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Malaria parasites are transmitted by mosquitoes, and blocking parasite transmission is critical in reducing or
eliminating malaria in endemic regions. Here, we report the pharmacological characterization of a new class of
malaria transmission-blocking compounds that acts via the inhibition of Plasmodia CDPK4 enzyme. We dem-
onstrate that these compounds achieved selectivity over mammalian kinases by capitalizing on a small serine
gatekeeper residue in the active site of the Plasmodium CDPK4 enzyme. To directly confirm the mechanism of
action of these compounds, we generated P. falciparum parasites that express a drug-resistant methionine gate-
keeper (S147M) CDPK4 mutant. Mutant parasites showed a shift in exflagellation ECs relative to the wild-type
strains in the presence of compound 1294, providing chemical-genetic evidence that CDPK4 is the target of the
compound. Pharmacokinetic analyses suggest that coformulation of this transmission-blocking agent with
asexual stage antimalarials such as artemisinin combination therapy (ACT) is a promising option for drug deliv-
ery that may reduce transmission of malaria including drug-resistant strains. Ongoing studies include refining
the compounds to improve efficacy and toxicological properties for efficient blocking of malaria transmission.
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Continued transmission after malaria therapy is a chal-
lenge for malaria control and eradication efforts [1].
Gametocytes, which transmit malaria to the mosquito,
remain viable in human circulation for several weeks
after drug therapy and allow transmission even after
asexual forms are eradicated from the blood stream [2].
Control and eradication efforts require new tools to
prevent transmission of malaria parasites, especially
given there is increasing mosquito resistance to
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insecticide-treated bed nets [3]. Plasmodia calcium-
dependent protein kinase 4 (CDPK4) is a signaling mole-
cule that is necessary for gametocyte transition into
gametes in the mosquito midgut, and its absence pre-
vents male gametocytes from exflagellating and fusing
with female gametocytes to form infective zygotes [4,
5]. We previously reported that the PACDPK4-inhibitor
BKI-1 blocks the process of Plasmodium microgamete
exflagellation, thereby disrupting malaria transmission
[5]. We showed a strong correlation between the ability
of inhibitors to inhibit PACDPK4 enzymatic activity in-
vitro and reduced exflagellation in vivo, suggesting that
PfCDPK4 is the target responsible for transmission-
blocking (exflagellation). Using transgenic P. falcipa-
rum parasites, here we demonstrate a chemical-genetic
linkage between the activity of the PfCDPK4 enzyme
and exflagellation, confirming the important role of
PfCDPK4 in parasite transmission. Because blocking
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transmission requires inhibition of PfCDPK4 in the mosquito
midgut [5, 6], a compound must be ingested along with game-
tocytes to effectively stop malaria transmission. Furthermore,
due to the extended presence of viable gametocytes in the mam-
malian host [7, 8], prolonged drug bioavailability is required for
effective transmission-blocking to occur. Therefore, we per-
formed iterative modifications of our lead compound, BKI-1,
and obtained a derivative that maintained longer efficacious
blood levels with practical dosing intervals. The compound and
related derivatives may have significant impact on malaria
control and disease containment.

METHODS

Molecular Modeling and Design Strategy

A structural model of PfCDPK4-inhibitor generated on the
basis of inhibitor-T¢gCDPKI1 structures (PDB 3sx9 with BKI-1)
was used as the initial starting point for synthesis of additional
compounds [5]. Inhibitors were docked into this model using
the Monte Carlo search procedure of the docking program
FLO/QXP [9]. All commercially available R1’s and R2’s were re-
trieved from the ZINC [10] database, automatically attached to
the scaffold, and docked with the Monte Carlo procedure [9].
The program allows for full ligand flexibility and user con-
trolled protein flexibility. Compounds with favorable predicted
potency were selected.

Chemistry

Chemical synthesis of compounds, including BKI-1 and 1294,
used in this study was described elsewhere [11, 12]. The purity
of all compounds (>98%) was confirmed by reverse-phase
HPLC and '"H-NMR.

