template structures the L. donovani CRK12 (LdCRK12) kinase domain 
sequence (UniProtKB - E9B9R3- residues 56-430) was used to query the PDB using “BLAST” as 
implemented in the NCBI blastp suite (https://blast.ncbi.nlm.nih.gov/). The structure of human CDK9 
bound to a 2-amino-4-heteroaryl- pyrimidine inhibitor (PDB:4BCF) was chosen as the most suitable 
template based on sequence identity (32%), coverage of the LdCRK12 target sequence (78%) and 
nature of the ligand bound. 
 
An alignment between the target LdCRK12 sequence and the sequence extracted from the human 
CDK9 PDB:4BCF structure was generated (Fig S1). A homology model for LdCRK12 human 
structure was built based on the CDK9 using MOE (version 2014.09).  
 
 
 
hCDK9       ---GPAKQYDSVECPFCDEVSKYEKLAKIGQGTFGEVFKARHRKTGQKVALKKVLMENEK    
LdCRK12     ----------------------YEVHEKLSEGTYGEVFKGVDKRTGAAVALKRIKMLSTH    
hCDK9       EGFPITALREIKILQLLKHENVVNLIEICRTKASP--------------------YNRCK 
LdCRK12     QGFPQTSLREVIALRHIQNQRERLEERLRNDAHHRGAVAITDPLAEVSQLCDVLLYDRQQ  
hCDK9       ASIYLVFDFCEHDLAGLLSNVLVKFTLSEIKRVMQMLLNGLYYIHRNKILHRDMKAANVL 
LdCRK12     RDIVLVFAYATASLAGLCRRQFA-FTPSEMALLMKKLLIAVRKLHEMRIIHRDIKSDNVL 
hCDK9       ITRDGVLKLADFGLARAFSLAKNSQ--PNRYTNRVVTLWYRPPELLLGERDYGPPIDLWG 
LdCRK12     VTSEGEVQLTDFGLCSIAAPGSSRCGTHVWRTPSVITLAYRPPEMLLGSTAYDEKVDVWS 
hCDK9       AGCIMAEMWTRSPIMQGNTEQHQLALISQLCGSITPEVWPNVDNYELYEKLELVKGQKRK 
LdCRK12     LGCLLAQMFLLEPPFYRHRAQAQQQQQRAPERSAATELEQLSRITEILGPLPPVSVYHPD 
hCDK9       VKDRLKAYVRDPYALDLIDKLLVLDPAQRIDSDDALNHDFFWSDPMPSDLKGMLST---- 
LdCRK12     SCQHMRVLEQLEVQGRLAEAGRAAQPANWGRLQTIFEPSFLYQQFHGFRGWFEAELGRSR 
 
Figure S1: sequence alignment used for the generation of the LdCRK12 homology model based on 
the Human CDK9 structure. Highlighted in different colours the mapping of different kinase 
structural elements (green: Gly rich loop; purple: conserved catalytic Lys; magenta: Cahelix and 
conserved Glu; yellow: gatekeeper residue (F) and hinge; red: activation loop and conserved HRD 
motif; gray: conserved DFG motif). 
 
6.2 Mode of Binding Study – Docking 
Compounds were docked into the ATP site of the minimized CRK12 model using GLIDE. In the best 
pose (Fig. S2 – Binding Mode 1) the bicyclic scaffold interacts with the hinge residues establishing 
two hydrogen bonds between the sp2 pyrimidine nitrogen in position 6 and the backbone NH of 
Ala566 (template numbering) and between the pyrazole NH in position 1 and the backbone carbonyl 
oxygen of Ala564 (Fig. 5a). A third hydrogen bond is also established between the amino NH in 
position 5 and the backbone carbonyl oxygen of Ala566. The substituent in position 3 of the pyrazole 
ring is directed towards the ATP back pocket interfacing with the gatekeeper residue Phe563. An 
additional mode of binding (Fig S2 – Binding Mode 2) where only the pyrazole ring interacts directly 
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with the hinge (two hydrogen bonds between the pyrazole nitrogen atoms and the Ala566 backbone) 
was also identified during the docking studies albeit with a lower score (Fig. S2 – binding mode 2). 

Binding modes 1 and 2 were also studied by a combination of molecular dynamics (MD) 
simulations and free energy calculations (molecular mechanics Poisson-Boltzmann surface area MM-
PBSA). The results of these studies (see 5.3 Molecular Dynamic section below) confirmed that mode 
1 is likely to represent the binding of this series to CRK12. Interestingly the pyrazolopyrimidine series 
chemical scaffold (Fig. S3A) was identified in a compound (PDB 4LO - Fig S3B) binding to the 
kinase ALK (PDB 4Z55 - Fig S3C). 
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Binding Mode 1 Binding Mode 2 

 
 

 
Figure S2: Pyrazolopyrimidine series binding modes identified by docking in the CRK12 
homology model. Results displayed for compound 4. 
 
