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Plasmodium kinases are increasingly recognized as potential novel antiplasmodial targets for the treatment of malaria,
but only a small subset of these kinases have had structure-activity-relationship (SAR) campaigns reported. Herein we report
the discovery of CZC-54252 (1) as an inhibitor of five P. falciparum kinases PFARK1, PfARK3, PINEK3, PfPK9 and
PfPKB. 39 analogues were evaluated against all five kinases to establish SAR at three regions of the kinase active site.
Nanomolar inhibitors of each kinase are discovered. We identify common and divergent SAR trends across all five kinases,
highlighting substituents at each region that improve potency and selectivity for each kinase. Potent analogues were
evaluated against the P. falciparum blood stage. Eight submicromolar inhibitors were discovered, of which 37 demonstrated
potent antiplasmodial activity (ECso = 0.16 uM). Our results provide an understanding of features needed to inhibit each
individual kinase and lay groundwork for future optimization efforts towards novel antimalarials.
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INTRODUCTION

Malaria is a devastating disease caused by Plasmodium infection, with 247 million cases and 619 thousand deaths
globally in 20211, The rising resistance towards existing antimalarials is a worrying trend?, and new medicines with novel
mechanisms of action are needed to address this evolving challenge?. Plasmodium protein kinases present an untapped
opportunity for drug development®®. Of the 85-99 P. falciparum protein kinases’®, several dozen have been identified as
essential for the asexual blood stage of P. falciparum®. Yet, apart from several well-characterized kinases such as
PfPKG! Y, PfCLK3%2, and PfCDPK1%?’, most Plasmodium protein kinases have had few medicinal chemistry
campaigns initiated against them to facilitate inhibitor development. To address this gap, we aimed to discover hits against
lesser-studied Plasmodium kinases and understand critical molecular features to guide inhibitor development of
Plasmodium kinases.

Pyrimidines have been recognized as common hinge-binding groups of kinase inhibitors?®2°, 2 4-dianilinopyrimidines
are amongst the hits in the Tres Cantos Antimalarial Set (TCAMS), a set of 13,533 inhibitors of P. falciparum asexual
reproduction found by screening almost 2 million compounds at GlaxoSmithKline*°. Screening the compounds of the
TCAMS set against five P. falciparum kinases led to the identification of PFCDPK1, PFCDPK4, and PfPK6 as the putative
targets of 2,4-dianilinopyrimidines®. Medicinal chemistry campaigns of 2,4-dianilinopyrimidines have been reported in the
literature, optimizing their antiplasmodial activity using a phenotypic screen®®, Using chemo- and bioinformatic
approaches, the authors suggested that this series of inhibitors may target the CDPK and NEK family of Plasmodium
kinases®3. Recently, six human-PLK1-targeted 2,4-diarylaminopyrimidine inhibitors have also demonstrated antiplasmodial
activity, of which two of them demonstrate inhibition of PFCDPK2, PFNEK3, and PfPKB34. These studies demonstrate the
druggability of Plasmodium kinases.

The 2,4-dianilinopyrimidines CZC-54252 (1) and CZC-25146 (2) (Figure 1A) were developed as selective human
LRRK2 inhibitors®. During our screening efforts to discover new kinase-targeted antiplasmodial compounds, we found 1
to be active at 1 uM against P. falciparum 3D7 blood stage, reducing parasite viability to 21% of the negative control.
Follow-up experiments confirmed a dose-dependent reduction of parasite viability with a ECso of 0.34 uM. As far as we are
aware, no information about inhibition of Plasmodium kinases have been reported for 1. We screened 1 against 11 P.
falciparum kinases using the KinaseSeeker assay® at 1 uM. Five kinase targets were identified and demonstrate dose-
dependent inhibition: PFARK1, PfARK3, PINEK3, PfPK9 and PfPKB (Table 1). Of these five targets, 1 was the most potent
against PfPKB with an 1Cso of 70 nM. Interestingly, while 2,4-dianilinopyrimidines were proposed to target PfPK6%, we
did not observe inhibition of PfPK6 by 1. We also did not observe significant inhibition of the CDPK family members
PfCDPK2 and PfCDPKS5, and the NEK family member PfNEK1.

PfARK1 (PlasmoDB ID: PF3D7_0605300) and PFARK3 (PlasmoDB ID: PF3D7_1356800) are kinases from the Aurora
family of kinases that are suggested to be involved in nuclear division processes®’*8. Several genetic studies have indicated
that PFARK1 is essential for asexual blood stage proliferation of P. falciparum®®%’. In contrast, PFARK3 is genetically
validated to be essential by reverse genetics® but not by saturation mutagenesis'®. No inhibitor of either kinase has been
confirmed in the literature, although inhibitors of human Aurora kinases have demonstrated antiplasmodial activity394.
PfARK1 mutations confer resistance to the human Aurora kinase inhibitor Hesperadin (Figure 1B), suggesting that PFARK1
may be its target*.