Mouse and Human Microsome Stability Assay

Mouse, rat, dog (beagle), primate, and human liver-microsome
metabolism assays were performed with pooled microsomes
(BD Biosciences, San Jose, CA). The reaction mixtures were de-
scribed elsewhere [13]. Further details can be found in Supple-
mentary Methods.

In-vivo Pharmacokinetics, Absorption, Distribution,
Metabolism, and Excretion (PK/ADME)/Toxicity Compound
Testing

BKI-1 and compound 1294 were subjected to pharmacokinetic
and toxicity studies in mice. These compounds were used in a
dose escalation study to define acute toxicity, such as respirato-
ry or neurological abnormalities at 100 mg/kg dose dissolved in
3% ethanol and 7% Tween 80 in saline solution before subse-
quent PK/ADME testing 13, 14].

Enzyme Activity and Drug Inhibition Assays
A previously described luminescence assay that measures the
depletion of ATP in the presence of the peptide-substrate,

Syntide-2 (PLARTLSVAGLPGKK) [12, 15], was used to deter-
mine the catalytic activity of these enzymes and the inhibitory
characteristics of compounds.

P. falciparum Maintenance and Genetic Modification

P. falciparum NF54 wild-type and transgenic lines were main-
tained in RPMI-1640 supplemented with 50 uM hypoxanthine
and 10% A+ heat-inactivated human serum as described else-
where [16-19]. Further details of this and other methods can
be found in Supplementary Methods.

P. falciparum Exflagellation and Transmission Experiments
Cultures of P. falciparum NF54 wild-type, Pfcdpk4 wild-type
control, or Pfcdpk4 S147M cultures were started at 0.5%, and
the parasites were grown for 15 days with daily media changes.
On day 15 the cultures are divided into flasks with or without
the addition of 1294 as described elsewhere [5].

Safety Assessment Profile of BKI-1 and 1294

A kinome-wide selectivity profile of BKI-1 and 1294 was deter-
mined. Protein kinases in the profiling panel were chosen as
representative of different subfamilies of the kinome tree [20].
A Time Resolved Fluorescence Resonance Energy Transfer
(TR-FRET) assay, which measures the affinity of a compound
via competition with a fluorescent tracer, was used to determine
K;s [21]. Compounds were tested in 6 serial dilutions from 10
uM to 0.1 nM to determine ICs, and consequently K;. Biologi-
cal profiles were determined in a panel of 24 targets including
human ether-a-go-go related gene (hERG), selected by histori-
cal liability data, using cell-based and biochemical fluorescent
assays [22,23].

RESULTS AND DISCUSSION

Molecular Modeling and Inhibitor Design

Because our efforts to crystallize PACDPK4 for molecular struc-
ture determinations have been unsuccessful, we used a molecu-
lar modeling program—FLO/QXP docking software to dock
inhibitors [9]. This allowed us to predict interactions of inhibi-
tor scaffolds within the PfCDPK4 binding pocket and deter-
mine characteristics that make them potent and selective [5].
The 4-piperidinemethyl substituent of BKI-1 was predicted to
make a hydrogen bond with Glul54, which was earlier ob-
served in crystal structures of TgCDPK1 in complex with BKIs
[12]. There were good correlations (Figure 1, R?=0.81) between
predicted potency of inhibitors (pls; -log;o [inhibition cons-
tant]) and experimentally determined ICs, in the 4-piperidine-
methyl R2 series, which validated our binding model for testing
the BKI-1 derivatives. Furthermore, the results also lend confi-
dence on modeling and designing analogs that retain (or

enhance) potency but have improved pharmacokinetic/
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Figure 1. Predicted pls vs experimentally determined |Csqs in the 4-piper-
idinemethyl R2 series The FLO software was used to predict the pl (inhibi-
tion of PICDPK4 or pl [calc]) vs experimentally determined pls (pl exp) in the
methylpiperidine R? series. There was a correlation of R? = 0.81, thereby val-
idating the model for this series of compounds. The model was used to
select variations that retain potency and vary the PK/ADMET properties of
the compounds. The successful modeling efforts that predicted potent
PfCDPK4 inhibitors demonstrates how we can select potent derivatives of
the pyrazolopyrimidine scaffold that are metabolically-stable for PK/ADMET
optimization. Abbreviations: pl, —logyq (inhibition constant) PK, pharmacoki-
netics, ADMET, absorption, distribution, metabolism, excretion, toxicity.

