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ABSTRACT: The discovery of new targets for treatment of malaria advanced with the demonstration that orally administered inhib-
itors of Plasmodium falciparum cGMP-dependent protein kinase (PfPKG) could clear infection in a murine model. This enthusiasm
was tempered by unsatisfactory safety and/or pharmacokinetic issues found with these chemotypes. To address the urgent need for
new scaffolds, we recently reported the discovery and optimization of novel, potent isoxazole-based PfPKG inhibitors that lacked
any obvious safety warnings. This manuscript presents representative in vitro ADME, hERG characterization and cell-based antipar-
asitic activity of these PfPKG inhibitors. We also report the discovery and structure-activity relationships of a new series with good
potency, low hERG activity and cell-based anti-parasitic activity comparable to a literature standard.

The emergence of artemisinin-resistant P. falciparum
in Africa {Uwimana, 2020 #287;Uwimana, 2021 #286} and the
slowing decline in deaths from malaria {Organization, 2018
#248} are compelling reminders of the need to identify new tar-
gets for malaria prophylaxis and treatment {Burrows, 2017
#221}. Plasmodium’s pre-erythrocytic cycle is an attractive
point for therapeutic attack because of the very low parasite bur-
den compared to other life cycle stages. Drugs that target pre-

activity and/or in vitro metabolic instability limiting their use in
more advanced studies.

As alternatives to these scaffolds, we previously re-
ported the discovery and initial optimization of a distinct isox-
azole chemotype exemplified by 3 and 4 (figure 1).® These com-
pounds showed enzymatic potency comparable to known pyr-
role 57 in vitro against PfPKG, and were not active against hu-
man PKG or the T618Q mutant PfPKG® at 10 uM. Plasmodium

erythrocytic stages are an essential component of the anti-ma-
larial effort because a decrease in liver infection by sporozoites
significantly reduces severity and incidence of malaria
{Alonso, 2005 #101}. There is a dearth of appropriate candi-
dates for this product profile in the global drug development
portfolio {Burrows, 2017 #221} the discovery and development
of drugs for malaria chemoprotection is relatively neglected
compared to other target candidate profiles {Wells, 2015 #195}.

Plasmodium falciparum cGMP-dependent protein ki-
nase (PfPKQ) is essential in pre-erythrocytic, asexual and sex-
ual stages of the parasite {Hopp, 2012 #169;Alam, 2015
#183;Brochet, 2014 #182}. Baker and co-workers described
the discovery and optimization of an orally bioavailable, potent,
selective small molecule inhibitor (1, figure 1). This imidaz-
opyridine cleared infection at a dose of 10 mg/kg orally in a
SCID mouse model.'”

A subsequent report that unspecified examples in this
imidazopyridine series were Ames positive, limited progression
of the scaffold.* The Baker group disclosed trisubstituted thia-
zoles such as 2 (figure 1) that exhibited rapid killing of P. falci-
parum in culture.® Interestingly, this desirable property was in-
dependent of PfPKG inhibition and proteomic experiments sug-
gested that inhibition of a serine/arginine protein kinase SRPK2
was a key contributor to rapid parasite killing, comparable to
artesunate, a recognized standard. Examples in this series of
thiazoles, including 2, showed single digit micromolar hERG

mutants with this enzyme retain the ability to proceed through
the life cycle and demonstrate lower sensitivity to PfPKG in-
hibitors such as 5.% This result stimulated evaluation of the cell-
based anti-parasitic activity and in vitro ADME properties of
these inhibitors.
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Figure 1: PfPKG Inhibitors

These results are included in this report, along with
the discovery and initial exploration of a second chemotype that
displays cellular activity comparable to 5 and the in vitro
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ADME characterization of selected examples in this new tem-
plate.

Encouraged by the potent enzymatic activity of 3 and
4 (ICses ~20 nM)®, along with excellent selectivity for human
PKG and the T618Q mutant, both molecules were examined to
cellular studies for anti-parasitic efficacy to reduce infectivity
of P. berghei sporozoites. It was disappointing to observe that
both compounds showed weak or no activity at 2 and 10 pM in
this assay where 5 clearly shows greater efficacy (Table 1).
These results were accompanied by poor metabolic stability in
both murine and human liver microsomes, with half-lives less
than 2 minutes for both 3 and 4 (Table 2). Metabolite ID studies
suggested that the diethylamino moiety was a likely site of oxi-
dative transformation, leading to a mixture of N-oxidized and
N-dealkylated products. We hypothesized that the poor cellular
activity of 3 and 4 was associated with their comparatively high
molecular weight (> 520 g/mol), in spite of acceptable water
solubility (> 70 uM/pH 7.4 buffer) that limited their passive dif-
fusion.

Efforts to address the dual issues of poor metabolic
stability and comparatively high molecular weight with this
isoxazole scaffold were unsuccessful. Attention was turned to
a second chemotype, imidazole 6 (Figure 2) that was identified
in the original focused screen that produced the isoxazole series.
We were attracted to the comparatively low molecular weight
of this chemotype and the potential for optimization at multiple
positions that could result in improved properties. Additionally,
the synthesis of this class of compounds was significantly
shorter than the isoxazole series.