 

A       
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Figure S3: (a) Pyrazolopyrimidine chemical scaffold; (b) PDB ligand 4LO; (c) PDB ligand 4LO 
bound to kinase ALK (PDB 4Z55). 
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6.3 Molecular dynamics simulation of CRK12 in complex with compound 4. 

Two binding modes of compound 4 in CRK12 obtained by docking were studied by a 
combination of molecular dynamics (MD) simulations and free energy calculations by the molecular 
mechanics Poisson-Boltzmann surface area (MM-PBSA) approach using AMBER 14 (University of 
California). 

The simulations were started by a thorough minimization and equilibration of the respective 
system. MD production simulations were carried out for 120 ns under NVT conditions with T=300 
K. Snapshots of the systems were saved in intervals of at least 20 ps. Simulations were performed 
with a 9 Å cutoff for short range non-bonding interactions. Long-range electrostatic interactions were 
treated by the particle-mesh Ewald summation method 34,35. Bonds to hydrogen atoms were 
constrained by the SHAKE method 36 and the equations of motion were integrated in time steps of 2 
fs. The snapshots recorded in the course of the simulations were analysed with cpptraj 37 of 
AmberTools15 (University of California) and with in-house python scripts. An acceptor–hydrogen 
distance ≤ 2.5 Å and an acceptor–hydrogen–donor angle ≥ 120ᵒ were used as hydrogen bond criteria. 

Free energy calculations by the MM-PBSA approach were conducted for all snapshots recorded 
in the interval 60 - 120 ns of the simulations of the two binding modes of Compound 4. Calculations 
were carried out with mm_pbsa.pl 38 AmberTools 15 employing the 1-trajectory approach 39.  
 
Analysis of MD trajectories of compound 4 in complex with CRK12.  

For each binding mode three simulations starting from independent structures were conducted. 
The generation of independent structures was ensured by heating the system in three independent 
equilibration runs to three slightly different temperatures (299.9 K, 300.0 K, and 300.1 K). 

As the systems had first to adjust to the simulation conditions, only snapshots recorded in the 
interval 60–120 ns were considered for analysis. If not stated otherwise the following discussion of 
the results is based on a sample comparison of the simulations of the two binding modes conducted 
at 300.0 K. In both binding modes the ligand shows only moderate conformational changes as 
indicated by an average RMSD of 0.8 Å and 2.2 Å for binding pose 1 and 2, respectively. The relative 
movement of the ligand with respect to the receptor shows that the ligand stays within the binding 
pocket over the whole course of the simulation with an average RMSDs of 1.8 Å and 2.8 Å for binding 
modes 1 and 2, respectively when the backbone atoms of those residues with the 70% lowest atomic 
fluctuations are considered for fitting. The lower RMSD values observed for mode of binding 1 can 
be indicative of a tighter binding of the ligand compared to binding mode 2.  

While binding mode 1 (Fig. S2) is characterized by three hydrogen bond interactions between 
the ligand scaffold and the hinge-region of the receptor, binding mode 2 shows two hydrogen bond 
interactions (Fig S2). The MD trajectories were analysed to monitor the presence of those hydrogen 
bonds over the course of the simulation (in the interval 60 - 120 ns). For binding mode 1 the three 
hydrogen bonds present in the initial structure occur in 62–99 % of the snapshots recorded in the 
simulations. In binding mode 2 the two hydrogen bonds have been observed in 39–92% of the 
snapshots. Interestingly, the sulphonamide substituent terminating in the trifluoromethyl group is 
very flexible in the course of the simulation of binding mode 2 and does not form stable hydrogen 
bonds to binding site residues. These results of the hydrogen bond analysis point to a relatively tighter 
binding of the ligand in binding pose 1 than in binding pose 2 (Fig. S4).  

This is supported by the effective binding energy computed by the MM-PBSA approach. The 
average effective binding energy for pose 1 calculated for the structures recorded in the interval 60 – 
120 ns of all simulations was with -28.1 kcal mol-1 about 3 kcal mol-1 larger than the respective energy 
of -24.8 obtained for this interval for binding pose 2.  