absorption, distribution, metabolism, and excretion (PK/
ADME) properties.

Modification of BKI-1 for the Prolonged Exposure Required for
Effective Transmission-blocking

Although the pharmacokinetic (PK) profile of BKI-1 (a concen-
tration of >1 uM for up to 14 hours after intraperitoneal dosing
[5]) was a good starting point for the development of a trans-
mission-blocking therapeutic agent, our aim was to further op-
timize the PK properties. To predict BKI-1 metabolism, the
compound was incubated with liver microsomes, and the pri-
mary metabolites were determined using LC-MS. Under these
conditions, the most abundant BKI-1 metabolite contained a
hydroxyl modification of the piperidine ring, presumably by
liver P450 enzymes (data not shown). We predicted that alkyl-
ating the secondary amine of the 4-piperidinemethyl group
would slow the rate of hydroxylation by P450s. As our inhibi-
tor-binding model predicts that alkylating this position will
not disrupt any interactions with the ATP-binding site of
PfCDPK4, we generated an N-methylated version of BKI-I,
compound 1294. As expected, 1294 displayed a reduced rate of
microsomal metabolism compared to BKI-1 (Table 1), while
retaining potent PfCDPK4 inhibition. In addition, compound
1294 possesses an 8-fold increase in blood level exposure (area
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tiz
(hr)

ND
14

min)
ND
0.004

CL(

AUC
(LM *min)

ND
13000

Intraperitoneal (100 mg/kg)
ND
60

tmax
(min)

Cmax
(uM)
ND

13

ti2
(hr)

CL(L/
min)
0.0076 1.5
0.0056 4

AUC
(UM *min)
317

3

Intraperitoneal [IP] (10 mg/kg)
tmax
(min)
30
40

Cmax
(UM)
1.9

ti
(hr)
ND
136

Stool
excretion
ND
0.05%

Urine
excretion
ND
1%

Oral (100 mg/kg)
CL(L/
min)
ND
0.005

ND
10585

AUC
(UM*min)

tmax

(min)
ND

460

Cmax
(M)
ND
7.19

CL(L/
min)
ND

0.0112

AUC
(LM *min)
57
430

Oral (10 mg/kg)
tmax
(min)
140
120

0.2

In vivo Pharmacokinetic Parameters of BKI-1 and 1294 (Mouse)

Cmax
(uM)

Table 2.
Compound
BKI-1

1294

Abbreviations: AUC,area under the curve; ND, no data.

under the curve [AUC]) after single oral dosing compared to
BKI-1, probably due to decreased systemic clearance and in-
creased oral bioavailability (Table 2). Blood levels of mice
dosed with 40 mg/kg of BKI-1 and 1294 by oral gavage 3 times
a day for 4 consecutive days were analyzed by LC-MS to test
whether 1294 and/or BKI-1 plasma accumulation would occur
with multiple dosing per day over 5 days. The first and fourth
troughs, as shown in Table 1, refer to compound levels 17 hours
after compound dosing taken at the beginning of day 2 and day
5. The first peak was 1 hour after the first dose. The fourth day
peak was 1 hour after the third dose of day 4 (mean +SD of
n = 3). The trough plasma levels of BKI-1 were below the limit of
detection, but substantial trough plasma of compound 1294
were seen at the beginning of day 2 (2.0 uM) and day 6 (6.3 uM).
This suggests 1294 was cleared more slowly and accumulated
during 3-times daily dosing. Furthermore, it seemed likely that a
once-a-day dosing regimen with 1294 could lead to 24-hour
therapeutic exposure, and indeed 100 mg/kg oral dosing led to
2.7 uM plasma levels at 24 hours after dosing in rats.

