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ABSTRACT: The discovery of new targets for treatment of malaria and in particular those aimed at the pre-erythrocytic stage in the
life cycle, advanced with the demonstration that orally administered inhibitors of Plasmodium falciparum cGMP-dependent protein
kinase (PfPKG) could clear infection in a murine model. This enthusiasm was tempered by unsatisfactory safety and/or pharmaco-
kinetic issues found with these chemotypes. To address the urgent need for new scaffolds, this manuscript presents initial structure-
activity relationships in an imidazole scaffold at four positions, representative in vitro ADME, hERG characterization and cell-based
anti-parasitic activity. This series of PfPKG inhibitors has good in vitro PfPKG potency, low hERG activity and cell-based anti-
parasitic activity against multiple Plasmodium species that appears to correlate with in vitro potency.

The emergence of artemisinin-resistant Plasmodium
falciparum in Africa'? and the slowing decline in deaths from
malaria’® signal the need to identify new targets for prophylaxis
and treatment.* The pre-erythrocytic portion of the life cycle is
an attractive and comparatively under explored point for thera-
peutic attack because of the very low parasite burden compared
to other life cycle stages. Drugs that target these stages are an
essential component of the anti-malarial effort because a de-
crease in liver infection by sporozoites significantly reduces se-
verity and incidence of malaria.® There is a comparative pau-
city of candidates in this area of anti-malarial drug develop-
ment.>’

To address this issue, Plasmodium falciparum cGMP-
dependent protein kinase (PfPKG) is of particular interest be-
cause it is essential in pre-erythrocytic, asexual and sexual
stages of the parasite.**!® Baker and co-workers described the
discovery and optimization of an orally bioavailable, potent, se-
lective small molecule inhibitor (1, Figure 1). This imidaz-
opyridine cleared infection at a dose of 10 mg/kg orally in a
SCID mouse model.!!1213

A subsequent report that unspecified examples in this
series were Ames positive and limited progression of the scaf-
fold." The Baker group disclosed trisubstituted thiazoles such
as 2 (Figure 1) that exhibited rapid killing of P. falciparum in
culture.'> Interestingly this desirable property was independent
of PfPKG inhibition. Proteomic experiments suggested that in-
hibition 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, in-
cluding 2, showed single digit micromolar hERG activity
and/or in vitro metabolic instability limiting their use in more
advanced studies.

Important pharmaceutical property and safety issues
can be addressed by identifying new chemical matter to provide
novel candidates to address this unmet need. We previously
reported the discovery of an isoxazole chemotype, exemplified
by 3 and 4 (Figure 1).!° These compounds showed

enzymatic potency comparable (ICsos ~20 nM) to known pyr-
role 5'7 in vitro against PfPKG, and were not active against hu-
man PKG or the T618Q mutant PfPKG!'? at 10 uM. Parasite ex-
pressing this mutant enzyme demonstrate lower sensitivity to
PfPKG inhibitors such as 5 but retain enzymatic activity and the
ability to proceed through the life cycle '8 .

In the course of the focused screen that identified isox-
azole hits, we also identified an imidazole scaffold 6 (Figure 2)
that was active in a PfPKG screening assay. We were attracted
to the comparatively low molecular weight of this chemotype

Figure 1: PfPKG Inhibitors

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.
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Based on previous ex-
N perience, we chose to focus first
Z/R \ on exploration of the amino sub-
stituent (R;) on the pyrimidine.
NZ The synthesis of this set of deriv-
, atives is outlined in Scheme 1.

N Commercially available 4-me-

) 6 ' thyl-2-phenyl imidazole was
Figure 2:  Imidazole deprotonated with sodium hy-
PIPKG dride then treated with 4-chloro-

2-methythiopyrimidine in dry
DMF at 60-70°C to arylate the
imidazole nitrogen, followed by oxone-mediated conversion to
the sulfone. Displacement of the sulfone with a variety of dia-
mines, Boc-deprotection and acylation with preferred carbox-
ylic acids as described previously'® afforded the target amides
10a-h.

It is evident from the data in Table 1 that the (R)-3-
aminopyrrolidine linker is strongly preferred compared to the
other cyclic amine variations, a cyclopropyl alkyl diamine and
the S-enantiomer of 3-aminopyrrolidine. We previously ob-

nM) underwent further evaluation to provide baseline data for
this chemotype on selectivity for human PKG and the T618Q
mutant PfPKG. We observed that 10a had excellent selectivity
versus these related PKGs (3-10% inhibition @ 10 uM).