PfNEK3 (PlasmoDB ID: PF3D7_1201600) belongs to the NEK family*'. Separate studies have regarded PFNEK3 as
either dispensable for the asexual blood stage proliferation®, or that it could be disrupted, albeit with a fitness penalty?.
PfNEKS3 participates in an atypical MAPK signaling cascade by upregulating the activity of PfMAP242  although the
implications of this signaling pathway is not currently clear. Human PLK1 inhibitors including BI-2536 (Figure 1B) have
been found to inhibit PFNEK3, although phosphoproteomics indicates that there may be other targets®. We have also
previously identified PFNEKS3 as one of the secondary targets of our potent PfPK6-targeted type Il inhibitors®,

PfPK9 (PlasmoDB ID: PF3D7_1315100) is an orphan kinase that does not cluster with any typical kinase group** and
is genetically validated to be essential for asexual blood stage proliferation®°, PfPK9 regulates the activity of PfUBC134+4,
an essential E2 ubiquitin-conjugating enzyme involved with DNA replication and repair®. The only known inhibitors of
PfPK9 are the human TAK1 inhibitor Takinib (Figure 1B) and analogues thereof*.
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PfPKB (PlasmoDB ID: PF3D7_1246900) is a kinase from the AGC group*’. While a reverse genetics study found PfPKB
to be essential®, it was found to be dispensable by saturation mutagenesis'®. PfPKB is implicated in regulation of merozoite
invasion into erythrocytes by phosphorylating PFGAP45%-5°, Inhibition of PfPKB by Go 6983 or A-443654 (Figure 1B)
leads to a decrease in parasitemia and formation of new rings in the subsequent round of invasion, consistent with its
proposed role in regulating invasion**, PfPKB has also been determined to be a secondary target of the abovementioned
2,4-diarylaminopyrimidine inhibitors® and our type Il inhibitors®,

Given the limited medicinal chemistry studies and inhibitor development for PFARK1, PFARK3, PfNEK3, PfPK9 and
PfPKB, we aim to expand on the body of knowledge to facilitate future inhibitor development for these five diverse kinases
(with only 19.5-33.7% pairwise sequence identity in the kinase domains, see Figure S1) across the Plasmodium kinome.
These efforts will impact chemical probe development to resolve Plasmodium kinase function as well as the design of novel
antimalarial agents. Herein, we report the results of our structure-activity-relationship (SAR) study for inhibition of these
five kinases by the 2,4-dianilinopyrimidine scaffold of inhibitors.
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Figure 1. A) Structure of CZC-54252 (1) and CZC-25146 (2)*. B) Structure and reported potency of literature inhibitors
of PFARK1%, PINEK3%, PfPK9% and PfPKB*75,
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Table 1. Inhibition profile of CZC-54252 (1) across the 11 P. falciparum kinase panel

Kinase % activity remaining at 1 uM? ICso (UM)P
PfARK1 53 34
PfARK3 50 1.8
PfCDPK2 78 -
PfCDPK5 97 -
PfGSK3 94 -
PfNEK1 85 -
PfNEK3 34 1.0
PfPK5 90 -
PfPK6 90 -
PfPK9 43 1.2
PfPKB 11 0.070

aActivity remaining are presented as mean values from experiments using the KinaseSeeker assay performed in duplicate.
PICso values were determined using the KinaseSeeker assay, presented as mean values of two experiments performed in duplicate.
—: not determined

RESULTS AND DISCUSSION

Scheme 1. Synthesis of 2,4-dianilinopyrimidine analogs®.
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4Reagents and conditions: (a) DIPEA, "BuOH, 110-115°C, 16-38 h. (b) pyridine, 0°C-rt, 16-22 h. (c) DIPEA, dioxane or DCM, 0°C-rt, 3-19 h. (d) HCI
or TFA, EtOH or TFE, uW, 80-160°C, 30-150 min. (e) Pd2(dba)s, Xphos, K2COs, 'BuOH, 90°C, 18 h. (f) DIPEA, EtOH, 0°C-rt, 3-72 h. (g) K3POs,
iPrOH, rt, 7-11 d. (h) ZnClz, EtsN, DCE:'BUOH:Et,0, 0°C-rt, 24 h. (i) EtsN, THF, rt, 1 h. (j) DIPEA, 'PrOH or "BuOH, 60-80°C, 16 h - 5 d.
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The general synthetic scheme of these 2,4-dianilinopyrimidines is shown in Scheme 1. A 5-substituted-2,4-
dichloropyrimidine core was reacted with the appropriate aniline in a SnAr reaction, replacing the chloro group at the 4-
position in most cases. When a CF3z is present at the 5-position, displacement of the 2-position chloro group is achieved
instead®2. The regioselectivity of these reactions were confirmed by *H-3C HMBC experiments (Table S1). The choice of
aniline and reaction conditions were dependent on the electrophilicity of 2,4-dianilinopyrimidine core, which was
significantly modulated by the 5-position substituent. To the unreacted NH; on the benzene-1,2-diamine, subsequent
reaction with sulfonyl chlorides or other equivalent electrophiles afforded the R4 substituent. A second SyAr or Buchwald-
Hartwig coupling was next performed, displacing the chloro group at the unreacted 2-position of the pyrimidine. Functional
group conversion between different Rs substituents and within R. substituents were also performed. Detailed synthetic
procedures are provided in Schemes S1-S12 in the Supplemental Information.
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Figure 2. A) CZC-54252 (1) (white) docked to the structure of PfPK9 predicted by AlphaFold (green). Intermolecular
hydrogen bonds are denoted by yellow dashed lines. The glycine-rich loop is hidden for clarity. B) Overlay of docked
structures of 1 to the predicted structure of PFARK1 (green), PFNEK3 (cyan), PfPK9 (white), and PfPKB (gold) by

