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Abstract
Diseases caused by the apicomplexan protozoans Toxoplasma gondii and Cryptosporidium
parvum are a major health concern. The life cycle of these parasites is regulated by a family of
calcium-dependent protein kinases (CDPKs) that have no direct homologs in the human host.
Fortuitously, CDPK1 from both parasites contains a rare glycine gatekeeper residue adjacent to
the ATP-binding pocket. This has allowed creation of a series of C3-substituted
pyrazolopyrimidine compounds that are potent inhibitors selective for CDPK1 over a panel of
human kinases. Here we demonstrate that selectivity is further enhanced by modification of the
scaffold at the C1 position. The explanation for this unexpected result is provided by crystal
structures of the inhibitors bound to CDPK1 and the human kinase c-SRC. Furthermore, the
insight gained from these studies was applied to transform an alternative ATP-competitive
scaffold lacking potency and selectivity for CDPK1 into a low nanomolar inhibitor of this enzyme
with no activity against SRC.

Introduction
Like most apicomplexan parasites, Toxoplasma gondii and Cryptosporidium parvum are
obligate intracellular pathogens that must invade a host cell in order to grow and replicate.
Several of the processes that facilitate host cell invasion, including gliding motility and
microneme secretion, are tightly regulated by oscillations in calcium ion concentrations
within the parasite cell.1–5 Transmission of calcium signals to these inter-related pathways is
under the control of a family of serine/threonine protein kinases called calcium-dependent
protein kinases (CDPKs), which themselves are regulated by calcium and appear to have
essential physiological roles. This kinase family is found in apicomplexa, plants, and
ciliates, but is absent in vertebrates and is thus an intriguing family to target for anti-
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apicomplexan chemotherapy. T. gondii CDPK1 (TgCDPK1) has been shown genetically to
be critical in cell invasion and egress, processes necessary for parasite reproduction.6 The
homologous CDPK1 of C. parvum (CpCDPK1) is also likely to be critical for infection.

This family of enzymes retains the conserved features of classical kinase catalytic domains,
but exhibits evolutionary differences sufficient to cause differential drug sensitivity and thus
allow the design of parasite-specific inhibitors.7 Specifically, Tg/CpCDPK1 contains an
abnormally small amino acid, glycine, at a conserved position (the “gatekeeper residue”) in
the ATP-binding pocket adjacent to the site of adenine binding. The gatekeeper residues of
kinases are typically large, and mammalian kinases that contain alanine or glycine at this
position are exteremely rare.8 This rarity motivated the development of an orthogonal set of
ATP-competitive inhibitors (bumped kinases inhibitors) that are able to specifically target
mammalian kinases that have been engineered to contain alanine or glycine residues at the
gatekeeper position without affecting wild type members of this enzyme family.9 These
selective inhibitors contain a pyrazolopyrimidine (PP) scaffold that makes the same
hydrophobic interactions and hydrogen bonds as the adenine ring of ATP, and a bulky
aromatic group substituent at the C3-position (the R1 group) that projects into a hydrophobic
pocket adjacent to the gatekeeper position (the gatekeeper pocket). The steric bulk of the
substituent at the C3-position of the PP core confers selectivity for kinases that contain small
gatekeeper residues.9 Therefore it is notable that TgCDPK1 and CpCDPK1 contain a
glycine at the gatekeeper position, rendering them especially sensitive to
pyrazolopyrimidine-based inhibitors that contain large groups at the 3-position.7,10,11

Indeed, we have shown structurally that it is possible to target the gatekeeper pocket of
TgCDPK1 and CpCDPK1 with these inhibitors and that potent pharmacological inhibition
of this kinase blocks parasite proliferation in vivo.7,10 In T. gondii, we have confirmed that
CDPK1 is the primary cellular target of the inhibitors that we have developed by showing
that a parasite cell line engineered to exogenously express a CDPK1 gene mutated to contain
a methionine gatekeeper is rendered largely insensitive to inhibitor treatment.7