Compound 1294 Blocks Microgametocyte Exflagellation and
Malaria Transmission to Mosquitoes

Compound 1294’s IC5, of 10 nM against PfCDPK4 enzymatic
activity and ECsg of 0.047 uM for blocking P. falciparum game-
tocyte exflagellation are comparable to that of BKI-1 [5]. The
transmission-blocking activity of compound 1294 was con-
firmed with untransfected, wild-type NF54 P. falciparum game-
tocytes in human blood supplemented with 0.1, 1, or 3 pM
1294 and fed to Anopheles stephensi mosquitoes (Figure 2).
Complete protection of mosquito malaria as indicated by the
absence of oocysts was seen at 1294 blood concentration of 3
uM (n = 52). Blood concentrations of 1 uM and 0.1 pM of 1294
resulted in oocyst infectivity of 15% (n =53) and 38% (n = 50),
respectively, which is markedly lower than untreated blood
(DMSO control, 74% infected, n=>50). Similarly, the mean
oocyst number per infected midgut decreased from 19 in un-
treated control to 13, 4, and 0 in the 0.1 uM, 1 uM, and 3 pM
1294 treated samples, respectively (Figure 2). Thus, even a
blood level of 0.1 uM of 1294 is predicted to have a measureable
impact on transmission, but a level of 3 uM is necessary to
completely block transmission.

Mechanism of Action of Compound 1294

Earlier evidence that BKIs block malaria transmission through
the inhibition of PfCDPK4 was based on the strong structure
activity relationship (SAR) correlation between inhibition of
the in vitro enzymatic activity of PfCDPK4 and the blocking of
exflagellation [5]. Further systematic SAR studies validate a cor-
relation between the potency of inhibitors against the enzymat-
ic activity of PfCDPK4 and their ability to block exflagellation
(Figure 4). Similarly, there is no significant correlation between
PfCDPK4 inhibition and inhibition of asexual stage parasites
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Figure 2. 1294 prevents sexual stage development of Plasmodium fal-
ciparum in Anopheles stephensi mosquitoes. Plots show percentage of in-
fected mosquito midguts (gray bars) and the mean number of oocysts per
midgut (/arge checked bars) at varying 1294 concentrations. P. falciparum
gametocytes in human blood supplemented with 0, 0.1, 1, or 3 uM of
1294 were fed to A. stephensi mosquitoes. There was substantial reduc-
tion of P. falciparum gametocyte stage differentiation to infective zygote
in the presence of 1294 as shown by a decreased in number of mosquito
midguts infected with oocysts and the mean oocyst number per infected
midguts at each blood concentration of 1294 relative to the untreated
blood. Sexual stage development in mosquitoes fed with 3 uM of 1294-
supplemented blood meal was completely inhibited.

[5] (Figure 4). To further confirm that the mechanism of action
of 1294 in blocking exflagellation and transmission is through
PfCDPK4 inhibition, we generated drug-resistant P. falciparum
NF54 strains that exogenously express a methionine gatekeeper
mutant of PfCDPK4 (PfCDPK4S147M). We predicted that the
bulky 1294 would not
be accomadated in the constricted ATP-binding site of this

ethoxynaphthyl RI-group of
PfCDPK4 mutant. Indeed, an enzymatic assay demonstrated
that 1294 shows minimal inhibition of PfACDPK4S147M at the
highest concentration tested (3 pM; Table 3).