It can therefore be concluded, that the structural, the hydrogen bond, and the energetic analysis 
point to a tighter and more stable binding of the ligand in binding pose 1 than in binding pose 2. 
Consequently, we suggest that binding pose 1 is the most likely binding pose of compound 4 in 
CRK12.  
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Figure S4: Mean effective binding energy calculated based on snapshots from the 60 – 120 ns interval 
of three independent MD simulations. Error bars indicate standard error of the mean. The effective 
binding energies calculated for binding pose 1 and binding pose 2 were significantly different in a 
two-sided t-test at the 0.95 confidence level with p < 0.01. 
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Figure S5: Identification of L. donovani proteins specifically binding compound 9-resin. 
Chemoproteomic data for stable isotope labelled L. donovani cell-lysate incubated in the presence of 
compound 10 (light label, L), a structurally related, bioactive derivative of compound 9, or absence 
of compound 10 (heavy label, H), then pulled down by compound 9-resin. The resin-bound proteins 
were combined and analysed by LS-MS/MS; a high heavy : light ratio for a protein indicates specific 
binding to compound 10 (Log2 H/L >2.8, 7-fold enrichment, solid red circles). 
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Figure S6: Affinity chemoproteomics revealed cyclin dependent related kinase (CRKs) as targets of 
the pyrazolopyrimidine series. 
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Figure S7: Southern analysis of wild-type and resistant promastigotes. Genomic DNA isolated from 
WT promastigotes and promastigotes resistant to compounds 5 and 4 was digested with the restriction 
enzyme PstI, separated on agarose and transferred onto a nylon membrane. The membrane was 
probed with the DIG-labelled ORFs of Ovo A (top), CRK6 (middle) and CRK3 (bottom). The ratio 
of band intensities for each pair of probes after a 5-min exposure is given below the corresponding 
lanes. 
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Relative density 1 1.3 1.9 

Relative density 1 1.1 1.8 

Relative density 1 1.3 2.3 

WT 4 5 Cell line 
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Figure S8: qRT-PCR analysis of CRK3 and CRK6 transcript levels in resistant cell lines generated 
against compounds 4 and 5. Two independently-generated resistant clones were analysed for each 
compound and transcript levels were compared to wild-type (drug-sensitive) level. Relative levels of 
CRK3 and CRK6 cDNA in WT and resistant cell lines were normalized using PTR1 (LinJ.23.0310). 
Data represent the mean ± SD of technical replicates (n=3). 
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Figure S9: Cell cycle analysis following treatment with compounds for 8 h.  Untreated cells at 0 h 
(white) and at 8 h (black). Cells treated with 5x EC50 value of compounds 8 (white hatched), 5 
(black hatched) and 6 (gray hatched) for 8 h (white). Differences in the percentage of drug-treated 
cells in the G1, S and G2 phases of the cell cycle were confirmed as statistically significant by using 
an unpaired Student t test (**, P = 0.01; ***, P = 0.001). Data represent the mean ± SD of technical 
replicates (n=3). 
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A 

 
 
B 
 
Primer combinations Colour coding Expected PCR product size (bp) 
5´ UTR and CRK12 mid gene  650 

5´ UTR and HYG mid gene  790 

5´ UTR and PAC mid gene  750 

PAC gene specific  600 

Ectopic CRK12  1200 
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Figure S10: (A) Schematic representation of the strategy for stepwise generation of the CRK12 
conditional double knockout (cDKO) cell line in L. donovani. (i) One allele of CRK12 is replaced 
with the hygromycin-resistance gene (HYG) by homologous recombination, generating 
Δcrk12::HYG/CRK12 cell line (SKO-H); (ii) a constitutively expressing ectopic copy of CRK12 is 
introduced into the rDNA of the SKO-H cell line (iii) the remaining CRK12 allele is replaced with a 
puromycin resistance gene (PAC) by homologous recombination, resulting in conditional double 
knockout cell line (cDKO). (B) Table illustrating the colour-coded primers used to verify the 
generation of SKO, cDKO and DKO escape mutants. Expected sizes of correctly amplified products 
are noted. (C) Diagnostic PCRs confirming the (i) allelic copies of CRK12 in WT parasites; (ii) allelic 
copy of CRK12 replaced by PAC resistance cassette and the remaining allelic copy of CRK12 in the 
Δcrk12::PAC/CRK12 cell line (SKO-P); (iii) allelic copy of CRK12 replaced by HYG resistance 
cassette and the remaining allelic copy of CRK12 in the SKO-H cell line (iv) SKO-H cell line with a 
constitutively ectopic copy of CRK12 introduced; (v) cDKO cell line with both allelic copies of 
CRK12 removed and maintaining an ectopic copy of CRK12; (vi) representative DKO escape mutants 
where parasites retain an allelic copy of CRK12, one copy of CRK12 has been replaced by a HYG 
resistance cassette and the PAC resistance cassette is present but not targeted to the CRK12 gene 
locus. Colour-coded primer pairs (summarised in B) are indicated. Sizes of amplified PCR products 
are noted in bp. 
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Figure S11: 1H-NMR of compound 7. 
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Figure S12: 13C-NMR of compound 7. 
  



 46	

 
Figure S13: 1H-NMR of compound 9. 
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Figure S14: 13C-NMR of compound 9. 
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Figure S15: 1H-NMR of compound 10.  
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Figure S16: 13C-NMR of compound 10. 
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Figure S17: 1H-NMR of compound 11.  
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Figure S18: 13C-NMR of compound 11. 
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Figure S19: 1H-NMR of compound 12.  
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Figure S20: 13C-NMR of compound 12. 
  