% decr % decr
infn infn
Cpd sD@2 SD@10 P value
uM uM
3 52+15 55421 >0.05
4 0 22+38 >0.05
5 89+1 10042 < 0.001
Table 1: Isoxazole P. berghei infectiv-
ity assay

Based on previous experience, we chose to focus first

It is evident from the data in table 3 that the (R)-3-
aminopyrrolidine linker is strongly preferred compared to the
other cyclic amine variations, a conformationally restricted al-
kyl diamine and the S-enantiomer of 3-aminopyrrolidine. Ad-
ditionally, in this imidazole scaffold the potency difference be-
tween the 2-thiazolyl and 1-N-methyl-3-pyrazolyl amides is

1. NaH/DMF Z>
100°°C, 12 h
Z 5 8 R 8q
12h
Mo

Amines (A): NH

c
HiC_ N
O - (L
N N7 > sMe
7 8

H,;C
1. Boc-diamine
TEA, DMSO /

65 °C, o/n N NH
z.JFAboM FX O/
°C-RT, 2h ‘N o

SOZMe

®RYpy (S)J?J Py N
3 ReQrLBFY )\ )kR " (+-)-3-Pip 4 Plp
RT,12h 10 NH NH
H
K\ ;‘)yrimidine EN/\
(+1-)-2-Py (+/-)-1-Cp (+1-)-2-Az

e. R=€’?/ A =4-Pip
S
fR= (_'Y/ A =(+/-)-2-Py
c.r=S g.R= = (+1)-1-Cp
(\_R/ A= (S)-3-Py Q'Y/
d-R :(\j?/ A= (+/-)3-Pip (_R/ Az (e
Scheme 1: 4-methyl imidazole PfPKG Inhibitors

aR T\_SR/ A= (R)-3-Py

b. R =HaC- Ny
__JA=(R)3-Py

H20 hERG

HLM MLM sol 3A4 2C9 2D6 %
Cpd tiz tz  (uM) ICso ICso ICso  inh.
(min) (min) pH (uM) (uM) (uM) @10

7.4 puM

3 <2 <2 83 041 8 4.6 18
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Table 2: In vitro ADME data

on exploration of the amino substituent on the pyrimidine. The ICso ICso
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more pronounced, with a strong preference for the former. In
this group, the most potent derivative (10a, PfPKG ICso 320
nM) underwent further evaluation to provide baseline data for
this chemotype on selectivity for human PKG and the T618Q
mutant PfPKG as well as in vitro ADME characterization. En-
couragingly, we observed excellent selectivity versus the re-
lated PKGs (3-10% inhibition @ 10 uM). In vitro ADME data
revealed good water solubility, some inhibition of CYP3A4 and
poor metabolic stability (table 2).

We hypothesized that the 4-methyl group and unsub-
stituted aromatic ring were potential site(s) of metabolism. We
chose to explore options at each site using low molecular weight
changes. The 4-methyl group was replaced with a cyclopropyl
ring and in view of existing isoxazole SAR on phenyl substitu-
ents, chose to target an unsubstituted and 3-chlorophenyl deriv-
ative. The synthesis, outlined in scheme 2, condensed appro-
priate chlorobenzamidines with cyclopropyl bromomethyl ke-
tone to afford 4-cyclopropyl-2-phenyl imidazoles 13a and 13b
in good yield. Following the steps outlined in scheme 1, the
targets 14a and 14b were obtained in a straightforward manner.
In parallel, using the 4-methylimidazole template, we explored
a sampling of aryl substituents on the benzene ring to explore
this feature of SAR. The synthesis of these analogs was accom-
plished as shown in scheme 3. Suzuki coupling between an ap-
propriate boronic acid and commercially available 2-bromo-4-
methyl imidazole afforded the corresponding 2-phenyl deriva-
tives 17a-d that were processed as described in scheme 1 to af-
ford the respective 2- and 4-chlorophenyl thiazolyl analogs 18b
and 18c, respectively as well as the 3-methoxy and 3-trifluoro-
methoxy targets 18a and 18d. In both sets of analogs, we
elected to use only the optimal 2-thiazolyl amide to provide the
best comparison for activity versus 10a-h.

Evaluation of these compounds as PfPKG inhibitors
revealed that the cyclopropyl group in 14a provides a three-fold
improvement in potency compared to 10a (Table 4) and that 3-
chloro substitution provides a small additional benefit in 14b.
Among the group of phenyl substituents evaluated, 3-chloro is
preferred to its regioisomers 18b and 18c, similar to our previ-
ous observations. The other 3-substituted derivatives examined
in this small set are comparable (18a, 18d) to 14a or less potent
(18b, 18c). Collectively this structure-activity data suggests
distinct SAR features compared to the isoxazole series.