Drug development based on compounds targeting a class of enzymes such as kinases that
contains a highly conserved active site must address concerns of toxicity to the host caused
by cross-reactivity with host enzymes. As threonine, which is considerably larger than
glycine, is among the smallest gatekeeper residues found in mammalian kinases, we
anticipated that kinases that contain this amino acid at this position would be the most likely
off-targets of inhibitors developed for CDPK1. Extensive inhibitor selectivity screens have
demonstrated that PP-based inhibitors with smaller substituents (substituted phenyl groups)
most potently inhibit kinsases that contain threonine residues.12,13 Therefore, a small panel
of kinases that contain this residue at this position have been used as a selectivity screen for
inhibitors developed against TgCDPK1 and CpCDPK1. Specifically, all of the inhibitors
generated were tested against the tyrosine kinases SRC and ABL, which have been
demonstrated to be among the most sensitive kinase to PP-based inhibitors.12

We now report a comparative analysis of inhibitor interactions with Tg/CpCDPK1 and with
the human kinase SRC based on crystal structures of kinase:inhibitor complexes. The
selectivity observed for our series of PP scaffold inhibitors was originally postulated to be
due to a steric clash between the gatekeeper sidechain and the substituent displayed from the
3-position of the scaffold. This is the fundamental structural rationale for the selectivity of
bumped kinase inhibitors. However the current analysis shows that selectivity of these
compounds for Tg/CpCDPK1 cannot be explained entirely on this basis. We observe that
substituents displayed from the 1-position of this scaffold (the R2 group) have a much
greater contribution to selectivity over Src-family kinases than anticipated. In particular, we
find that inhibitors with a 4-piperidinemethyl group as the R2 substituent are highly
selective relative to otherwise identical compounds containing instead an isopropyl R2
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substituent. Analysis of CDPK1:PP and SRC:PP crystal structures suggests that the
structural basis for this additional selectivity is a difference in the relative orientation of the
gatekeeper pocket and the ribose pocket within the active site of the two structures. We infer
that the ribose pocket constitutes an additional selectivity-determining region despite being a
conserved feature of the kinase active site.

The analysis allows us to rationalize the observed dependence of selectivity on both R1 and
R2 substituents, and to structurally guide optimization of inhibitors that are highly selective
for Tg/CpCDPK1 over mammalian kinases and, thus, have a relatively low probability of
producing toxic side effects. Furthermore, we have been able to exploit this structural insight
to modify an alternative inhibitor scaffold, initially of low potency and poor specificity, into
one that is highly potent for CDPK1 and is highly selective for CDPK1 over Src-family
kinases. This work provides a basis for further rational design of more potent TgCDPK1 and
CpCDPK1 specific inhibitors as lead compounds for the treatment of toxoplasmosis and
cryptosporidiosis.

Results and discussion
PP inhibitors with 4-piperidinemethyl at the 1-position are selective for CDPK1

Several inhibitors based on the pyrazolopyrimidine (PP) scaffold have been used as
exquisitely specific chemical probes of mutant kinases (engineered to contain glycine or
alanine at the gatekeeper position) in mammalian systems.9,14,15 However, we noted in the
course of optimizing PP-based inhibitors with a naphthylmethyl group at the 3-position
against Tg/CpCDPK1 that the substituent at the 1-position contributed to additional potency
and selectivity.10 Of the substituents that were explored at the 1-position, inhibitors that
contained a 4-piperidinemethyl R2 were found to be the most potent against Tg/CpCDPK1.
To further explore this observation, we generated a panel of PP-based inhibitors that contain
various substituents at the 3-position and either an iso-propyl or 4-piperidinemethyl group at
the 1-position. Table 1 highlights the gain in potency toward Tg/CpCDPK1 afforded by
changing from an isopropyl group to a 4-piperidinemethyl group at R2.

To investigate the selectivity of these inhibitors, we assayed them in vitro for activity against
Tg/CpCDPK1 and against two mammalian kinases that contain threonine at the gatekeeper
position (SRC and ABL). Large scale selectivity screens have demonstrated that SRC and
ABL are two of the human kinases most sensitive to PP-based inhibitors. While none of the
inhibitors tested displayed greater activity against the human kinases SRC and ABL
compared to activity against Tg/CpCDPK1, some, particularly those with an isopropyl group
in the R2 position, did have sub-micromolar activity against these enzymes (Table 1).
Substitution with a 4-piperidinemethyl group at R2, however, largely eliminated detectable
activity against SRC and ABL, greatly enhancing the selectivity for the parasite kinases.
Thus, the identity of the substituent at the 1-position of the PP scaffold contributes both to
potency against Tg/CpCDPK1 and to selectivity over human kinases.

