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ABSTRACT: 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, PfNEK3, 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 were discovered. We identified common and divergent
SAR trends across all five kinases, highlighting substituents in 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 (EC50 = 0.16 μM). Our results provide an understanding of features needed to inhibit
each individual kinase and lay groundwork for future optimization efforts toward novel antimalarials.
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Malaria is a devastating disease caused by Plasmodium
infection, with 247 million cases and 619 thousand

deaths globally in 2021.1 The rising resistance toward existing
antimalarials is worrying.1 New medicines with novel mecha-
nisms of action are needed to address this evolving challenge.
Plasmodium protein kinases present an untapped opportunity
for drug development.2−5 Of the 85−99 P. falciparum protein
kinases,6,7 36−40 have been identified as essential for the asexual
blood stage of P. falciparum.8,9 Yet, 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 the
inhibitor development of Plasmodium kinases.
Pyrimidines have been recognized as common hinge-binding

groups of kinase inhibitors.10,11 2,4-Dianilinopyrimidines are
among the hits in the Tres Cantos Antimalarial Set (TCAMS), a
set of 13 533 inhibitors of P. falciparum asexual reproduction.12

Screening TCAMS against five P. falciparum kinases led to the
identification of PfCDPK1, PfCDPK4, and PfPK6 as putative
targets of 2,4-dianilinopyrimidines.13 Medicinal chemistry
campaigns of 2,4-dianilinopyrimidines have been reported in
the literature, optimizing for antiplasmodial activity by
phenotypic screening.14,15 The authors suggested that this
series of inhibitors may target the Plasmodium CDPK and NEK
families.15 Recently, six human-PLK1-targeted 2,4-diarylamino-
pyrimidine inhibitors have also demonstrated antiplasmodial

activity, of which two of them demonstrate inhibition of
PfCDPK2, PfNEK3, and PfPKB.16

The 2,4-dianilinopyrimidines CZC-54252 (1) and CZC-
25146 (2) (Figure 1A) were developed as human LRRK2
inhibitors.17 During our screening efforts to discover novel
kinase-targeted antiplasmodials, we found 1 to reduce parasite
viability of P. falciparum 3D7 (Pf3D7) blood stage to 21% of the
negative control at 1 μM. Follow-up experiments confirmed
dose-dependent reduction of parasite viability with a EC50 of
0.34 μM. 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 assay18

at 1 μM. Five kinase targets were identified and demonstrated
dose-dependent inhibition: PfARK1, PfARK3, PfNEK3, PfPK9,
and PfPKB (Table 1). Of these five targets, 1 was the most
potent against PfPKB with an IC50 of 70 nM. Interestingly, while
2,4-dianilinopyrimidines were proposed to target PfPK6,13 we
did not observe inhibition of PfPK6 by 1. We also did not
observe significant inhibition of CDPK family members
PfCDPK2 and PfCDPK5 and NEK family member PfNEK1.
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P f A R K 1 ( P F 3 D 7 _ 0 6 0 5 3 0 0 ) a n d P f A R K 3
(PF3D7_1356800) are Aurora kinases suggested to be involved
in nuclear division processes.19,20 Genetic studies have indicated
that PfARK1 is essential for asexual blood stage of P.
falciparum.8,9,19 In contrast, PfARK3 is genetically validated to
be essential by reverse genetics8 but not by saturation
mutagenesis.9 No inhibitor of either kinase has been confirmed
in the literature, although inhibitors of human Aurora kinases
have demonstrated antiplasmodial activity.21,22 PfARK1 muta-
tions confer resistance to the human Aurora kinase inhibitor

hesperadin (Figure 1B), suggesting that PfARK1 may be its
target.22

PfNEK3 (PF3D7_1201600) belongs to the NEK family.23

Separate studies have regarded PfNEK3 as either dispensable for
the asexual blood stage proliferation8 or that it could be
disrupted, albeit with a fitness penalty.9 PfNEK3 participates in
an atypical MAPK signaling cascade by upregulating the activity
of PfMAP2,23,24 although the implications of this signaling
pathway are not currently clear. Human PLK1 inhibitors
including BI-2536 (Figure 1B) have been found to inhibit
PfNEK3.16 We have also previously identified PfNEK3 as one of
the secondary targets of our potent PfPK6-targeted type II
inhibitors.25