 54	

Figure S21: 1H-NMR of compound 13. 
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Figure S22: 1H-NMR of compound 14. 
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Figure S23: 1H-NMR of compound 16. 
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Figure S24: 1H-NMR of compound 17. 
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Figure S25: 1H-NMR of compound 18.  
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Figure S26: 1H-NMR of compound 20.  
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Figure S27: 1H-NMR of compound 21.  
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Figure S28: 13C-NMR of compound 21. 
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Figure S29: 1H-NMR of compound 23.  
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Figure S30: DEPTq NMR of compound 23. 
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Figure S31: 1H-NMR of compound 24.  
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Figure S32: 1H-NMR of compound 25.  
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Figure S33: 13C-NMR of compound 25. 
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Figure S34: 1H-NMR of compound 26.  
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Figure S35: 1H-NMR of compound 27.  
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Figure S36: 13C-NMR of compound 27. 
  



 70	

 
Figure S37: 1H-NMR of compound 28.  
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Figure S38: 1H-NMR of compound 29.  
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Figure S39: 13C-NMR of compound 29. 
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Figure S40: 1H-NMR of compound 30. 
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Figure S41: 13C-NMR of compound 30. 
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Figure S42: 1H-NMR of compound 31. 
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Figure S43: 13C-NMR of compound 31. 
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Figure S44: 1H-NMR of compound 32.  
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Figure S45: 13C-NMR of compound 32. 
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Figure S46: 1H-NMR of compound 33.  
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Figure S47: 13C-NMR of compound 33. 
  



 81	

 
Figure S48: 1H-NMR of compound 34.  
  



 82	

 
Figure S49: 13C-NMR of compound 34. 
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Figure S50: 1H-NMR of compound 35.  
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Figure S51: 13C-NMR of compound 35. 
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Figure S52: 1H-NMR of compound 36.  
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Figure S53: 13C-NMR of compound 36. 
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Figure S54: 1H-NMR of compound 37.  
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Figure S55: 1H-NMR of compound 38. 
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Figure S56: 13C-NMR of compound 38. 
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Figure S57: 1H-NMR of compound 39.  
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Figure S58: 13C-NMR of compound 39. 
  



 92	

 
Figure S59: 1H-NMR of compound 40.  
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Figure S60: 13C-NMR of compound 40. 
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Figure S61: 1H-NMR of compound 41.  
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Figure S62: 13C-NMR of compound 41. 
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Figure S63: 1H-NMR of compound 42.  Note, this sample contains contaminating DMF.  
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Figure S64: 1H-NMR of compound 43.  
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Figure S65: 13C-NMR of compound 43. 
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Figure S66: 1H-NMR of compound 44.  
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Figure S67: 13C-NMR of compound 44. 
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Figure S68: 1H-NMR of compound 45.  
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Figure S69: 13C-NMR of compound 45. 
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Figure S70: 1H-NMR of compound 46.  
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Figure S71: 13C-NMR of compound 46. 
  



 105	

 
Figure S72: 1H-NMR of compound 47.  
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Figure S73: 1H-NMR of compound 48.  
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Figure S74: 13C-NMR of compound 48. 
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Table S1: Human kinase selectivity for compound 7. 
Profiling of compound 7 on KinobeadsTM in human protein extract in 3 independent experiments lead 
to identification of a number of kinases binding to compound 7 with variable IC50 values ranging 
from 0.24 - >20 µM. Utilising the predicted human free plasma Cmax for a 600 mg dose (1.26 µM) 
plus the calculated free plasma Cmax at 1000 mg/kg/day on Day 1 in the rat 7-day toxicology study 
(4.53 µM) the kinase hits can be reduced to four enzymes, where multiples of their IC50’s were 
achieved in the rat 7 day toxicology study or potentially in the clinical scenario. 

 
 
 

Kinase Description IC50 
(µM) 

Multiple of IC50 
with clinical 600 
mg dose 

Multiple of IC50 
on day 1 at 1000 
mg/kg in rat 

MAPK11 Mitogen-Activated 
Protein Kinase 11 

0.39 3.2 11.6 

NLK NEMO-Like Kinase 0.62 2.0 7.3 
MAPK14 Isoform CSBP1 of 

Mitogen-Activated 
Protein Kinase 14 

1.2 1.1 3.8 

CDK7 Cell Division Protein 
Kinase 7 

2.4 0.5 1.9 

Compound 5 demonstrated an IC50 of > 20 µM against CDK9. 

 

  



 109	

Table S2: Comparison of activity of compounds across different life-cycle stages of L. 
donovani. 
 