Structural basis of R2 contribution to selectivity
We had anticipated that the principal contribution to CDPK1-selectivity would be the R1
group itself, but the results in Table 1 illustrate that some inhibitors with a sizable
substituent at this position are still able to effectively inhibit SRC and related kinases, albeit
to a much lesser extent than either TgCDPK1 or CpCDPK1. Interestingly, and very
encouraging from a drug design perspective, enzyme assays showed that inhibitors
containing a 4-piperidinemethyl group at the R2 position are low nanomolar inhibitors of
CDPK1 but do not inhibit SRC and other family members at concentrations of ≥ 5 μM
(Table 1). We sought to rationalize this observation from a structural perspective by
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determining crystal structures of both TgCDPK1 and SRC in complex with relevant
inhibitors.

Compounds 2a and 3a, both with a large (naphthyl ether) R1 substituent and an isopropyl
group in the R2 position, have single-digit nanomolar IC50s for CDPK1 (Table 1). These
compounds differ only by an additional methylene group in the R1 substituent and show
nearly identical binding modes in TgCDPK1 (Figures 1a, 1b). Compounds 2b and 3b,
containing the same R1 substituent but having a 4-piperidinemethyl group at the R2 position
rather than an isopropyl group, are slightly better CDPK1 inhibitors and, surprisingly, bind
to CDPK1 in an essentially identical pose (Figures 1a, 1b). Furthermore, this pose is adopted
by inhibitors displaying a variety of substituents at both R1 and R2. In all cases the
pyrazolopyrimidine exocyclic nitrogen hydrogen bonds to the backbone carbonyl oxygen of
Glu 129 and the scaffold interacts directly with both the backbone amide nitrogen and
carbonyl oxygen of Tyr 131 (Figure 1d). These structures show that the orientation of the PP
scaffold with respect to the hinge region of the ATP-binding site is unaffected by the
identity of the substituent at the R2 position. Notably, the binding poses of inhibitors 2b and
3b are unaltered despite the bulky R2 piperidine substituent that projects into the ribose
pocket and forms a hydrogen bond with the side chain of Glu135.

In contrast to the consistent pose observed for PP scaffold compounds bound to CDPK1, the
PP scaffold pose when binding to SRC varies with the nature of both the R1 and R2
substituents. Compounds 2a and 3a have high nanomolar to low micromolar activity (IC50s
200–1700 nM) against threonine gatekeeper-containing kinases SRC and ABL (Table 1).
The crystal structure of SRC in complex with 3a shows a similar binding mode to that seen
for TgCDPK1 in that the PP scaffold associates with the protein backbone in the hinge
region and the R1 substituent occupies the gatekeeper pocket. However, the orientation of
the PP scaffold in relation to the hinge is shifted in SRC as compared to TgCDPK1 (Figures
1c, 2b). This is presumably due to steric clash between the threonine gatekeeper sidechain
and the R1 substituent, which forces the scaffold to pivot in order to maintain favorable
interactions with the hinge residues.

Based on analysis of crystal structures of CDPK1 and SRC in complex with several different
inhibitors, we hypothesized that the difference in the binding angle of the scaffold in relation
to the hinge is responsible for a small degree of selectivity towards CDPK1 afforded by the
4-piperidinemethyl R2 group itself. However, it is the combined presence of large
substituents at both the R1 and R2 positions that dramatically hinders binding to SRC and
ABL. This hypothesis led to the prediction that a compound comprised of the PP scaffold
with a 4-piperidinemethyl group at the R2 position but lacking an R1 substituent would be
free of the pressure exerted on the inhibitor by the gatekeeper sidechain and should be able
to adopt a permissive binding mode in SRC. Compound 7b was therefore generated for
crystallographic analysis to shed light on the structural basis of the R2 contribution to
selectivity. This compound is not active against CDPK1 or SRC at concentrations less than 5
μM (Table 1) but we pursued structural characterization in order to gain insight into the
binding pose of the scaffold.