AlphaFold. The glycine-rich loop is hidden for clarity. Only key residues (gatekeeper, middle hinge residue, catalytic lysine,
and Asp of the conserved DFG) are shown. Figures are generated using PyMOL.

Although crystal structures of 1 with any of these Plasmodium kinases are unavailable, we generated hypotheses
regarding the binding mode of these inhibitions by inspection of co-crystal structures of other 2,4-dianilinopyrimidines with
other kinases, e.g. TAE226 on FAK (PDB: 2JKK)%, Fedratinib on JAK2 (PDB: 6VNE)* and TAK-788 on EGFR (PDB:
7B85)%. These inhibitors are typically ATP-competitive, and form key hydrogen bonds with the peptide backbone of the
outer hinge residue (hinge.46 by KLIFS notation®®) using both the N1 of the pyrimidine and the exocyclic NH at the 2-
position of the pyrimidine. We docked 1 into the structures of PFARK1, PfNEK3, PfPK9 and PfPKB predicted by
AlphaFold®"*® (docking was not performed for PFARK3 because its structure was not available) to generate hypotheses
regarding their binding mode (Figure 2 and Figure S2, S3). As predicted, the model suggests that 1 forms two hydrogen
bonds with the peptide backbone of the outer hinge residue (Alal87 in PfPK9) using the N1 of the pyrimidine and exocyclic
NH at the 2-position of the pyrimidine. The 2-position aryl substituent extends towards the solvent, with the morpholine
ring exposed to solvent. The model also suggests that the methylsulfonamide group of 1 forms a hydrogen bond with the
exocyclic NH at the 4-position of the pyrimidine and with the catalytic lysine (Lys136 in PfPK9).

Based on literature crystal structures and our docking results, we noted that the 5-position group of the pyrimidines likely
binds close to the gatekeeper residue of the kinase, a residue that is often targeted for potency and specificity®5°-51, Apart
from steric complementarity, 5-position groups on pyrimidines may also form various specific interactions with the
gatekeeper residues, such as hydrogen bonding®, halogen/chalcogen bonds®2%, or lone-pair-r interactions®*. Based on this
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hypothesis, we first investigated the effect on kinase inhibition of all five identified Plasmodium kinase targets when we
substituted the 5-position chloro group of 1 with other groups (Table 2).

Removal of the chlorine atom (3) completely abolished activity for all five kinases, suggesting that the chlorine makes
key interactions with each of the five kinases. Replacement with a fluorine (2) recovers some activity only for PfPKB (ICso
= 1.5 uM) and PfNEK3 (68% activity remaining at 1 uM), suggesting that the size of the halogen atom matters for these
kinases. When the chloro group was replaced with the heavier halogens bromine (4) or iodine (5), the potencies for PFARK1,
PfARKS3, and PfPKB were maintained, while a modest 2.3-fold improvement in PFNEK3 potency was observed for both
analogues. Interestingly, PfPK9 saw a 4-fold improvement in potency with 4 and a 17-fold improvement with 5. Generally,
an improvement in potency was observed as the size of halogens increases from fluorine to iodine, suggests that there are
favorable hydrophobic or halogen-bonding interactions with the heavier halogens. Looking closer into this general trend,
we observe that this effect plateaued at chlorine for PFARK1, PFARK3 and PfPKB, at bromine for PINEK3, while it
continued to iodine for PfPK9. This trend does not correlate with their gatekeeper residues, which are methionine for
PFARK1 and PfPK9, and leucine for PFARK3, PfNEK3 and PfPKB (based on structure prediction by AlphaFold®"® and
sequence alignment with human kinases®’#14+47), This suggests that the origin of this varied sensitivity to halogens is more
complex than could be simply predicted based on these key residues.

We next explored alkyl groups at this position. The methyl (6) and ethyl (7) groups both abolished PFARK1, PFARK3
and PfPK9 potency, but were tolerated by PFNEK3 and PfPKB. Further increase in steric size of the alkyl group to a
cyclopropyl ring (8) is tolerated by PfPKB, but now abolished PFNEKS3 activity. Among the five kinases, 8 is exquisitely
selective for PfPKB. Interestingly, replacement of the methyl group with a trifluoromethyl group (9) increased potency
dramatically across all five kinases, which is unexpected because literature suggests that the methyl to trifluoromethyl
substitution typically does not affect potency of inhibitors in general®. This change restored potency to the uM range for
PfARK1 and PfARKS. Relative to 1, this change improved the potency for PFNEK3 by 2-fold, PfPK9 by 16-fold, and
PfPKB by 5-fold. Excitingly, 9 has an ICso of 13 nM for PfPKB, which makes this the most potent PfPKB inhibitor reported
as far as we are aware. Comparing 5 and 9, both with near-identical PfPK9 potency, we can see that 9 is more selective for
PfPKB.