Compound Cidal Axenic  
EC50 (µM)  
(confidence interval) 

INMAC  
EC50 (µM)  
(confidence interval) 

Promastigote 
EC50 (µM) 
 

2 44 >50 ND 
3 0.3 (0.29 – 0.3) 1.28 (1.26 – 1.3) ND 
8 0.0251 (0.0248 – 0.0254) 0.0752 (0.074 – 0.076) 0.0052 ± 0.0004 
4 0.33 (0.31 – 0.36) 0.316 (0.31 – 0.32) 0.101 ± 0.008 
5 0.0052 (0.00517 – 0.00522) 0.0143 (0.014 – 0.015) 0.00059 ± 0.0001 
10 1.36 (1.35 – 1.37) 5.24 (5.2 – 5.3) ND 
6 0.055 (0.0548 – 0.0552) 0.368 (0.36 – 0.38) 0.0114 ± 0.003 
9 4.21 (4.16 – 4.25) 24.7 (24 – 25) ND 
7 0.1 (0.0992 – 0.101) 1.39 (1.38 – 1.39) 0.0058 ± 0.0003 
11 1.99 (1.99 – 1.99) 26.7 (26 – 27) ND 
48 7.6 (7.5 – 7.7) >50 ND 
36 4.2 (4.2 – 4.3) 4.51 (4.49 – 4.53) ND 
43 2.4 (2.4 – 2.5) 3.86 (3.8 – 3.9) ND 
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Table S3. Identification of L. donovani proteins specifically binding compound 9-resin using 
the SILAC method.  
Chemoproteomic data for stable isotope labelled L. donovani cell-lysate incubated in the presence of 
compound 10 (light label, L), a structurally related bioactive derivative of compound 9, or absence 
of compound 10 (heavy label, H), then pulled down by compound 9-resin. The resin-bound proteins 
were combined and analysed by LS-MS/MS; a high heavy : light ratio for a protein indicates specific 
binding to compound 10 (Log2 H/L >2.8, 7-fold enrichment, solid red circles,). The number of unique 
peptides detected is a measure of the robustness of the data. * Members of each pair of proteins cannot 
be distinguished by peptides observed by MS. 
 
 

Protein IDs Log2 H/L Protein Description Name Unique 
peptides 

LinJ.09.0270  4.40 Cdc2-related kinase 12  CRK12 10 
LinJ.27.2570  4.23 Cdc2-related kinase 6, putative  CRK6 18 
LinJ.32.0800  3.75 cyclin 9, putative  CYC9 8 
LinJ.36.0600  3.31 Cdc2-related kinase 3, putative CRK3 16 
LinJ.19.0170  3.12 Mitogen-activated protein kinase 

9, putative  
MPK9 12 

LinJ.32.3520  3.12 CYC2-like cyclin, putative, cyclin 
6, putative 

CYC6 7 

LinJ.24.1500  2.81 protein kinase, putative  STE11 10 
LinJ.36.6760*  
LinJ.30.0370* 1.96 Mitogen activated protein kinase  MPK 11 

LinJ.27.0100  1.81 protein kinase, putative  RCK 9 
LinJ.36.0780*  
LinJ.11.0060* 1.71 Mitogen-activated protein kinase  MPK 3 
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Table S4: Relative amount of protein captured on bead-immobilized analogue in presence of 
compounds 8 or 5 versus vehicle 
 
 

Name Protein description 

Relative amount of protein captured on bead-immobilized analogue in presence of 
compounds  

Compound 8  (10 
µM) versus 
compound 11 beads 

Compound 8 
(10 µM) versus 
Compound 12 beads 

Compound 5 
(10 µM) versus 
Compound 9 beads 

Compound 5 
(10 µM) versus 
Compound 48 beads      

LINJ.30.0080 CYC3  0.11 0.14 0.13 0.21 

LINJ.32.0800 CYC9  0.11 0.09 0.09 0.3 

LINJ.09.0270 CRK12  0.13 0.24 0.47 0.3 

LINJ.27.2570 CRK6  0.13 0.15 0.03 0.36 

LINJ.27.0100 PROTEIN KINASE 0.16 0.48 0.58   

LINJ.30.1580 PROTEIN KINASE  0.24 0.4 0.11   

LINJ.19.0170 MPK9  0.35 0.45 0.21   

LINJ.32.3940 CKS1  0.35 0.65 0.39   

LINJ.25.2230 

SUCCINYL-COA 
SYNTHETASE 
ALPHA SUBUNIT  0.4 0.92 0.84 0.89 

LINJ.36.0600 CRK3  0.42 0.78 0.42   

LINJ.36.6910 
HYPOTHETICAL 
PROTEIN  0.47 0.84 0.64   

LINJ.25.1530 CYCA  0.49 0.72 0.47   

LINJ.32.3520 CYC6  0.51 0.7 0.55   

LINJ.30.2930 MPK5  0.64 0.77 0.48 0.87 
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LINJ.24.1500 

NPK1-RELATED 
PROTEIN KINASE-
LIKE     0.72 0.31 0.79 

LINJ.26.0590 HSPE1    0.79 0.5 0.68 

LINJ.27.1511 
G-HISTONE H1-
LIKE         0.36 

LINJ.32.0130 
HYPOTHETICAL 
PROTEIN      0.49 0.8 

LINJ.32.1920 SOD-B2      0.43 0.76 

LINJ.36.4680 
HYPOTHETICAL 
PROTEIN    0.84 0.47 0.9 

 
 
 
 



 113	

Table S5. Identification of single nucleotide polymorphisms (SNPs). Illumina-sequencing reads were mapped with Bowtie2 against an 
improved reference sequence (see Methods). Variants were identified from aligned reads using mpileup, with a score of at least 100. HTZ, 
heterozygous; * Aged parent refers to a parental line that  was maintained in culture for the same number of passages as the drug-selected lines. 
 