PfPK9 (PF3D7_1315100) is an orphan kinase that does not
cluster with any typical kinase group26 and is genetically
validated to be essential for asexual blood stage proliferation.8,9

PfPK9 regulates the activity of PfUBC13,26,27 an essential E2
ubiquitin-conjugating enzyme involved with DNA replication
and repair.28 The only known inhibitors of PfPK9 are the human
TAK1 inhibitor Takinib (Figure 1B) and analogues.27

PfPKB (PF3D7_1246900) is a kinase from the AGC group.29

While a reverse genetics study found PfPKB to be essential,8 it
was found to be dispensable by saturation mutagenesis.9 PfPKB
is implicated in regulation of merozoite invasion into
erythrocytes by phosphorylating PfGAP45.30−32 Inhibition of
PfPKB by Go 6983 or A-443654 (Figure 1B) decreases
parasitemia and formation of new rings in the subsequent
round of invasion, consistent with its proposed role in regulating
invasion.29,33 PfPKB has also been determined to be a secondary

Figure 1. (A) Structure of CZC-54252 (1) and CZC-25146 (2).17 (B) Literature inhibitors of PfARK1,22 PfNEK3,16 PfPK9,27 and PfPKB.29,33

Table 1. Inhibition Profile of CZC-54252 (1) across the Panel
of 11 P. falciparum Kinases

kinase % activity remaining at 1 μMa IC50 (μM)b

PfARK1 53 3.4
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

aMean values from duplicate experiments using the KinaseSeeker
assay. bMean values from two experiments using the KinaseSeeker
assay performed in duplicate.
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target of the above-mentioned 2,4-diarylaminopyrimidine
inhibitors16 and our type II inhibitors.25

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 (only
19.5−33.7% pairwise sequence identity in kinase domains; see
Supporting Information (SI), 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 inhibitors with the 2,4-dianilinopyrimidine
scaffold.
As crystal structures of 1 with any Plasmodium kinase are

unavailable, we docked 1 into the structures of PfARK1,
PfNEK3, PfPK9, and PfPKB predicted by AlphaFold34,35

(docking was not performed for PfARK3 because its structure
was unavailable) (Figure 2, and SI, Figures S2 and S3). As
expected based on cocrystal structures of other 2,4-dianilinopyr-
imidines with kinases, the model suggests that 1 forms two
hydrogen bonds with the peptide backbone of the outer hinge
residue (hinge.46 by KLIFS notation36) using the N1 of the
pyrimidine and exocyclic NH at the 2-position. The 2-position
aryl substituent extends toward 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.
The 5-position group of the pyrimidines binds close to the

gatekeeper residue of the kinase, a residue that is often targeted
for potency and specificity. Apart from steric complementarity,
5-position groups on pyrimidines may form specific interactions
with gatekeeper residues, such as hydrogen bonding,37 halogen/
chalcogen bonds,38,39 or lone pair−π interactions.40 We thus
first investigated the effect of substituting the 5-position chloro
group of 1 with other groups (Table 2).
Both removal of the chlorine atom (3) or introduction of an