Assessment of in vitro ADME characteristics revealed
that 10a was metabolically unstable in human (HLM) and mu-
rine (MLM) liver microsomes (half life less than 2 minutes)
with excellent water solubility (200 uM) and moderate
CYP3A4 inhibition (ICsp 0.94 uM). We elected to address the
metabolic stability issue first by replacing the 4-methyl group
and substituting the aromatic ring because we viewed these as
potential site(s) for oxidative metabolism. The 4-methyl group
was replaced with a cyclopropyl ring and in view of existing
isoxazole SAR with phenyl substituents'S, chose to target an un-
substituted and 3-chlorophenyl derivative. The synthesis, out-
lined in Scheme 2, condensed appropriate chlorobenzamidines
with cyclopropyl bromomethyl ketone 12 to afford 4-cyclopro-
pyl-2-phenyl imidazoles 13a and 13b in good yield. Following
the steps outlined in Scheme 1, the targets 14a and 14b were
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Scheme 2: 4-Cyclopropyl PfPKG Inhibitors 14a-b
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Scheme 1: 4-methyl imidazole PfPKG Inhibitors

served this stereoselective effect in the isoxazole class of
PfPKG inhibitors.'® In this case, all alternative amine linkers af-

forded inactive

ICso ICso PfPKG inhibitors

o o whereas with the

Cpd gnM)/ Z Cpd gnM)/ Z \ | .
inh @ 1 inh @ 1 1Soxazole sca

uM uM fold-selected ex-

. amples  retained
10a 320 10e 5% some activity. 16
10b 1000 10f 3% This suggests dis-
10c 4% 10g 6%

tinct and specific
SAR at this point
10d 4% 10h 2%
5 22

in the structure.
Table 1: in vitro PfPKG inhibition

An additional dif-
ference in SAR
by 4-methyl imidazoles 10a-10h

for the imidazole
scaffold is the
more pronounced
potency difference between the 2-thiazolyl and 1-N-methyl-3-
pyrazolyl amides, with a strong preference for the former. In
this group, the most potent derivative (10a, PfPKG ICso 320
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Scheme 3: Phenyl-substituted PfPKG Inhibitors 18a-d

obtained in a straightforward manner. In parallel, using the 4-
methylimidazole template, we

ICso egplored a sampling of ary_l sub-

(nM)/% stituents on the benzene ring to

Cpd N explore this feature of SAR. The
inhib @ synthesis of these analogs was

uM accomplished as shown in

14a 100 Scheme 3. Suzuki coupling be-
tween an appropriate boronic

14b 60 acid and commercially available
18a 86 2-bromo-4-methyl imidazole af-
18b 47% forded the corresponding 2-phe-

nyl derivatives 17a-d that were

18¢ 1160 processed as described in
18d 150 Scheme 1 to afford the respective
Table 2: in vitro 2- and 4-chlorophenyl thiazolyl
PfPKG inhibition analogs 18b and 18c, respec-
14a/b-18a-d tively as well as the 3-methoxy
and 3-trifluoromethoxy 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 2) and that 3-
chloro substitution provides a small additional benefit in 14b.
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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¢).

The most potent example in this set, 14b, was exam-

hERG

HLM MLM H:0 3A4 2C9 2D6 Y%

Cpd tiz ti2 sol ICso  ICso ICso inh.

(min) (min) (M) (M) @M) M) @10

uM

14a 438 <2 92 029 >10 >10 1

14b 3.7 <2 28 0.19 2.8 >10 9
Table 3: in vitro ADME Characterization 14a-b

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.
These results led us to examine 14a and 14b in more detail with
a focus on cellular activity and in vitro ADME. These imidaz-
ole-based PfPKG inhibitors have moderate to good water solu-
bility, and submicromolar inhibition of CYP3A4 (Table 2).
Both compounds show poor metabolic stability and metabolite
ID studies are underway to guide solutions to this important is-
sue. The positive data in Table 3 shows neither 14a nor 14b
have measurable hERG activity, unlike the thiazole example in
Figure 1.