Similar to the alkyl groups in the 5-position, a methoxy group (10) or a dimethylamino group (11) at this position were
not tolerated by PFARK1, PFARK3 and PfPK9. Comparing with 7, with a similar-sized ethyl group, we observed a <2-fold
change in PFNEKS3 ICso, but a 4-fold drop in PfPKB potency with 10. In contrast, we observed a 3-fold drop in PFNEK3
potency with <2-fold change in PfPKB potency with 11. Both the hydroxyl (12) and amino (13) groups in the 5-position
completely abolish activity on all five kinases, suggesting that there is a lack of productive hydrogen bonding partners to
accommodate these hydrogen bond donors. This is consistent with the knowledge that all five kinases have methionine or
leucine gatekeeper residues.

Surprisingly, the introduction of a nitrile group (14) was not tolerated by PFARK1, PFARKS3 and PfPK9, slightly
disfavored by PfPKB (2.6-fold drop in 1Cso as compared to 1), but is strongly preferred by PfNEKS, with a 7-fold
improvement in potency over 1. This highlights a possible avenue for improving selectivity for PFNEK3 over the other
kinases. Another substituent that demonstrates selectivity for PFNEKS3 is the N-methylpyrazol-4-yl substituent (15), which
maintained the PFNEK3 potency of 1 but completely abolished activity on the other four kinases. The tolerability of the
large N-methylpyrazol-4-yl substituent inspired us to further investigate the steric requirements of this region. To do so
without too much of an increase in lipophilicity, we explored similarly-sized ethers (16, 17) or an ester substituent (18), but
found them not to be tolerated by any kinase, suggesting that the aromaticity of the N-methylpyrazol-4-yl substituent was
important.

When we replaced the chloro of 1 with a carboxamide substituent (19), we observed an improvement in potency for
PfARK1 (3-fold) and PfPK9 (6-fold), but a modest decrease in potency for PINEK3 (2.5-fold) and PfPKB (4-fold), and a
complete loss of PFARK3 activity. The carboxamide substituent thus offers an avenue to design for selectivity for PFARK1
over the related family member PFARK3.

We have also attempted to introduce an endocyclic N atom at this position, converting the pyrimidine to a 1,3,5-triazine
ring (20). However, this was found to not be tolerated by any of the five kinases. This result is similar to 3, which contains
a pyrimidine core without a 5-position substituent. This further emphasizes the importance of the substituents at this position
and the interactions they make with the kinase active site.
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In summary, we demonstrate that different kinases have different sensitivities to the group at the 5-position, and this
knowledge could help to design selective inhibitors between these five kinases. We have shown that PFARK1, PFARK3 and
PfPKO9 are rather sensitive at this position, only preferring several substituents (Cl, CFs, CONH, for PFARKZ; CI, Br, I, CFs
for PFARKS3; and ClI, Br, I, CFs, and CONH, for PfPK9). This is in contrast with PFNEK3 and PfPKB; while they have their
preferred substituents (CN and CFs3, respectively), they are generally more tolerant of changes.

Table 2: SAR at the 5-position of the pyrimidine core

02?20
PfARK1 PfARK3 PfNEK3 PfPK9 PfPKB
% Activity % Activity % Activity| % Activity %% Activity|

Cmpd R Remaining ICSObRemaining ICSOb Remaining |C50b Remaining |C50b Remaining |C50b
at 1 uM? (M) at 1 uM? (M) at 1 uM? (M) at 1 uM? (M) at 1 uM? (M)
1 Cl 53 34 50 1.8 34 1.0 43 1.2 11 |0.070
2 F 99 — 88 - 68 - 97 - 55 15

3 H 100 — 90 - 100 - 100 - 100 —
4 Br 84 — 45 1.0 20 0.44 19 0.29 10 |0.042
5 I 75 — 49 1.2 23 0.41 6 0.072 9 0.050
6 Me 100 — 82 - 44 2.3 88 - 24 0.16
7 Et 100 — 81 - 24 0.60 79 - 16 0.17
8 cyclopropyl 100 - 100 - 100 - 100 - 48 0.24
9 CFs 58 1.2 47 14 22 0.51 10 0.075 6 0.013
10 OMe 75 — 83 - 40 0.90 81 - 44 0.70
11 NMe; 85 - 100 - 46 1.8 89 - 22 0.24