endocyclic N atom at this position, converting the pyrimidine to

a 1,3,5-triazine (20), abolished activity for all five kinases,
suggesting that the chlorine makes key interactions with each
kinase. Replacement with fluorine (2) recovered some activity
only for PfPKB (IC50 = 1.5 μM) and PfNEK3 (68% activity
remaining at 1 μM). Replacement with the heavier halogen
bromine (4) or iodine (5) maintained the potencies for
PfARK1, PfARK3, and PfPKB, 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 with increasing halogen
size, suggesting that there are favorable hydrophobic or halogen-
bonding interactions with heavier halogens. Looking closer into
this general trend, we observed that this effect plateaued at
chlorine for PfARK1, PfARK3, and PfPKB, and at bromine for
PfNEK3, while it continued to iodine for PfPK9. This trend is
independent of their gatekeeper residues (methionine for
PfARK1 and PfPK9, leucine for PfARK3, PfNEK3, and
PfPKB), suggesting that the origin of this varied sensitivity to
halogens is more complex than could be simply predicted based
on these residues.
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) was tolerated by PfPKB but abolished
PfNEK3 activity. Among the five kinases, 8 is exquisitely
selective for PfPKB. Interestingly, the trifluoromethyl group (9)
is potent against all five kinases, improving potency, relative to 1,
by PfARK1 3-fold, PfNEK3 2-fold, PfPK9 16-fold, and PfPKB 5-
fold. PfARK3 was unaffected. Excitingly, 9 is the most potent
PfPKB inhibitor reported (IC50 = 13 nM).
Similar to the alkyl groups, a methoxy group (10) or a

dimethylamino group (11) were not tolerated by PfARK1,
PfARK3, and PfPK9. Comparing with 7, with a similar-sized
ethyl group, <2-fold change in PfNEK3 IC50, but a 4-fold drop in
PfPKB potency with 10was observed. In contrast, we observed a
3-fold drop in PfNEK3 potency with <2-fold change in PfPKB
potency with 11. Both hydroxyl (12) and amino (13) groups
completely abolished activity on all five kinases, suggesting that

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. (B) Overlay of docked structures of 1 to the predicted structure of PfARK1 (green), PfNEK3 (cyan), PfPK9 (white), and
PfPKB (gold) by AlphaFold. Only key residues (gatekeeper, middle hinge residue, catalytic lysine, and Asp of the DFGmotif) are shown. The glycine-
rich loop is hidden for clarity.
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there is a lack of productive hydrogen bonding partners to
accommodate these hydrogen bond donors here.
Surprisingly, the nitrile group (14) was not tolerated by

PfARK1, PfARK3, and PfPK9, slightly disfavored by PfPKB
(2.6-fold drop in potency compared to 1), but strongly preferred

by PfNEK3 (7-fold improvement in potency over 1). This
highlights a possible avenue for improving selectivity for
PfNEK3 over the other kinases. The N-methylpyrazol-4-yl
substituent (15) also demonstrated selectivity for PfNEK3,
maintaining the PfNEK3 potency of 1 but completely abolishing

Table 2. SAR at the 5-Position of the Pyrimidine

aMean values from duplicate experiments using the KinaseSeeker assay. bMean values from two experiments using the KinaseSeeker assay
performed in duplicate.
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activity on the other kinases. The tolerability of the large N-
methylpyrazol-4-yl substituent inspired us to further investigate
the steric requirements of this region. Similarly sized ethers (16,
17) or an ester substituent (18) were unfortunately not
tolerated by any kinase, suggesting that the aromaticity of the
N-methylpyrazol-4-yl substituent was important.
The carboxamide substituent (19) improved in potency for

PfARK1 (3-fold) and PfPK9 (6-fold) over 1, but decreased
potency for PfNEK3 (2.5-fold) and PfPKB (4-fold) and
completely lost PfARK3 activity. This hence offers an avenue
to design for selectivity for PfARK1 over related family member
PfARK3.