Table 3. In vitro Efficacy Profile of BKI-1 and 1294

Enzymatic [Csp (LM) Exflaggelation ECsq (M)

Assay

PCDPK4 ~ WT NF54WT NF54S147M
Type PEfr?ZDan: S147M  P.fal.  Control Genetic
Assay Y Enzyme NFb4 Transfectant Mutant
BKI-1 0.004 >2 0.035 ND ND
1294 0.010 >2 0.047 0.023 0.292

Abbreviation: ND, no data.

P. falciparum NF54 strains exogenously expressing either
S147M or wild-type PfCDPK4 were engineered by allelic ex-
change, replacing the native 3’ segment of the Pfcdpk4 gene
with Pfedpk4 TCT441ATG (S147M) or a control vector con-
taining the wild-type allele Pfcdpk4 (Pfcdpk4WT; Figure 3A).
Both constructs contain a blasticidin selection marker [24]. The
resultant strains express either PACDPK4WT or PfCDPK4S147M
gatekeeper mutant under the control of the native Pfcdpk4 pro-
moter with a recombinant hsp86 3'UTR. Pfcdpk4 allelic ex-
change was confirmed by polymerase chain reaction (PCR;
Figure 3B-3D) and Southern blot hybridization (Figure 3E).
The amplicons from the coding region (Pfcdpk4 start oligo and
either the p863 or 3’ native UTR) were also sequenced and veri-
fied to contain the engineered TCT441ATG mutation (S147M
construct) or the wild-type allele without detection of any other
mutation. From Figure 3D, the Pfcdpk4 Start oligo/3'native
UTR PCR gave a unique result producing 2 amplicons (bands).
The lower band has the Pfcdpk4 start region (not included in
the allelic exchange construct) and the 3’ Pfcdpk4 native UTR
with retention of the S147M substitution in the mutant clones,
or wild-type allele without the native Pfcdpk4 intron (also not
included in the allelic exchange construct). The upper band
also has the complete Pfcdpk4WT coding region, 3’ native
Pfedpk4 UTR and the native Pfcdpk4 intron. The presence of
further recombination of this locus suggests a strong selective
pressure to maintain the wild-type gene with endogenous regulato-
ry elements. Therefore, the recombinant parasites possess a wild-
type allele, a recombinant allele with the hsp86 3" UTR (either
wild-type or S147M depending on the parasite) and a nonfunc-
tional allele with a truncation of the 5" of the coding sequence, as
determined by PCR and confirmed by direct sequencing.

The original intent of the P. falciparum genetic experiments
was to express the PfCDPK4S147M allele in trans, as this
should be a dominant drug-resistant form, permitting the vali-
dation of the molecular target. However, multiple attempts to
obtain viable transgenic parasites, either with episomal plas-
mids or integrated, failed even though the promoter driving ex-
pression is restricted to the gametocyte stage, as demonstrated
previously [25]. This combined with each of the clones under-
going further genetic recombination after transfection with
the allelic exchange constructs suggests that perturbation of the
Pfedpk4 locus, possibly through plasmid integration or use of
the hsp86 3’ recombinant UTR, significantly impacts the para-
site viability. This drives the selection of parasites with further
genetic recombination that at least partially restores an essential
function. Regardless, the allelic exchange experiment, although
not a clean genetic experiment, is a surrogate for the original
experiment of introducing a second copy of the Pfcdpk4 allele
permitting the genetic validation of the molecular target of this
class of kinase inhibitors.