The most potent example in this set, 14b, was exam-
ined for inhibition of human PKG and P. falciparum mutant
T618Q, and as observed previously, demonstrated excellent se-
lectivity against these two kinases with no inhibition at 10 pM.

% decr % decr
Cpd S'Bfg@tz S;;f@%ﬁo P value
uM uM
10a 78120 8917 <0.001
14b 94+3 93+3 < 0.001
5 9118 94+4 < 0.001
Table 5: Imidazole P. berghei infectivity assay

These results led us to
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Figure 3: Chemical Property Comparison

Prophylactic Mode |
Compound Sclhci:zont Hypnozoite Toxicity
50 ICs0
(kM) (kM) (M)
14b 0.93 9.88 >20
10a 7.91 >20 >20
Maduramicin 0.01 0.02 5.78
Tafenoquine 0.19 0.14 13.82
Radical Cure Mode
Compound SthCI;: i HyplrE:OSEOIte Toxicity
(kM) (kM) (kM)
14b 4.62 > 20 > 20
10a 11.59 > 20 >20
Maduramicin 0.03 0.03 11.91
Tafenoquine 3.61 3.50 18.61
Table 6: P. cynomolgi infectivity cell-based assays

to investigate a correlation between enzymatic and cellular ac-
tivity. We were encouraged by the strong activity displayed by
both compounds. The more efficacious imidazole, 14b, like 5,
does not show a dose response (>90% at 2 and 10 pM), indicat-
ing that maximal inhibition was obtained at 2 uM. (Table 5). In
this screen, 14b exhibited comparable activity to 5, representing
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a clear improvement compared to the isoxazoles 3 and 4. Alt-
hough it is not definite from the limited concentrations em-
ployed in this assay, 14b appears to be more efficacious com-
pared to the 10a, suggesting a potential correlation between in
vitro enzymatic and cellular potency.

This encouraging data led us to examine these two
compounds against additional Plasmodium species in cell-
based assays to more completely characterize this series and
provide a baseline for future work. Imidazoles 10a and 14b were
investigated in a dose-response assay that evaluated P. cyno-
molgi infectivity in prophylactic and radical cure modes. The
prophylactic assay is a measure of the ability of P. cynomolgi
to invade hepatocytes at the schizont stage. The radical cure
mode evaluates activity against late stage or developing schi-
zont stage parasites. The data in table 6 show that 14b is more
active than 10a in the prophylactic mode with a sub-micromolar
ICso, and interestingly has a modest effect in the radical cure
mode. This data is consistent with a dose response effect for
both compounds and indicates 14b is more efficacious than 10a
in cell-based antiparasitic assays. Efficacy in the schizont
model is important because there is a lower parasite burden at
this stage compared to blood stage infection. Reduced sporo-
zoite infectivity is known to reduce severity and infectivity.’
The data in table 5 also show these two compounds, unlike the
controls, are comparatively non-toxic to host cells.

When comparing these new PfPKG inhibitors to
known inhibitors (figure 3), it is not surprising that enzymatic
potency, while important, is not the sole determinant for cellular
activity. It is encouraging to note the comparable enzymatic ac-
tivity of 5 (ICso 20 nM)* and 14b (ICsp 60 nM) resulted in simi-
lar cellular activity and that a less potent imidazole analog 10a
is measurably less efficacious. One observation based on data
in this paper is that molecular weight contributes, based on a
comparison of 3, 4, 14b and 5 in which the two highest molec-
ular weight compounds show at best weak activity in cells. We
have shown that like 5, the two isoxazoles are competitive
PfPKG inhibitors that bind in the ATP pocket of the enzyme’.
Studies are ongoing with imidazoles such as 14b to determine
to mode of action for this class of compounds, along with in-
vestigations into obtaining what would be the initial report of
an inhibitor bound to P. falciparum PKG.

It was gratifying to observe that like 3 and 4, neither
of these imidazoles showed measurable hERG binding activity.
This excitement was offset by the poor metabolic stability ex-
hibited by both 14a and 14b, with half lives in human and mouse
liver microsomes both less than 2 minutes (Table 2). In addi-
tion, an increase in CYP3A4 inhibition to less than 300 nM was
recorded with both molecules and a decrease in water solubility,
particularly in the case of 14b. Solutions to these weaknesses
are under active investigation.

In conclusion, in response to the need to identify novel
chemotypes as PfPKG inhibitors that lack the safety issues as-
sociated with many known scaffolds, we report the discovery of
a new imidazole-based chemotype with enzymatic and cellular
activity comparable to a literature standard, that lacks the hERG
issues associated with other chemotypes and does not have any
structural alerts associated with genotoxicity. Initial structure-
activity relationships are distinct from known PfPKG inhibitors
and while the ADME profile of lead 14b has weaknesses, the
favorable profile in cellular infectivity assays and lack of gen-
eral cytotoxic properties, provides the impetus to address the

ADME issues that currently exist. Those efforts are ongoing
and will be reported in due course.
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