In summary, we demonstrate that different kinases have
different sensitivities to the 5-position substituent, and this
knowledge could help to design selective inhibitors among these
five kinases. We have shown that PfARK1, PfARK3, and PfPK9
are rather sensitive at this position, only tolerating several
substituents (PfARK1: Cl, CF3, CONH2; PfARK3: Cl, Br, I, and
CF3; PfPK9: Cl, Br, I, CF3, CONH2). In contrast, PfNEK3 and
PfPKB have their preferred substituents (CN and CF3,
respectively) but are generally more tolerant of changes.
We next explored SAR at the 4-position of the pyrimidine

(Table 3). The removal of the sulfonyl group of the sulfonamide
(21) was detrimental toward activity for all five kinases, possibly

Table 3. SAR at the 4-Position of the Pyrimidine

aMean values from duplicate experiments using the KinaseSeeker assay. bMean values from two experiments using the KinaseSeeker assay
performed in duplicate.
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attributed to the loss of hydrogen bonding potential with the
catalytic lysine. Cyclizing the 4-position dianiline ring to a
benzimidazolone (30) abolished activity against all five kinases,
demonstrating 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 retained weak activity on
PfARK1, PfPK9, and PfPKB (65−70% activity remaining at 1
μM), this change led to a loss of activity against PfARK3 and
PfNEK3. In contrast, 23 is 12-fold more potent against PfPK9
than 1, equipotent against PfPKB, while abolishing activity
against PfARK1, PfARK3, and PfNEK3.
To investigate the steric requirement of the pocket around the

sulfonamide, we increased the size of the methyl group on the
sulfonamide to an ethyl (24) or cyclopropyl (25) group, both
improving PfARK3 and PfPK9 activity 4-fold and 2-fold,
respectively. While 24 was weakly active on PfARK1 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 both compounds,
suggesting that these modifications were tolerated but not
preferred. A further increase in size to an isobutyl group (26)
was unfavorable for all kinases except PfARK3, which
maintained the potency of 1. A phenyl group (27) was preferred
by PfARK3, affording a 5-fold improvement in potency over 1,
while maintaining potency against PfARK1 and PfNEK3 and
dramatically decreasing potency against PfPK9 and PfPKB. A
phenyl ring may thus offer an opportunity 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.
For the N-isopropyl sulfamoyl amide (29), inhibition results

for all five kinases were similar to those of the isosteric isobutyl

sulfonamide 26. This shows that despite favoring additional
hydrogen bond donors in urea 23, PfPK9 has a strict steric
requirement for this region precluding binding of 29.
Our SAR results for these five Plasmodium kinases

demonstrate that the 4-position of the pyrimidine offers an
avenue to generate selectivity. With different steric requirements
in the active site around this region, we emphasize how single-
atom changes here could modulate selectivity between kinases.
Selective inhibition of PfARK3 may be achieved using larger
lipophilic groups at this region, something not as well tolerated
by PfARK1, PfNEK3, PfPK9, and PfPKB. The methyl group is
the ideal group for PfPKB, while the slightly larger cyclopropyl
group is most ideal for PfARK1 and PfNEK3. We have also
found that PfPK9 strongly prefers urea at this position.
The next position for SAR exploration is the 2-position of the

pyrimidine. Acknowledging that exocyclic NH typically forms
hydrogen bonds with the hinge region of kinases, we opted not
to disrupt this key pharmacophore. Substituents on the aryl ring
here are frequently used to design for selectivity. For example, a
substituent at the position ortho- to the exocyclic NH confers
selectivity of TAE684 for ALK,41 or BI-2536 for PLK1.42

Because the morpholine ring at the 4-position of the aniline ring
was expected to be solvent-exposed, we focused on and
established the SAR of 2- (ortho-) and 3-position (meta-)
substituents (Table 4).
Removal of the ortho-methoxy group of 1 (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) led to a loss
of potency against PfARK1 (4-fold), PfNEK3 (2-fold), PfPK9
(9-fold), and PfPKB (11-fold), with a <2-fold change in potency
against PfARK3. Interestingly, a smaller hydroxyl group (33)
maintained the potency of 1 against PfARK1 and PfPK9, while