Samples and descriptions Read information SNP Calling 

Changes over time relative to the parent (WT starter) 

Loss of heterozygosity New heterozygous allele New homozygous allele 

Internal ID Description 

Sample 
Accession 

number # Reads 

% 
Mapped 

reads  
Fold 

coverage # SNPs 
% HTZ 

sites  

Genome 
wide 

Genes, non-
synonymous 

Genome 
wide 

Genes, non-
synonymous 

Genome 
wide 

Genes, non-
synonymous 

WT Parent ERS628452 48,729,872 89 150 38,097 99.5 0 - 0 0 0 0 

WT Age Match Aged Parent* ERS628453 52,199,074 89 161 38,226 99.4 9 0 944 3 0 0 

4 RES clone 1 compound ERS628454 52,515,092 90 162 38,268 98.5 309 60 917 2 1 1 

4 RES clone 2 compound ERS628455 61,934,834 89 191 38,399 99.1 55 3 863 1 1 1 

4 RES clone 3 compound ERS628456 46,555,312 89 144 38,101 98.6 316 62 989 1 1 1 

7 RES clone 1 compound ERS628457 49,811,650 89 154 38,157 99.1 106 19 955 3 1 1 

7 RES clone 2 compound ERS628458 45,523,564 90 140 38,116 98.6 306 60 866 2 1 1 

7 RES clone 3 compound ERS628459 48,717,038 88 150 38,166 99.2 106 17 932 1 1 1 
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Table S6. Whole genome (Illumina) sequencing results.  
The original parental clone was sequenced alongside independently drug-selected clones (3 per drug x 2 drugs).  As a control, an 'aged' parental 
clone was included that had been through the same number of passages as the drug-selected clones.  All non-synonymous substitutions identified 
are listed in detail in Table S12B.  HTZ, heterozygous. 
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Gene ID Product Chromosome Position Amino acid reference New amino acid 

New homozygous SNP in clones 

0 1 1 1 1 1 1 LdBPK_090270 cdc2-related kinase 12 (CRK-12) Ld09 93,633 G D 

New heterozygous SNP in clones 

0 0 0 0 0 0 1 LdBPK_020130 hypothetical protein, conserved Ld02 54,583 E K 

0 0 1 0 0 0 0 LdBPK_081090 hypothetical protein, conserved Ld08 461,671 A G 

1 0 0 0 0 0 0 LdBPK_130320 hypothetical protein, conserved Ld13 112,519 S R 

0 1 0 1 1 1 1 LdBPK_251630 hypothetical protein, conserved Ld25 614,838 S F 

0 1 0 0 0 0 0 LdBPK_270510 calpain-like cysteine peptidase, putative Ld27 180,894 E V 

1 0 0 0 0 0 0 LdBPK_272370 hypothetical protein, conserved Ld27 950,068 A T 

0 0 0 0 1 0 0 LdBPK_332090 RNA editing complex protein MP46 Ld33 769,531 K T 

1 0 0 0 0 0 0 LdBPK_365000 hypothetical protein, conserved Ld36 1,874,487 P A 

0 0 0 0 1 0 0 LdBPK_365560 hypothetical protein, conserved Ld36 2,086,616 W R 

Loss of heterozygosity 

0 0 0 1 0 0 0 LdBPK_030390 MFS transporter, putative Ld03 130,619 V A 

0 0 0 1 0 0 0 LdBPK_030680 hypothetical protein, conserved Ld03 274,001 S N 

0 1 0 1 1 1 1 LdBPK_090040 hypothetical protein, conserved Ld09 12,278 A V 

0 1 0 1 1 1 1 LdBPK_090040 hypothetical protein, conserved Ld09 12,334 A T 
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0 1 0 1 1 1 1 LdBPK_090040 hypothetical protein, conserved Ld09 13,344 E D 

0 1 0 1 1 1 1 LdBPK_090060 N-acetyl-D-
glucosaminylphosphatidylinositol Ld09 16,110 V I 