We performed exflagellation experiments with transfected
mutant and wild-type gametocytes [5] to determine if 1294
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Figure 3. PCDPK4 TCT441ATG (S147M) allelic exchange and verification strategies. A, Diagram of allelic exchange showing single-crossover event of a
truncated wild-type PACDPK4 or PCDPK4 coding sequence bearing a TCT441ATG mutation interrupting the endogenous Pfcapk4 gene. This effectively re-
places the endogenous gene with the recombinant locus, producing a full-length Pfcdpk4 with or without the TCT441ATG gatekeeper mutation and a trun-
cated nonfunctional Pfcdpk4 gene downstream of the plasmid integration. Episomal plasmids were selected under BSD pressure. Oligonucleotide
sequences for verification of recombination events are shown in Supplementary Table 1. Pfcdpk4 allelic exchange was confirmed by polymerase chain reac-
tion (PCR) using the Pfcdpk4 start oligo (not present in the allelic exchange vector) and p863 oligo, specific to the hsp86 3’ UTR; (B-0) PCR products with
an expected sizes using primers listed in Supplementary Table 1. [, Reflects a PCR screen using the oligos Pfcapk4 start and Pfedpk4 3'native UTR. Each
clone (from multiple independent electroporations) had 2 amplicons: the lower band has the Pfcdpk4 start and 5" coding region (not included in the allelic
exchange construct) and the 3’ native Pfcdpk4 UTR with retention of the methionine mutation in the mutant clones. The upper band also has the complete
Pfedpk4 start and 5’ coding region, 3’ native Pfcdpk4 UTR and the native Pfcdpk4 intron (not present in the allelic exchange construct), the mutant clones
lack the engineered methionine mutation in the upper amplicon. £ Southern blot evaluation of the allelic exchange parasites probed with Pfcdpk4 coding
sequence. The native Pfcapk4 locus (5356 bp) is replaced in the recombinant parasites with a band at 4855 bp due to introduction of an Xhol restriction
site. Residual episomal plasmid (6852 bp) is also present in the electroporated parasites.

transmission-blocking activity was a reflection of PfCDPK4 in- decreased exflagellation susceptibility, with an ECsq of 0.292 uM,
hibition. Consistent with CDPK4 being the intracellular target compared to an ECsy of 0.023 uM for PfCDPK4WT control
of 1294, the PfCDPK4S147M recombinant parasites possess a transfected parasites (Table 3). Thus, the shift in the ECs, for
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Figure 4. Compound structures and iterative modifications to obtain hERG inactive molecules. Inhibitors based on the pyrazolopyrimidine scaffold were
generated by iterative modifications with the aim of removing hERG activity while retaining PFCDPK4 inhibition. Introduction of a 2-ethoxyquinolin-6-yl R1
group in place of BKI-1 and compound 1294 6-ethoxynaphthalen-2-y! significantly reduced hERG activity in both cases. Similarly, replacing the piperidin-4-
ylmethyl or 1-methylpiperidin-4-yl methyl R2 with a nonbasic group, such as a pyran, or isopropy! group, eliminated hERG activity. The ICsqs for compounds
against PfCDPK4 and hERG have been tested and shown in the figure. Asexual stage ECsg refers to the concentration of drug that inhibits 50% of the repli-
cation of P. falciparum in RBCs in human blood cultures. Exflagellation ECsq refers to the concentration of drug that inhibits 50% of the exflagellation of
P falciparum male gametocytes. Abbreviations: hERG, human ether-a-go-go related gene; RBC, red blood cell.

the mutant vs wild-type transfectants to block exflagellation
was 13.3-fold, which is consistent with 1294 blocking exflagel-
lation through PfCDPK4, although the PfCDPK4S147M
enzyme is more than 200-fold less sensitive than PfCDPK4WTT.

This relative difference in drug resistance may be because
PfCDPK4S147M is about 2-fold less active than the wild-type
PfCDPK4 enzyme in the in vitro assays, and the activity of
PfCDPK4 in the S147M parasites may be even lower when
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acting upon physiological substrates. In addition, the Pfcdpk4
expression levels may be altered as the recombinant allele
carries the hsp86 3'UTR and lacks the native intron. It is also
worth mentioning that 1294 is most likely also inhibiting
PfCDPK1 at higher concentrations of drug because the ICsq
value of this compound for the PACDPK1 enzyme is 0.117 puM.
PfCDPK1 was recently shown to be involved in the malaria par-
asite mosquito gut invasion process [26]. However, the prepon-
derance of evidence supports that PfCDPK4 is the target of
1294, leading to blocking parasite transmission.