Table 4. SAR on Substituents at the 2-Position Aniline

PfARK1 PfARK3 PfNEK3 PfPK9 PfPKB

compound R

% activity
remaining at
1 μMa

IC50
(μM)b

% activity
remaining at
1 μMa

IC50
(μM)b

% activity
remaining at
1 μMa

IC50
(μM)b

% activity
remaining at
1 μMa

IC50
(μM)b

% activity
remaining at
1 μMa

IC50
(μM)b

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 3 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

aMean values from duplicate experiments using the KinaseSeeker assay. bMean values from two experiments using the KinaseSeeker assay
performed in duplicate.
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decreasing the potency against PfARK3 (2.4-fold) and PfPKB
(6-fold), but is 5-fold more potent on PfNEK3. The small
methyl (34), fluoro (35), or chloro groups (36) maintained
potency of 1 against PfARK1, PfARK3, and PfPKB, while
improving upon activity of both PfNEK3 and PfPK9 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 nondiscriminatory. The steric
requirement and preference for a unsubstituted ortho-position
could arise from the relief of a steric clash with the middle hinge
residue (hinge.47 by KLIFS notation36) of the kinase. This steric
clash typically occurs for kinases with larger tyrosine or
phenylalanine residues while being accommodating of the
smaller leucine residue.41−45 However, because the middle
hinge residues of these five kinases are all tyrosine or
phenylalanine residues, this does not provide a simple
explanation regarding the differential sensitivity toward
substituents at this position. We thus emphasize the importance
of investigating and understanding SAR to complement
sequence-based hypotheses.
We next installed substituents meta- on the NH of the aniline

ring. Electron-donating methoxy (37) and methyl (38)
substituents improved PfARK1, PfARK3, and PfNEK3
potencies modestly (1.5- to 3-fold) when compared to 31,
while PfPK9 and PfPKB potencies were unaffected (≤1.5-fold
difference). Addition of a chloro substituent (39) did not change
the potency of 31 across all five kinases. Addition of the
trifluoromethyl group (40) did not change potency of 31 against
PfARK1 and PfARK3, while improving PfNEK3 potency 2.2-
fold, yet decreasing PfPK9 and PfPKB potency 2.5-fold. Unlike
when substituents are varied 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 ortho-position substituents were
primarily due to steric effects rather than electronic contribu-
tions to the aniline ring. Despite the possibilities of meta-
position substituents changing the electron density of the
adjacent morpholine ring and its dihedral angle with the phenyl
ring, the modest differences in potency suggest that such
changes were well-tolerated by these five kinases. Their general
tolerability toward 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.
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 IC50 ≤ 0.3 μM against any kinase, and
screened them at 1 μM against Pf3D7 using a SYBR Green I-
based fluorescence assay to evaluate asexual blood stage
viability.46 We found nine new analogues with <50% viability
at 1 μM and further profiled them in dose−response
experiments (Table 5). In parallel, we screened them for
cytotoxicity (CC50) in HepG2 cells, a human cell line previously
used to screen for cytotoxicity of antimalarials.12

We found compounds 4, 5, 9, and 14 to possess
submicromolar potencies against Pf3D7 in the asexual blood
stage, a comparable potency to 1. These compounds were also
only weakly cytotoxic against HepG2 cells, with CC50s of ≥9.8
μM. For 5 and 9, no significant cytotoxicity was observed up to
15 μM, their observed solubility limit in the assay conditions.
These four compounds offer at least a 14-fold window between

antiplasmodial activity and cytotoxicity. 8 was also weakly active
against Pf3D7 with an EC50 of 1.2 μM, while the CC50 was 23
μM, offering a 19-fold window of selectivity. Compounds 31, 37,
38, and 39 were also found to be submicromolar inhibitors of
Pf3D7 but exhibit slightly greater cytotoxicity, with CC50s 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, possibly enabling inhibition
of off-target kinases. Nevertheless, we have found 37 to be a
potent antimalarial compound in this series (EC50 = 0.16 μM), a
2-fold improvement over 1, which still possesses a 10-fold
window with cytotoxicity (CC50 = 1.6 μM).
Throughout these experiments, we observed 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 polypharmacol-
ogy.
To further characterize these compounds, we have addition-