12 OH 100 - 100 - 95 - 100 - 100 —

13 NH: 97 - 100 - 93 - 100 - 96 -
14 CN 79 - 100 - 14 0.14 73 - 20 0.18

15 AE;N’ 89 - 95 - 42 1.2 100 — 97 -

16 CH2OCH:CF3 100 - 97 - 67 - 100 - 100 -

17 CH.OEt 97 - 100 - 100 - 100 - 89 -

18 CO:Et 100 - 96 - 65 - 100 - 93 -
19 CONH: 39 11 93 - 51 2.5 19 0.21 29 0.31
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aActivity remaining results are presented as mean values from experiments using the KinaseSeeker assay performed in duplicate.
bICso values were determined using the KinaseSeeker assay, presented as mean values of two experiments performed in duplicate.
—: not determined

We next turned to exploring the SAR at the 4-position of the pyrimidine (Table 3). Based on examination of crystal
structures of other 2,4-dianilinopyrimidine inhibitors and our docked structures with 1, this region is positioned close to the
catalytic lysine and the aspartic acid of the DFG motif. In previous medicinal chemistry campaigns of 2,4-
dianilinopyrimidines as antimalarials, only few groups were explored at the ortho-position323, We first investigated the
effect of removal of the sulfonyl group of the sulfonamide (21), and found that the removal of this key hydrogen bond
acceptor to be detrimental towards activity for all five kinases, which could possibly be attributed to the loss of hydrogen
bonding potential with the catalytic lysine. We have also attempted to cyclize the 4-position di-aniline ring to a
benzimidazolone (30), but this substituent was inactive against all five kinases. This suggests that the position of the
hydrogen bond acceptor is key in this region. Having established the importance of a hydrogen bond acceptor, we next
replaced the sulfonamide with an amide (22) or urea (23). While 22 retains weak activity on PFARK1, PfPK9 and PfPKB
(65-70% activity remaining at 1 uM), this change leads to a loss of activity against PFARK3 and PfFNEKS3. This is in contrast
with 23 which, as compared to 1, is equipotent against PfPKB while having a loss of activity against PFARK1, PfARKS,
and PfNEKAS. Interestingly, a 12-fold improvement in potency was observed for PfPK9. These results highlight how single-
atom changes in this region could modulate the selectivity between kinases.

To further investigate the steric requirement of the pocket around the sulfonamide, we next increased the size of the
methyl group on the sulfonamide. Increasing the size to either an ethyl (24) or cyclopropyl (25) group improved PFARK3
and PfPKQ9 activity 4-fold and 2-fold, respectively. While 24 is weakly active on PFARKL1 and equipotent against PFNEK3
as compared to 1, 25 was 3-fold more potent than 1 on both kinases. A 2-to-2.5-fold drop in potency was observed with
PfPKB with either of these small changes, suggesting that these modifications were not preferred but were tolerated. A
further increase in the size of this group to an isobutyl group (26) turned out to be unfavorable for all kinases except PFARKS,
which maintained the potency of 1. These results demonstrate that these five kinases have different steric requirements in
the active site around this region, which may be optimized by changes as small as a single carbon atom.

Apart from aliphatic groups, we also attempted to introduce aromatic groups at this region. A phenyl group (27) is
preferred by PFARKS, affording a 5-fold improvement in potency as compared to 1. 27 maintained potency against PFARK1
and PFNEK3 while leading to a dramatic drop in potency against PfPK9 and PfPKB. This result shows that a phenyl ring
may offer opportunities to achieve selectivity for PFARK3 over the related family member PfARK1. With a N-
methylimidazole group (28) however, the activity against PFARK3 was lost while the potencies with the other four kinases
were similar to 27, which suggests that PFARK3 does not prefer polar functionalities here.

Given that we have previously achieved good activity for PfPK9 with introduction of additional hydrogen bond donors,
we investigated if the N-isopropyl sulfamoyl amide (29) would similarly improve activity. However, the inhibition results
for all five kinases, including PfPK9, were similar to the isosteric isobutyl sulfonamide 26, emphasizing that PfPK9 has a
strict steric requirement for this region.

Our SAR results for these five Plasmodium kinases demonstrate that the 4-position of the pyrimidine offers an avenue
to generate selectivity due to the different preferences of each kinase. In particular, selective inhibition of PFARK3 may be
achieved using larger lipophilic groups at this region, something that is not as well tolerated by PFARK1, PfNEK3, PfPK9
and PfPKB. The methyl group is perhaps the most ideal group for PfPKB, while the slightly larger cyclopropyl group is the
most ideal for PFARK1 and PFNEK3. We have also found that PfPK9 strongly prefers a urea at this position.
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Table 3: SAR at the 4-position of the pyrimidine core