1294 Has Low Toxicity and Good Oral Bioavailability

Signs of toxicity were examined in mice after high-dose admin-
istration of 100 mg/kg BKI-1 and 1294 orally twice a day for 5
days. Animals showed no overt signs of toxicity, no weight loss,
normal tissue histology, and normal blood metabolic enzymes
and complete blood counts after 5 days. Compound 1294 was
shown to be drug-like in the mouse-model, with 85% protein
binding (Table 1), 50% oral bioavailability (estimated from 10
mg/kg dose AUC, PO vs IP), and long ti, (4-14 hours, depend-
ing on dose). Only 1% of 1294 was excreted in urine and <0.1%
was excreted in the stool of mice orally dosed with 100 mg/kg,
consistent with the hypothesis that 1294 is predominantly
cleared by liver metabolism and nearly completely absorbed
(Table 2). Comparing the PK of 10 mg/kg and 100 mg/kg
dosing of 1294 demonstrates a nonlinear increase in exposure
(AUC 430 vs 10 585, respectively) and oral bioavailability (esti-
mating from PO/IP AUC, 50% vs 81%). This suggests that satu-
ration of metabolic clearance of 1294 may increase exposure
and oral bioavailability. Compound 1294 oral bioavailability in
a rat model was found to be 91% (estimate from PO/IV AUC;
Table 1). Administration of multiple doses of 1294 to mice
orally over 5 days led to an increased blood accumulation of
1294, compared to BKI-1, as demonstrated by the elevated
trough concentration levels (Table 1). Yet, even with accumula-
tion to high blood and serum levels well above concentrations
needed to stop transmission, no toxicity was observed in the
mice based on analysis of their behavior, body weight, blood
chemistries, and tissue histology at the end of the exposure in-
terval. As ACTs are administered 2-3 times daily over 3 days,
co-administration of 1294 would lead to a prolonged blood ex-
posure, providing effective transmission-blocking potential.
Evaluation of 1294 metabolism in mouse, rat, dog (beagle),
primate, and human liver-microsomes in vitro predicts that
this compound has a prolonged half-life in rats, primates, and
humans, which is consistent with long exposure in humans
(Table 1).

1294 Is a Highly Selective Kinase-inhibitor But Has hERG
Liability

Selectivity profiling against 80 human kinases revealed that
1294 only detectably inhibited 1 kinase, PRKCN. However,

1294 is 13 times less potent against PRKCN than PfCDPK4. In-
terestingly, 1294 is more selective than BKI-1 (data not shown).
Next, 1294 was profiled against 23 nonkinase targets, including
GPCRs and other off target liabilities for potential therapeutics.
Although 1294 showed minimal activity against 22 of the 23
targets screened, this compound showed activity against hERG at
a concentration similar to that needed to block transmission.
Efforts to remove hERG activity by iterative modification of 1294
indicated that replacing the 4-piperidinemethyl R2-group with a
nonbasic group, such as pyran, or isopropyl group, eliminated
hERG activity (Figure 4). Furthermore, certain derivatives of the
ethoxynaphthyl R1-group show reduced hERG activity without
reducing the inhibitory effect on PfCDPK4 (Figure 4). Current
medicinal chemistry efforts are focused on the development of
inhibitors that share the favorable properties of 1294 but lack
hERG activity. Nonetheless, based on therapeutic indexes calcu-
lated from experimental exflagellation ECs, of 1294 (0.047 uM),
BKI-1 (0.035 uM), or 1318 (0.031 puM) and their respective
hERG ECsq of 0.767 uM, 1.50 uM, and 10 pM; it is likely a dose
regimen can be found in this series with efficacy without cardio-
vascular risks. Despite the hERG liability of 1294, this inhibitor
was used as a proof of concept molecule to explore efficacy and
toxicology and to also demonstrate that our transmission-block-
ing compounds are acting through PfCDPK4.