Whereas we had been unsuccessful in growing cocrystals of SRC in complex with inhibitors
that contain a 4-piperidinemethyl group at the R2 position of PP-scaffold inhibitors
containing a R1 substituent, consistent with their poor IC50s, we were able to obtain
cocrystals of SRC in complex with compound 7b, which containins a 4-piperidinemethyl R2
group but no R1 substituent. We also cocrystallized the same compound in complex with
TgCDPK1. As expected, for both kinases this compound occupies the site of adenine
binding and makes hydrogen bonds to the backbone of the hinge region. The absence of an
R1 substituent does not affect the binding mode of the scaffold or the position of the
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piperidine moeity when bound to TgCDPK1 (Figure 2a). However, in the SRC complex the
hinge contacts are conserved but there is a shift of approximately 10°–15° in the binding
angle of the scaffold relative to the hinge compared to that observed for inhibitor 3a, which
contains a large R1 substituent and a small (isopropyl) R2 substituent (Figure 2b). This
skewed binding mode is apparently not available to compounds containing a large R1
substituent in addition to the 4-piperidinemethyl group at R2, and explains the lack of
inhibition of SRC and ABL by these compounds.

Model for a secondary selectivity determining region
The large difference in the binding angle of inhibitor 7b relative to the hinge regions of
CDPK1 and SRC suggested that there are structural differences outside of the gatekeeper
pocket in the active sites of these kinases that are responsible for the CDPK1 selectivity
afforded by the 4-piperidinemethyl group at the R2 position. In both complexes the
piperidine extends into the ribose pocket in the kinase active site. In CDPK1 it makes a
hydrogen bond with Glu 135.10 The homologous residue in SRC is Ser 345, but in the
crystal structure of the SRC:7b complex the spatially equivalent sidechain is that of Asp 348
(Fig 2c). The conformation of the SRC protein backbone in this region differs from that of
CDPK1 in such a way that the space available to an R2 substituent is restricted relative to
the equivalent ribose pocket in Tg/CpCDPK1. In particular the backbone of SRC residues
344–346 impinges into the area of the binding pocket as seen in TgCDPK1, which
necessitates a corresponding displacement of the piperidine binding pose (Fig 2c). Thus
these crystal structures provide a structural basis for the observed R2-dependent selectivity
of inhibitors for the parasite CDPK1 versus the threonine gatekeeper human kinases SRC
and ABL. Taken together these observations strongly suggest that the vicinity of the ribose
pocket serves as an additional selectivity-determining region. A conceptual model is
depicted in Figure 3.

Exploiting the second selectivity-determining region via an alternative scaffold
We used the structural insight gained from characterization of CDPK1 selective inhibitors
based on the PP scaffold to advance parallel development of an alternative molecular
scaffold, acylbenzimidazole, first identified through a high throughput fluorescence-based
thermal shift screen. The initial lead compound based on this scaffold series (8) was not very
potent against TgCDPK or CpCDPK, and less than 10-fold selective with respect to the
human kinase ABL (Table 2). Structures of both TgCDPK1 and SRC in complex with 8
showed a binding mode reminiscent of the PP scaffold, in which the scaffold benzamidazole
and the carbamate nitrogen associate with the backbone of the hinge region residues, while
the phenone moiety lies adjacent to the gatekeeper residue (not shown). Based on these
structures, we hypothesized that derivatization of the benzamidazole ring at the 1-position
would be sterically equivalent to substitutions at position R2 of the original PP scaffold.
Following this strategy, we found that removal of the methoxycarbonyl moiety at C2
(yielding compound 9) increases ligand efficiency, while addition of 4-piperidinemethyl at
N1 (compound 10) significantly improves potency (Table 2). As intended in the design, the
piperidine moiety extends into the secondary specificity determining region to form a
favorable interaction with Glu 135 (Figure 4). Compound 10 exhibits low nanomolar
potency against Tg/CpCDPK1 (Table 2) and good selectivity against SRC and ABL.