R
PfARK1 PfARKS3 PfNEK3 PfPK9 PfPKB
% Activity % Activity % Activity % Activity % Activity
. ICso ..~ [ 1Cso .. | ICso ..~ [ 1Cso .. | ICso
Cmpd [ X R Remaining (uM)? Remalnmg( M)bRemalnlng( M)? Remalnlng( M)? Remalnlng( M)?
at TaMe [P attave MYV at v [ et ave MYV a1 e M
1 Cl SO:Me 53 34 50 1.8 34 1.0 43 1.2 11 0.070
21 CFs; H 81 - 86 - 84 — 83 - 61 1.1
22 Cl COMe 65 - 100 — 93 — 70 - 66 2.1
23 Cl CONH> 96 - 87 — 81 — 11 0.10 17 0.079
24 Cl SOEt 79 - 40 0.46 40 0.84 39 0.64 7 0.18
L
25 | cl OZ‘O 46 1.3 3 |044| 48 |036| 61 |045| 23 |0.12
T
0=5=0
26 Cl H/ 77 - 51 1.1 83 3.9 84 - 70 -
27 Cl SO2Ph 73 4.0 31 0.33 49 1.4 85 - 60 1.7
o
0=8=0
28 | Cl| Ay 70 - 77 | - | s6 |14| 100 | -| e |21
N—
/
=
0=5=0
29 Cl HN 80 51 45 1.4 80 - 90 - 82 5.0
S Ko
o
o e 95 - 76 Y - 03 | 100 | -
o\) N\?O
Q—NH
30

aActivity remaining results are presented as mean values from experiments using the KinaseSeeker assay performed in duplicate.
PICso values were determined using the KinaseSeeker assay, presented as mean values of two experiments performed in duplicate.
—: not determined

The next position for SAR exploration is on the 2-position of the pyrimidine. Acknowledging that the exocyclic NH
typically forms hydrogen bonds with the hinge region of kinases, we opted not to disrupt this key pharmacophore. Medicinal
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chemists have frequently used substituents on the aryl group adjacent to the pyrimidine to design for selectivity between
kinases®®"L. For example, a substituent at the position ortho- to the exocyclic NH is key for selectivity of TAE684 for
ALK, or BI-2536 for PLK1". As we hypothesize the morpholine ring at the 4-position of the aniline ring to be solvent-
exposed based on our docked structures of 1, we decided to focus on and establish the SAR of 2- (ortho-) and 3-position
(meta-) substituents (Table 4).

Removal of the ortho-methoxy group of 1 to generate compound 31 revealed a dramatic improvement in potency for
PfARK1 (9-fold), PFNEK3 (9-fold), and PfPK9 (27-fold), but only a modest improvement in potency against PfPKB (3-
fold), and a <2-fold change in potency against PFARK3. Conversely, replacement of the methoxy group with a larger ethoxy
group (32) leads to a loss of potency against PFARK1 (4-fold), PFINEK3 (2-fold), PfPK9 (9-fold) and PfPKB (11-fold), with
a <2-fold change in potency against PFARKS. Interestingly, a smaller hydroxyl group (33) maintains the potency of 1 against
PfARK1 and PfPK9, while decreasing potency against PFARK3 (2.4-fold) and PfPKB (6-fold), but is 5-fold more potent
on PfNEK3. With the small methyl (34), fluoro (35), or chloro groups (36), we observe that they tend to maintain the
potency of 1 against PFARK1, PFARK3 and PfPKB, while improving upon activity of both PFNEK3 and PfPK9 by 2-to-5-
fold. Looking at these trends, we infer that PFARK1 and PfPK9 are particularly sensitive to the steric requirement of the
ortho-position group at this region, whereas PFNEK3 and PfPKB are less sensitive, and PFARK3 is non-discriminatory. The
steric requirement and preference for a unsubstituted ortho-position likely arises from the relief of a steric clash with the
middle hinge residue (hinge.47 by KLIFS notation®®) of the kinase. This steric clash typically occurs for kinases with larger
tyrosine or phenylalanine residues while being accommodating of the smaller leucine residue®”’7°, However, the middle
hinge residues of these five kinases are all tyrosine or phenylalanine residues, thus this does not provide a simple explanation
regarding the differential sensitivity towards substituents at this position. In particular, PFARK3 has a phenylalanine as its
middle hinge residue, while PFARK1 has a similarly-sized tyrosine residue, but this does not necessarily indicate that
PfARKS is as sensitive to steric bulk at this position of inhibitors than PFARK1. We thus emphasize the importance of
investigating and understanding SAR to complement sequence-based hypotheses.

We next installed substituents meta- to the NH of the aniline ring. With the electron-donating methoxy (37) and methyl
(38) substituents, we observed a modest 1.5-to-3-fold improvement in PFARK1, PFARK3 and PfNEKS3 potencies when
compared to 31, while the PfPK9 and PfPKB potencies are largely unaffected (<1.5-fold difference). Addition of a chloro
substituent (39) does not change the potency of 31 across all five kinases. Similarly, addition of the trifluoromethyl group
(40) does not change the potency of 31 against PFARK1 and PFARKS3. This group does induce a 2.2-fold improvement in
PfNEKS3 potency, while decreasing potency against both PfPK9 and PfPKB by 2.5-fold. In contrast to the methyl-to-
trifluoromethyl substitution at the 5-position of the pyrimidine, the potency change with the same substitution is much more
modest at the meta-position of the aniline. Unlike when varying substituents at the ortho-position, variation of the meta-
position substituents mostly induces modest changes in potency. This striking contrast further demonstrates that the potency
changes observed with the ortho-position are primarily due to steric effects rather than electronic contributions to the aniline
ring. Despite the possibility of the meta-position substituents inducing a change in the electron density of the adjacent
morpholine ring and its dihedral angle with the phenyl ring, the modest changes in potency suggest that any difference in
the electron density and conformations of morpholine ring are well-tolerated by these five kinases. Their general tolerability
towards substituents at the meta-position also offers opportunities for using substituents at this position to modulate ADME
and PK properties of inhibitors in future lead optimization efforts.