ally determined the kinetic solubility, permeability, human
plasma protein binding, and plasma stability of 1 and the nine
novel analogues with dose-dependent antiplasmodial activity
(Table 6). 1 possesses a good solubility of 71.1 μM.
Replacement of the 5-position Cl atom with other substituents
(4, 5, 8, 9, 14) decreased solubility. This was especially evident
with the CF3 (9) and CN (14) groups, possibly attributed to the
decreased basicity of the pyrimidine ring. Themethoxy group on
the ortho-position on the 2-position aniline is important for
solubility, as its removal (31) decreases solubility 8-fold

Table 5. Antiplasmodial Activity and Cytotoxicity

Pf3D7 blood stage

compound
% viability at
1 μMa

EC50
(μM)b

HepG2 CC50
(μM)c CC50/EC50

1 21 0.34
2 85
4 15 0.69 9.8 14
5 14 0.54 >15d >28
6 110
7 83
8 39 1.2 23 19
9 14 0.38 >15d >39
14 21 0.43 >50e >116
23 95
24 82
25 78
27 65
31 28 0.43 1.5 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

aMean values of triplicate experiments using the SYBR Green I-based
assay. bMean values from two experiments performed in duplicate
using the SYBR Green I-based assay. cMean values from two
experiments performed in triplicate using the CellTiter-Fluor assay.
dNo significant cytotoxicity observed up to 15 μM, the observed
solubility limit. eDecreases cell viability around 1 μM to ∼60%, but
never decreases cell viability below 50%.
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compared to 1. Reinstating the methoxy group at the meta-
position (37) restored the solubility to 116 μM. However, a
meta-position methyl (38) or chloro (39) group is unfavorable
for solubility. Given the modest changes in potency against the
five kinase targets with changes at the meta-position, we thus
reiterate that this position offers a potential avenue to modulate

the physiochemical and pharmacokinetic properties of this
chemotype.
We measured the permeability of these compounds by the

PAMPA assay and found all analogues to possess moderate-to-
excellent permeability. The structural modifications performed
did not change the permeability, with <2-fold differences
observed among all 10 compounds. It is of interest to measure
plasma protein binding because strong binding to plasma
proteins may lead to reduced penetrance into the parasite and
demonstrate lower antiplasmodial activity.47 From our human
plasma protein binding assay results, we observed that most
compounds are highly bound to human plasma proteins, with all
compounds at least 94.6% bound. The compounds with the
greatest affinity to plasma proteins are 1, 4, 5, 38, and 39, with
≥99% bound. All compounds tested were highly stable in human
plasma. The high degree of binding is a potential factor for the
disconnect between the kinase inhibitory potency and
antiplasmodial potency of these compounds. We note that
there is no apparent correlation between the permeability or the
degree of plasma protein binding and antiplasmodial potency of
these compounds, suggesting that multiple factors are likely
involved. Nevertheless, the high degree of binding to plasma
proteins is a characteristic of this chemotype which should be

Table 6. Solubility, Permeability, Plasma Protein Binding,
and Plasma Stability

compd

kinetic solubility
in PBS

pH 7.4 (μM)a
PAMPA Pe
(×10−6

cm/s)b
human PPB
(% bound)a

human plasma
stability (%

remaining at 6 h)a

1 71.1 21.4 99.0 97
4 46.8 18.2 99.3 101
5 21.0 15.5 99.5 99
8 36.0 14.8 97.6 101
9 1.1 17.8 97.6 103
14 0.9 15.1 94.6 92
31 8.5 19.1 95.9 105
37 116.0 20.9 98.6 103
38 12.8 20.9 99.1 101
39 0.4 12.0 99.4 98

aMean values of duplicate experiments. bMean values of triplicate
experiments.