Discussion
T. gondii and C. parvum are highly successful protozoan parasites of major health concern
for pregnant women, children, immunocompromised and immunocompetent hosts, as well
as being a significant concern in veterinary medical care. The incidence of Toxoplasma
infection is high and available toxoplasmosis drugs can cause rash, nephrotoxicity, and
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complications during pregnancy.16 There is no standard treatment for cryptosporidiosis
despite its recent identification as being responsible for 15–20% of childhood diarrheal
disease in the developing world.17,18 Paromomycin, nitozoxanide and new macrolides are
sometimes used for cryptosporidiosis treatment with frequent risk of recurrences because
elimination of the parasite is extremely difficult to achieve with these drugs.19 These
challenges motivate a search for improved treatment options based on detailed target
analysis of biochemical and functional pathways essential for survival.

Structure determination of T. gondii and C. parvum CDPK1 in complex with biochemically-
characterized inhibitors has allowed us to understand the specific molecular interactions that
influence enzyme inhibition. Paired structure determination of inhibitors bound to the target
parasite CDPK1 and to potential off-target human kinases has further allowed us to better
understand the molecular interactions leading to selective inhibition. This analysis provides
a structural understanding for the observed dependence of selectivity on both R1 and R2
substituents, and can be used to guide optimization of the PP-scaffold series against Tg/
CpCDPK1 while maintaining a relatively low probability of eliciting toxic side effects
arising from inhibition of mammalian kinases. Furthermore, the identification of a secondary
specificity-determining region that distinguishes Tg/CpCDPK1 from Src-family kinases
allowed us to introduce specificity and nanomolar potency into compounds based on an
alternative scaffold. This series of acylbenzamidazole compounds has high ligand efficiency
compared to the original pyrazolopyrimidine scaffold series, affording good opportunity for
optimization of solubility, pharmacokinetic, and metabolic properties. Further work is in
progress to identify compounds from both series that are suitable for evaluation in the
treatment of toxoplasmosis and cryptosporidiosis.

Experimental
Cloning and protein production

Full-length or truncated (residues 30–507) TgCDPK1 (GI:12484153, ToxoDB ID
162.m00001) was cloned into pAVA0421 containing a cleavable N-terminal hex-ahistidine
tag and expressed in E. coli BL21*(DE3). CpCDPK1 (CryptoDB accession number
cgd3_920) was expressed using a pET15-MHL-based construct coding for residues 70–538
kindly provided by Dr. Raymond Hui.20 Expressed protein was purified by Ni-NTA affinity
and size-exclusion chromatography as previously described.7,10 SRC and ABL were
produced using published protocols.21

Structure Analysis
Diffraction-quality crystals for inhibitor complexes of TgCDPK1 and SRC were grown by
co-crystallization from sitting drops (0.9 μL protein solution + 0.9 μL crystallization buffer)
set up by a Phoenix crystallization robot (Art Robbins Instruments). Drops were equilibrated
by vapor diffusion against a reservoir of the crystallization buffer. Crystal growth conditions
were in each case optimized by expanding around previously established growth conditions
for the apo protein. For TgCDPK1 the starting point for expansion was 0.25 M ammonium
citrate (pH 6.5–7.5), 25% polyethylene glycol (PEG) 3350, 5 mM dithiothreitol, and 2–2.5
mM inhibitor. For SRC it was 100 mM MES pH 6.5, 6% PEG 20000, 5 mM dithiothreitol, 2
mM inhibitor.

Diffraction data were collected at beamline 9–2 of the Stanford Synchrotron Radiation
Light-source. The crystal structures were refined iteratively using refmac and manual
adjustment in coot.22,23 Crystallographic statistics are given as Supplementary material.
Model quality was validated using the molprobity and parvati servers prior to deposition
with the PDB.24,25 Structural superpositions shown in Figures 1 and 2 were calculated using
the protein backbone for residues in the hinge region (TgCDPK1 residues 125–138). The
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crystal structures shown in Figures 1, 2, and 4 have been deposited in the PDB as entries
3t3v, 3sxf, 3t3u, 3sx9, 3upz, 3upx, 3uqf, 3uqg, 3v51, 3v5p, and 3v5t. Figures were drawn
using Pymol and Raster3D.26,27

Activity assays
In vitro inhibition of recombinant TgCDPK1 and CpCDPK1 activity was determined using a
non-radioactive Kinaseglo luciferase assay (Promega, Madison, USA); inhibition of SRC
and ABL was determined using a radiometric assay. Details of both assays were described
previously.7,10 IC50 values were converted to Ki values using the Cheng-Prusoff equation.28

The experimentally determined KM;ATP was used for each kinase (TgCDPK1 = 10 μM;
CpCDPK1 = 9.0 μM; SRC = 80 μM; Abl = 33 μM).