0 0 1 0 0 0 0 LdBPK_090090 RNA helicase, putative Ld09 24,009 K M 

0 1 0 1 1 1 1 LdBPK_090090 RNA helicase, putative Ld09 24,911 F L 

0 1 0 1 1 1 1 LdBPK_090090 RNA helicase, putative Ld09 25,181 P S 

0 0 1 0 0 0 0 LdBPK_090100 RNA-binding protein 5-like protein Ld09 27,755 L P 

0 1 0 1 1 1 1 LdBPK_090100 RNA-binding protein 5-like protein Ld09 27,937 V L 

0 1 1 1 1 1 1 LdBPK_090320 hypothetical protein, conserved Ld09 114,398 R G 

0 1 0 1 1 1 1 LdBPK_090330 DNA photolyase, putative Ld09 116,286 L V 

0 1 0 1 1 1 1 LdBPK_090330 DNA photolyase, putative Ld09 116,583 S A 

0 1 0 1 1 1 1 LdBPK_090440 hypothetical protein, conserved Ld09 131,242 P G 

0 1 0 1 1 1 1 LdBPK_090440 hypothetical protein, conserved Ld09 131,243 P G 

0 1 0 1 1 1 1 LdBPK_090440 hypothetical protein, conserved Ld09 131,244 H G 

0 1 0 1 1 1 1 LdBPK_090440 hypothetical protein, conserved Ld09 132,585 Q E 

0 1 0 1 1 1 1 LdBPK_090440 hypothetical protein, conserved Ld09 132,967 A V 

0 1 0 1 1 1 0 LdBPK_090460 kinetoplastid kinetochore protein 19, 
putativeprotein kinase, putative (fragment) Ld09 173,965 T A 

0 1 0 1 1 1 1 LdBPK_090470 tyrosine phosphatase, putative Ld09 179,740 G V 

0 1 0 1 1 1 1 LdBPK_090470 tyrosine phosphatase, putative Ld09 180,154 A V 

0 1 0 1 0 1 0 LdBPK_090700 hypothetical protein, conserved Ld09 272,394 L F 

0 1 0 1 0 1 0 LdBPK_090710 hypothetical protein, conserved Ld09 274,182 A T 

0 1 0 1 0 1 0 LdBPK_090790 ubiquitin ligase, putative Ld09 295,994 T S 

0 1 0 1 0 1 0 LdBPK_090810 hypothetical protein, conserved Ld09 323,379 D G 

0 1 0 1 0 1 0 LdBPK_090850 kinetoplast-associated protein-like protein Ld09 336,092 N K 

0 1 0 1 0 1 0 LdBPK_090870 hypothetical protein, conserved Ld09 342,666 W R 

0 1 0 1 0 1 0 LdBPK_090870 hypothetical protein, conserved Ld09 342,699 S G 

0 1 0 1 0 1 0 LdBPK_090870 hypothetical protein, conserved Ld09 342,800 R H 
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0 1 0 1 0 1 0 LdBPK_090870 hypothetical protein, conserved Ld09 343,476 T A 

0 1 0 1 0 1 0 LdBPK_090940 phospholipid transporting ATPase-like 
protein, Ld09 365,299 K N 

0 1 0 1 0 1 0 LdBPK_091060 hypothetical protein, conserved Ld09 416,432 K Q 

0 1 0 1 0 1 0 LdBPK_091080 hypothetical protein, conserved Ld09 432,792 V I 

0 1 0 1 0 1 0 LdBPK_091080 hypothetical protein, conserved Ld09 433,068 S P 

0 1 0 1 0 1 0 LdBPK_091080 hypothetical protein, conserved Ld09 433,104 T A 

0 1 0 1 0 1 0 LdBPK_091090 hypothetical protein, conserved Ld09 434,798 L P 

0 1 0 1 0 1 0 LdBPK_091120 DNA-directed RNA polymerase III 
subunit, Ld09 445,027 R S 

0 1 0 1 0 1 0 LdBPK_091220 hypothetical protein, conserved Ld09 467,946 T M 

0 1 0 1 0 1 0 LdBPK_091260 hypothetical protein, conserved Ld09 481,429 W R 

0 1 0 1 0 1 0 LdBPK_091260 hypothetical protein, conserved Ld09 485,400 V D 

0 1 0 1 0 1 0 LdBPK_091270 hypothetical protein, unknown function Ld09 486,761 Y D 

0 1 0 1 0 1 0 LdBPK_091280 AAA family ATPase, putative Ld09 489,372 N S 

0 1 0 1 0 1 0 LdBPK_091300 ATP-dependent helicase, putative 
(fragment) Ld09 497,842 K Q 

0 1 0 1 0 1 0 LdBPK_091300 ATP-dependent helicase, putative 
(fragment) Ld09 499,176 Q R 

0 1 0 1 0 1 0 LdBPK_091300 ATP-dependent helicase, putative 
(fragment) Ld09 499,335 F C 