Figure 3. SAR Summary for PfARK1 (A), PfARK3 (B), PfNEK3 (C), PfPK9 (D), and PfPKB (E).
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taken into account during further lead optimization of these
compounds.
In conclusion, we have identified 1 as an inhibitor of five P.

falciparum kinases PfARK1, PfARK3, PfNEK3, PfPK9, and
PfPKB. We have developed SAR against all five kinases (Figure
3) and found subtle changes that improved potency against each
kinase. The most potent PfARK1 inhibitor we discovered was
38, achieved by removal of the highly unfavorable ortho-position
methoxy group and addition of ameta-position methyl group on
the aniline ring at the 2-position of the pyrimidine of 1. In
contrast, the most potent PfARK3 inhibitor in our set of
compounds was 27, attained by substituting the methylsulfona-
mide on the aniline ring at the 4-position of the pyrimidine to a
phenylsulfonamide. Many potent PfPKB inhibitors were
discovered. One of which was 9, where the 5-position chloro
group was replaced with a trifluoromethyl group. Of the
PfNEK3 inhibitors that we discovered, we highlight 14, which
demonstrated a unique improvement in potency by a simple
substitution of the 5-position chloro group with a nitrile.
Similarly, we highlight 23 as a compound that demonstrated a
unique improvement in potency against PfPK9, through the
incorporation of a urea group instead of a sulfonamide. Of these
novel analogues, 37 also demonstrated an improvement in
potency against the P. falciparum asexual blood stage.
We also emphasize the importance of investigating and

developing the 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
both 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 potency and selectivity.
Currently, there is a dearth of medicinal chemistry studies of
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 kinase.
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Green, T.; Tunyasuvunakool, K.; Petersen, S.; Jumper, J.; Clancy, E.;
Green, R.; Vora, A.; Lutfi, M.; Figurnov, M.; Cowie, A.; Hobbs, N.;
Kohli, P.; Kleywegt, G.; Birney, E.; Hassabis, D.; Velankar, S. AlphaFold
Protein Structure Database: Massively Expanding the Structural
Coverage of Protein-Sequence Space with High-Accuracy Models.
Nucleic Acids Res. 2022, 50, D439−D444.
(36) van Linden, O. P. J.; Kooistra, A. J.; Leurs, R.; de Esch, I. J. P.; de
Graaf, C. KLIFS: A Knowledge-Based Structural Database To Navigate
Kinase−Ligand Interaction Space. J. Med. Chem. 2014, 57, 249−277.
(37) Lategahn, J.; Tumbrink, H. L.; Schultz-Fademrecht, C.;
Heimsoeth, A.; Werr, L.; Niggenaber, J.; Keul, M.; Parmaksiz, F.;
Baumann, M.; Menninger, S.; Zent, E.; Landel, I.; Weisner, J.;
Jeyakumar, K.; Heyden, L.; Russ, N.; Müller, F.; Lorenz, C.;
Brägelmann, J.; Spille, I.; Grabe, T.; Müller, M. P.; Heuckmann, J.
M.; Klebl, B. M.; Nussbaumer, P.; Sos, M. L.; Rauh, D. Insight into
Targeting Exon20 InsertionMutations of the Epidermal Growth Factor
Receptor with Wild Type-Sparing Inhibitors. J. Med. Chem. 2022, 65,
6643−6655.
(38) Alam, M.; Beevers, R. E.; Ceska, T.; Davenport, R. J.; Dickson, K.
M.; Fortunato, M.; Gowers, L.; Haughan, A. F.; James, L. A.; Jones, M.
W.; Kinsella, N.; Lowe, C.; Meissner, J. W. G.; Nicolas, A. L.; Perry, B.
G.; Phillips, D. J.; Pitt, W. R.; Platt, A.; Ratcliffe, A. J.; Sharpe, A.; Tait, L.
J. Synthesis and SAR of Aminopyrimidines as Novel C-Jun N-Terminal
Kinase (JNK) Inhibitors. Bioorg. Med. Chem. Lett. 2007, 17, 3463−
3467.
(39) Lange, A.; Günther, M.; Büttner, F. M.; Zimmermann, M. O.;
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