Table 4: SAR on substituents at the 2-position aniline
R2 H

@NTN\
N = N\g\CI
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PfARK1 PfARK3 PfNEK3 PfPK9 PfPKB
% Activity % Activity % Activity| % Activity % Activity|

Cmpd R Remaining |Csob Remaining |Csob Remaining ICSOb Remaining |C50b Remaining ICSOb
at 1 uM? (M) at 1 uM? (M) at 1 uM? (M) at 1 uM? (M) at 1 uM? (M)

1 2-OMe 53 3.4 50 1.8 34 1.0 43 1.2 11 0.070
31 | 2-H,3-H 21 0.38 42 1.2 2 0.11 6 0.044 9 0.021
32 2-OEt 100 12 73 3.0 49 2.0 78 11 46 0.75
33 2-OH 69 3.1 81 4.3 11 0.22 49 1.2 7 0.43
34 2-Me 43 2.0 67 1.2 7 0.29 20 0.46 10 0.12
35 2-F 38 1.9 46 2.5 8 0.42 20 0.35 8 0.051
36 2-Cl 84 2.7 74 4.0 7 0.55 32 0.59 0 0.037
37 3-OMe 9 0.24 11 0.43 6 0.060 4 0.040 0 0.014
38 3-Me 20 0.18 35 0.68 7 0.057 0.030 5 0.015
39 3-Cl 19 0.34 44 1.0 14 0.12 8 0.056 6 0.017
40 3-CF3 23 0.54 47 0.99 8 0.049 15 0.11 0 0.054

aActivity remaining results are presented as mean values from experiments using the KinaseSeeker assay performed in duplicate.
PICso values were determined using the KinaseSeeker assay, presented as mean values of two experiments performed in duplicate.

Having established SAR on the five Plasmodium kinases, we next investigated how the modulation of their inhibitory
activities would translate to antiplasmodial activity. We selected compounds with an 1Cs of 0.3 uM or lower against any
of the five kinases, and screened them at 1 uM against P. falciparum 3D7 (Pf3D7) using a SYBR Green I-based fluorescence
assay to evaluate asexual blood stage viability. We found nine new analogues with <50% viability at 1 uM, and further
profiled them in dose-response experiments to determine their ECsos (Table 5). In parallel, we screened them for cytotoxicity
(CCso) in HepG2 cells, a human cell line previously used to screen for cytotoxicity of antimalarials®.

We found compounds 4, 5, 9, and 14 to possess sub-micromolar potencies against Pf3D7 in the asexual blood stage, a
comparable potency to 1. These compounds are also only weakly cytotoxic against HepG2 cells, with CCses of >9.8 uM.
For 5 and 9, no significant cytotoxicity was observed up 15 uM, their observed solubility limit. These four compounds offer
at least a 14-fold window between antiplasmodial activity and cytotoxicity. 8 was also weakly active against Pf3D7 in the
blood stage with an ECso of 1.2 uM, while the CCso was 23 puM, offering a 19-fold window of selectivity. Compounds 31,
37, 38, and 39 were also found to be submicromolar inhibitors of P. falciparum replication in the asexual blood stage.
However, they exhibit slightly greater cytotoxicity, with CCsos in the low micromolar ranges. One possible reason for the
greater cytotoxicity could be increased promiscuity from the removal of the ortho-position methoxy group, which could
allow the compounds to inhibit more kinases. Nevertheless, we have found 37 to be a potent antimalarial compound in this
series (ECso = 0.16 uM), a 2-fold improvement over 1, which still possesses a 10-fold window with cytotoxicity (CCso =
1.6 uM).

Throughout these experiments, we observed that that the antiplasmodial activity does not correlate directly with the
potency against any kinase, suggesting that there could be other targets for these 2,4-dianilinopyrimidines yet to be
identified, or the antiplasmodial activity may be attributed to polypharmacology.

Table 5: Antiplasmodial activity and cytotoxicity

Pf3D7 blood stage
HepG2 CC M)© CCs / EC
Cmpd % viability at 1 uM? ECso (uM)° P 50 (LM) 50/ ECso
1 21 0.34 _ -
2 85 - - _
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4 15 0.69 9.8 14
5 14 0.54 >15¢ >28
6 110 - — -
7 83 - — -
8 39 1.2 23 19
9 14 0.38 >]15¢ >39
14 21 0.43 >50°¢ >116
23 95 - - -
24 82 - - -
25 78 - - -
27 65 - — -
31 28 0.43 15 3.5
33 82 - - -
34 85 - - -
35 69 - - -
36 90 - - -
37 15 0.16 1.6 10
38 10 0.35 2.1 6.1
39 7 0.43 2.8 6.4
40 57 - - -

@Parasite viability was determined using the SYBR Green I-based assay, presented as mean values of triplicate experiments.