0 1 0 1 0 1 0 LdBPK_091520 hypothetical protein, conserved Ld09 562,093 P S 

0 1 0 1 0 1 0 LdBPK_091560 DNA J-binding protein, putative Ld09 569,133 N S 

0 1 0 1 0 1 0 LdBPK_091560 DNA J-binding protein, putative Ld09 569,203 V F 

0 1 0 1 0 1 0 LdBPK_091590 hypothetical protein, conserved Ld09 574,751 R K 

0 1 0 1 0 1 0 LdBPK_091600 hypothetical protein, conserved Ld09 578,483 N S 

0 1 0 1 0 1 0 LdBPK_091600 hypothetical protein, conserved Ld09 579,284 V A 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 581,561 V G 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 581,771 A D 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 581,900 A E 
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0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 582,058 V E 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 582,059 V E 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 582,273 Y H 

0 1 0 1 0 1 0 LdBPK_091610 hypothetical protein, conserved Ld09 582,323 V A 

0 1 0 1 0 1 0 LdBPK_091630 hypothetical protein, conserved Ld09 584,634 Q H 

0 1 0 1 0 1 0 LdBPK_091630 hypothetical protein, conserved Ld09 584,642 E Q 

0 1 0 1 0 1 0 LdBPK_091630 hypothetical protein, conserved Ld09 585,130 L P 

0 1 0 1 0 1 0 LdBPK_091630 hypothetical protein, conserved Ld09 585,259 R L 

0 1 0 1 0 1 0 LdBPK_091630 hypothetical protein, conserved Ld09 585,634 A V 

0 0 0 0 1 0 0 LdBPK_160180 hypothetical protein, conserved Ld16 56,299 S P 
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Table S7. Coverage relative to wild type. 
 

  Chromosomes 

Samples 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
WT 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

WT Aged 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 

4 RES cl1 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.5 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 1.5 1.0 1.0 1.0 1.0 

4 RES cl2 1.0 1.0 1.3 1.0 1.0 1.0 1.0 1.0 1.4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.4 1.0 1.0 1.0 1.0 1.0 1.0 0.8 1.0 1.0 1.0 1.0 1.0 

4 RES cl3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.5 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.8 1.5 1.0 1.0 1.0 1.0 

5 RES cl1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.8 1.0 1.0 1.0 1.0 1.0 

5 RES cl2 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.5 1.5 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 1.5 1.0 1.0 1.0 1.0 

5 RES cl3 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 
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Table S8: Effect of modulating the levels and/or mutation of CRK3, CRK6, 
CRK12 and CYC9 on the activity of compounds 5 and 7 in L. donovani. 
 

Cell line 

Change in 
specific 

transcript level 
relative to WT 

5 
EC50, nM 

(relative to WT) 

7 
EC50,, nM  

(relative to WT) 

WT - 0.59 ± 0.001 8.4 ± 0.04 
CRK12MUT  8.4 1.99 ± 0.002 (3.4) 25.4 ± 0.2 (3) 

CRK12MUT and (CYC9) 8.5 (5.6) 4.6 ± 0.05 (7.8) 48.5 ± 0.5 (5.8) 
WT - 0.82 ± 0.02 8.3 ± 0.1 

CYC9  8.6 0.89 ± 0.02 8.2 ± 0.08 
WT - 0.72 ± 0.01 9.05 ± 0.07 

CRK12WT 9.5 0.22 ± 0.002 (0.3) 5.1 ± 0.16 (0.56) 
WT - 0.5 ± 0.004  8.9 ± 0.06 

CRK12WT and (CYC9) 7.9 (5.3) 1.43 ± 0.01 (2.9) 23.1 ± 0.6 (2.6) 
WT - 1.2 ± 0.03 9.2 ± 0.1 

CRK3 7.9 1.3 ± 0.008 9.4 ± 0.04 
WT - 1.4 ± 0.05 10.2 ± 0.1 

CRK6 7.4 1.34 ± 0.07 10.1 ± 0.1 
WT - 0.51 ± 0.01 7.3 ± 0.1 

CRK3SKO 

CRK6SKO 
ND 
ND 

0.47 ± 0.02 
0.55 ± 0.001 

7.0 ± 0.1 
7.0 ± 0.09 

WT - 1.5 ± 0.04 10.4 ± 0.25 
CK12SKO-HYG -1.49 0.8 ± 0.004 (0.5) 6.7 ± 0.22 (0.6) 

 
Data represent the mean ± SD of technical replicates (n=3) and are representative of 
at least duplicate experiments. 
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Table S9: Effect of modulating the levels and/or mutation of CRK12 and CYC9 
on the activity of fexinidazole sulfone in L. donovani. 
 

Cell line Fexinidazole sulfone 
EC50, µM 

WT 8.1 ± 0.1 
CRK12MUT 8.5 ± 0.2 

CRK12MUT and (CYC9) 8.2 ± 0.04 
Data represent the mean ± SD of technical replicates (n=3) and are representative of 
at least duplicate experiments. 
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