Using
% decr % decr

infnx  infn+ the HepGZ-P :

Cpd o @2 SD@ P value berghei Luc

uM 10 uM .(Pbpufc) sporozo-

3 52:15 5521 005 | e Infectivity as-

say and 5 as a

4 0 22+38 >0.05 positive control,

10a 78420  89+7  <0.001 | We chose to eval-

4 { uate 3,4, 10a and

14b 943 93+3 <0.00 14b to investigate

5 9148 94+4 <0.001 a correlation be-

Table 4: P. berghei sporozoite screening] tween enzymatic

infectivity assay and cellular ac-

tivity. We were

encouraged by
the strong activity displayed the imidazoles (Table 4). The
more efficacious imidazole, 14b, like 5, does not show a dose
response (>90% at 2 and 10 uM) and exhibits comparable ac-
tivity to 5. Although it is not definite from the limited concen-
trations employed in this assay, 14b appears to be more effica-
cious compared to

the 10a in this initial EC
. 50
screen, suggesting a
potential correlation C ECso (HM) (M)
between in vitro en- pd P jalcipa- PbLuc
. . rum 3D7 hepatic
zymatic  inhibition stage
and cellular efficacy.
This positive data 5 0.15 03
contrasts with the 14a 7.6 20
poor activity of isox- 14b 33 57
azoles 3 and 4. T )
Table 5: P. falciparum blood stage &
A more | p perghei sporozoite ECso values
quantitative exami-

nation of 14a and

14b against asexual blood stages (3D7) and PbLuc sporozoite-

HepG?2 infectivity revealed distinct differences between 5, 14a

and 14b (Table 5). This data shows that 5 is more effective in

these cellular assays compared to imidazoles 14a and 14b. We

note that the approximate 20-fold ECsy difference in the PbLuc

HepG?2 assay between the more efficacious 5 and 14b supports
the observation above of a correlation between in vitro
PfPKG potency and cellular activity in the imidazole series.
The modest activity exhibited by 14a and 14b in the asexual
blood stage assay is not surprising since the asynchronous
asexual replication of P. falciparum makes PfPKG inhibition
less effective at this stage of the life cycle.®

This encouraging data led us to examine these im-
idazoles against additional Plasmodium species in other 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.

cynomolgi infectivity in prophylactic and radical cure modes.
These two examples were selected to provide additional evi-
dence to support the hypothesis of a correlation between in vitro
PfPKG potency and cellular efficacy against other Plasmodium
species. The prophylactic assay is a measure of the ability of P.
cynomolgi to form hepatic schizonts or hypnozoites. The radi-
cal cure mode evaluates activity against existing schizonts and
hypnozoites. The data in Table 6 show that 14b is more active

Prophylactic Mode |
Compound Schizont Hypnozoite Toxicity
ICso ICso
(M) (M) (UM
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
Schizont Hypnozoite . .
Compound ICso ypICso Toxll\fllty
(M) (M) (M)
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 pre-erythrocytic stage assays

than 10a in the prophylactic mode with a sub-micromolar ICsy,
and interestingly has a modest effect in the radical cure mode
against schizonts, comparable to tafenoquine. This data is con-
sistent with a dose response effect for both compounds and in-
dicates 14b is more efficacious than 10a in cell-based anti-par-
asitic assays. Efficacy in the prophylactic schizont model is im-
portant because it demonstrates potential for interrupting the
parasite’s liver development post sporozoite invasion of hepato-
cytes. Reducing liver infection by human-infective sporozoites
is known to reduce severity and incidence of malaria.® The data
in Table 6also 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
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Figure 3: Chemical Property Comparison

activity. It is encouraging to note the cellular activity of imid-
azoles 14a and 14b, in contrast to the more potent isoxazoles.
One observation based on data in this paper is that molecular
weight contributes to cellular activity; a comparison of 3, 4, 14b
and 5 shows that the two highest molecular weight compounds
show at best weak activity in cells. There does not appear to be
a direct relationship between cLogP and cellular activity (cf. 5,
4 and 14b).

We have shown that 5§ and the two isoxazoles are com-
petitive 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 investigations into obtaining what would be the initial re-
port of an inhibitor bound to P. falciparum PKG.

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
and initial characterization of a new imidazole-based chemo-
type with good in vitro PfPKG inhibition, and promising cellu-
lar activity that includes a correlation between in vitro enzy-
matic activity and efficacy, lacks the hERG issues associated
with other chemotypes and does not have any structural alerts
associated with genotoxicity. Initial structure-activity relation-
ships are distinct from known PfPKG inhibitors and while the
ADME profile of lead 14b has weaknesses that are not unusual
in early leads, the positive aspects of the imidazole series pro-
vide the impetus to address the pharmaceutical property issues
that currently exist. Those efforts are ongoing and will be re-
ported in due course.
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