CONCLUSIONS

There are many drugs for treating the asexual blood stages of
malaria but only one drug, primaquine, is currently available for
interrupting the transmission of malaria to mosquitoes. Prima-
quine has safety and tolerability issues, particularly for those
with glucose-6-phosphate dehydrogenase (G6PDH) deficiency,
resulting in severe and potentially fatal hemolysis after its use
[27]. High prevalence of GG6PDH deficiency may limit the use of
primaquine in malaria-endemic African populations [28]. Novel
classes of effective and safe drugs are needed to control malaria
by reducing the transmission from humans to mosquitoes and
break the cycle of infection. We have developed a series of
protein kinase-inhibitors that specifically target plasmodia
CDPK4 and can block malaria transmission. Specific inhibitors
of CDPK4 can be obtained because CDPK4 differs from human
kinases in that it has a very small gatekeeper residue, serine. The
small serine gatekeeper residue of CDPK4 exposes an enlarged
hydrophobic pocket in the ATP-binding site that is not present
in human protein kinases [5]. This hydrophobic pocket can ac-
commodate a large aromatic group displayed from an inhibitor
scaffold that mimics adenine. Such “bumped kinase-inhibitors”
(BKIs) cannot fit into the ATP-binding site of most human
protein kinase and thus provides selectivity for BKIs.

The preclinical lead candidate compound 1294, which is
nontoxic in high dose administration to mice, shows efficacy in
transmission blocking with significant phenotypic effects at
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human blood concentration of 0.100 uM and has favorable PK/
ADME attributes for prolonged exposure. A compound with
characteristics like 1294, co-administration with a 3-day
regimen of ACT is predicted to lead to human plasma concen-
tration above transmission-blocking ECqo for several weeks.
This compound may provide the basic framework for a future
transmission-blocking drug. We therefore sought to confirm
the specific biochemical interaction through which 1294 pro-
duces its malaria transmission-blocking effect by generating
mutant strains exogenously expressing 1294-resistant PACDPK4.
It proved to be difficult to obtain a transfectant P. falciparum
line expressing only mutant PACDPK4 (S147M) for a definitive
in-vivo chemical-genetic modification of PfCDPK4. The com-
bined evidence from our attempts suggests that there is selec-
tion pressure against a large gatekeeper residue in CDPK4. This
observation may mean that resistance to BKIs might be more
difficult to achieve through a single codon mutation in the gate-
keeper residue of PfCDPK4. It was also observed that the
number of exflagellating centers in the mutant clones is signifi-
cantly lower than the wild type. This may be an indication that
even if by some unexplained events, there was a gatekeeper
mutant in the natural population, their exflagellation effective-
ness may be significantly compromised. This chemical genetic
approach nonetheless validates PfACDPK4 as the target of 1294
and supports PfCDPK4 as the target blocked for exflagellation
and transmission [6]. 1294 is orally bioavailable, is sufficiently
potent, and can maintain a significant level of stability while
preventing exflagellation of the male gametocyte in the mosqui-
to. An effective transmission-blocking compound will likely be
administered orally in combination with drugs active against
asexual stages [8], such as ACT during mass administration for
control or eradication campaigns. We propose administering a
drug like 1294 with ACT because artemisinin derivatives kill
stage I-1IT gametocytes, and gametocytes are less infectious to
mosquitoes at day 7 after ACT treatment relative to other anti-
malaria such as chloroquine and sulphadoxine-pyrimethamine
[29]. An oral adjunctive drug with such exposure seems attain-
able. The added advantage of co-administration of a drug like
1294 with ACT is a potential reduction in the spread of artemi-
sinin-resistant strains recently reported in parts of Asia and
other countries. Transmission of such partially-artemisinin-re-
sistant strains would stop immediately with co-administration
of ACT and a drug like 1294, whereas the clearance of such
strains asexual stages and probably gametocytes from the
bloodstream is clearly delayed [1]. In summary, 1294 is an
advance lead candidate due to its excellent absorption, expo-
sure, safety profile, and efficacy in transmission blocking.
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