Chemistry
PP scaffold compounds were synthesized as described separately.10,29 Synthesis of
compounds based on the acylbenzimidazole scaffold (8, 9, 10) is described in the
Experimental section of the supporting information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Overlay of TgCDPK1 complexes with 2a (green) and 2b (purple). (b) Overlay of
TgCDPK1 complexes with 3a (green) and 3b (purple). In each case the presence of the
bulkier 4-piperidinemethyl substituent at R2 does not alter the orientation of the remainder
of the PP scaffold with respect to the gatekeeper and distal portions of the binding site. (c)
Overlay of TgCDPK1 complexes with 3a and 3b as in (b), and SRC in complex with 3a
(yellow). The pose of the PP scaffold when bound to SRC is shifted with respect to the
hinge region compared to the pose of the same compound bound to TgCDPK1. (d)
Superposed binding poses of six PP-scaffold inhibitors displaying a variety of R1 and R2
substituents: 3b, 4a, 5a (Table 1); 11, 12, 13 (Table S3). Dotted lines indicate conserved
inhibitor-protein distances <3.2Å. The view at left is approximately normal to the plane of
the scaffold pyrazolopyrimidine; the view at right is rotated so that the view is in the plane
of the scaffold.
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Figure 2.
(a) Superposed crystal structures of a compound with a large R1 substituent (2b light green)
and a compound with no R1 substituent (7b dark green) bound to TgCDPK1. Both
compounds contain a 4-piperidinemethyl group at R2. In this case the presence or absence of
an R1 group does not affect the scaffold pose. (b) Superposition of the TgCDPK1
complexes shown in panel (a) onto the crystal structures of SRC complexes with 3a (large
R1, small R2, gold) and 7b (no R1, large R2, dark brown). In contrast to CDPK1, the SRC
active site can accommodate either a large R2 group or a large R1 group, but not both. The
SRC complexes show that the scaffold pose pivots in opposite directions to accommodate
the large group at R1 or at R2. (c) The position of the piperidine group of compound 7b in
the ribose pocket of TgCDPK1 (green) and SRC (orange). The protein molecular surface is
shown for TgCDPK1. The protein backbone of SRC residues 342–346 is positioned closer
to the binding site of the core PP scaffold, restricting the space available to accommodate an
R2 group. Note that SRC residue Gly 344 can be seen extending through the superimposed
molecular surface of TgCDPK1.
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Figure 3.
Both the R1 and R2 substituents contribute to the specificity of PP-scaffold inhibitors for
Tg/CpCDPK1 (panel a) relative to kinases containing a Thr gatekeeper (panels b,c,d). (a)
The parasite enzymes can accommodate a large group at both the R1 and R2 positions. (b)
SRC can accommodate some compounds with a large R1 group if the corresponding R2
group is small enough to allow the scaffold to pivot, displacing the R1 group from a clash
with the gatekeeper residue. (c) In the absence of a large R1 group SRC can accommodate a
large R2 substituent, in this case the 4-piperidinemethyl group, if the scaffold can pivot in
the opposite direction. (d) The presence of large groups at both R1 and R2 cannot be
simultaneously accommodated. The orientation of the cartoon is approximately the same as
in Figure 2b.
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Figure 4.
Superposition of TgCDPK1:2b (green) and TgCDPK1:10 (cyan), showing the similar spatial
positioning of the 4-piperidinemethyl group and the interaction of each scaffold with the
hinge region backbone. The molecular surface is shown for the protein in the TgCDPK1:2b
complex. In both structures the piperidine N forms a hydrogen bond to the sidechain of Glu
135 (immediately behind the surface at the right of the figure).
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Table 2

In vitro activity of acylbenzimidazole scaffold compounds

cmpd # TgCDPK1
Ki(μM)

CpCDPK1
Ki(μM)

SRC
Ki(μM)

ABL
Ki(μM)

8 0.34 0.44 >10 4.6

9 0.12 0.28 >10 ~10

10 0.0075 0.017 >10 >10
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