PECso values were determined from two experiments performed in duplicate using the SYBR Green I-based assay, presented as mean values.
°CCso values were presented as mean values from two experiments using the CellTiter-Fluor assay, each performed in triplicate.

dNo significant cytotoxicity observed up to 15 uM, the observed solubility limit.

¢This compound decreases cell viability around 1 uM to ~60%, but it never decreases cell viability below 50%.

—: not determined

CONCLUSION
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Figure 3. SAR Summary for PFARK1 (A), PFARK3 (B), PFNEKS3 (C), PfPK9 (D), and PfPKB (E).

In conclusion, we have found that 1 is an inhibitor of five P. falciparum protein kinases PFARK1, PfARKS, PfNEKS,
PfPK9 and PfPKB. Through the synthesis and evaluation of a set of 39 analogues, we have developed SAR against all five
kinases (Figure 3). We found subtle changes that improved potency against each kinase when compared to the parent
compound 1. The most potent PFARK1 inhibitor we discovered was 38, achieved by removal of the highly unfavorable
ortho-position methoxy group and addition of a meta-position methyl group on the aniline ring at the 2-position of the
pyrimidine core of 1. In contrast, the most potent PFARKS3 inhibitor in our set of compounds was 27, which was attained by
substituting the methylsulfonamide on the aniline ring at the 4-position of the pyrimidine core to a phenylsulfonamide.
Many potent PfPKB inhibitors were discovered, of which one of the most potent inhibitors was 9, which was achieved by
replacing the 5-position chloro group to a trifluoromethyl group. Out of the PFNEKS3 inhibitors that we discovered, we
would like to highlight 14, which demonstrated a unique improvement in potency by a simple substitution of the 5-position
chloro group to a nitrile. Similarly, we would like to highlight 23 as a compound that also demonstrated a unique
improvement in potency, this time against PfPK9, by incorporation of a urea substituent instead of a sulfonamide. We have
also improved upon the antiplasmodial potency of 1, with 37 demonstrating a modest improvement in potency against the
P. falciparum asexual blood stage.

We also emphasize the importance of investigating and developing SAR understanding using two examples, looking at
the SAR around the 5-position of the pyrimidine and the ortho-position substituent on the aniline at the 2-position. In these
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two cases, hypotheses for kinase inhibition and selectivity based on key amino acid residues may be too simplistic and are
not able to completely explain or predict the potency and selectivity of kinase inhibitors. Currently, there is a dearth of
medicinal chemistry studies for these five diverse P. falciparum kinases. We hope that this work provides starting points
for lead optimization efforts and that the SAR described allows for the development of strategies to identify potent and
selective inhibitors for each of them.

ASSOCIATED CONTENT

Results of percent identity and similarity by pairwise sequence alignment, additional molecular docking figures,
summary of 'H-C HMBC results, procedures for biochemical assays, synthetic procedures, and copies of NMR spectra of
all new analogues reported (DOCX).
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ABBREVIATIONS USED

ALK, ALK receptor tyrosine kinase; CDPK, calcium-dependent protein kinase; EGFR, epidermal growth factor
receptor; FAK, protein tyrosine kinase 2; HMBC, heteronuclear multiple bond correlation; JAK2, Janus kinase 2; KLIFS,
kinase-ligand interaction fingerprints and structure database; LRRK2, leucine rich repeat kinase 2; MAPK, mitogen-
activated protein kinase; NEK, never-in-mitosis-A related kinases; Pf3D7, P. falciparum 3D7; PfARK1, P. falciparum
serine/threonine protein kinase ARK1; PFARKS, P. falciparum serine/threonine protein kinase ARKS3, putative; PFCDPK1,
P. falciparum calcium-dependent protein kinase 1; PFCDPKZ2, P. falciparum calcium-dependent protein kinase 2; PFCDPK4,
P. falciparum calcium-dependent protein kinase 4; PFCDPKS5, P. falciparum calcium-dependent protein kinase 5; PFCLKS3,
P. falciparum cyclin-dependent-like kinase CLK3; PfGAPA45, P. falciparum glideosome-associated protein 45; PfMAP2, P.
falciparum mitogen-activated protein kinase 2; PFNEK1, P. falciparum NIMA related kinase 1; PFNEK3, P. falciparum
NIMA related kinase 3; PfPK®6, P. falciparum protein kinase 6; PfPK9, P. falciparum serine/threonine protein kinase PK9;
PfPKB, P. falciparum RAC-beta serine/threonine protein kinase; PfPKG, P. falciparum cGMP-dependent protein kinase;
PfUBC13, P. falciparum ubiquitin-conjugating enzyme E2 13; PLK1, polo like kinase 1; SAR, structure-activity-
relationship; SnAr, nucleophilic aromatic substitution; TCAMS, Tres Cantos Antimalarial Set.
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