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ABSTRACT In Toxoplasma gondii, calcium-dependent protein kinase 1 (CDPK1) is an
essential protein kinase required for invasion of host cells. We have developed sev-
eral hundred CDPK1 inhibitors, many of which block invasion. Inhibitors with similar
50% inhibitory concentrations (IC5,s) were tested in thermal shift assays for their
ability to stabilize CDPK1 in cell lysates, in intact cells, or in purified form. Com-
pounds that inhibited parasite growth stabilized CDPK1 in all assays. In contrast, two
compounds that showed poor growth inhibition stabilized CDPK1 in lysates but not
in cells. Thus, cellular exclusion could explain exceptions in the correlation between
the action on the target and cellular activity. We used thermal shift assays to exam-
ine CDPK1 in two clones that were independently selected by growth in the CDPK1
inhibitor RM-1-132 and that had increased 50% effective concentrations (ECsys) for
the compound. The A and C clones had distinct point mutations in the CDPK1 ki-
nase domain, H201Q and L96P, respectively, residues that lie near one another in
the inactive isoform. Purified mutant proteins showed RM-1-132 IC;,s and thermal
shifts similar to those shown by wild-type CDPK1. Reduced inhibitor stabilization
(and a presumed reduced interaction) was observed only in cellular thermal shift as-
says. This highlights the utility of cellular thermal shift assays in demonstrating that
resistance involves reduced on-target engagement (even if biochemical assays sug-
gest otherwise). Indeed, similar EC5,s were observed upon overexpression of the
mutant proteins, as in the corresponding drug-selected parasites, although high lev-
els of CDPK1(H201Q) only modestly increased resistance compared to that achieved
with high levels of wild-type enzyme.

KEYWORDS Toxoplasma gondii, bumped kinase inhibitor, cellular thermal shift assay,
inhibitor, protein kinase

oxoplasma gondii is an obligate intracellular parasite that causes toxoplasmic

encephalitis in immunocompromised individuals, birth defects when acquired in
pregnancy, and ocular damage, whether infection is congenital or acquired later in life
(1). Infections have been experimentally linked to behavioral changes in animals and
statistically linked to schizophrenia in humans, which may result from the parasite’s
predilection to reside in the brain (1, 2). After initial infection (usually asymptomatic),
the parasites persist as dormant cysts and periodically reemerge, causing cell lysis
followed by reinfection. Unfortunately, treatments for T. gondii infections are subopti-
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mal (3), even though one-third of the world’s population is estimated to be infected
with the parasite (1).

We have taken a target-directed approach to discover new candidates to treat T.
gondii infection. The chosen target is calcium-dependent protein kinase 1 (CDPK1),
originally discovered for its role in invasion (4) and now known to be essential for both
invasion and egress (5-7). Since both of these steps are essential to the proliferation of
the parasite in the mammalian host, inhibition of CDPK1 would likely reduce or
abrogate pathogenesis. Importantly, CDPK1 has an ATP-binding site that is larger than
the ATP-binding sites found in most protein kinases, since the gatekeeper residue at the
back of the pocket is glycine, the smallest amino acid, rather than the larger amino
acids present in most other kinases. Indeed, no glycine gatekeeper protein kinases are
found in humans, and CDPK1 is the only such kinase in T. gondii. Hence, we and others
previously developed inhibitors that complement the enlarged ATP-binding pocket of
CDPK1 (bumped kinase inhibitors [BKIs]), many of which were active against parasites
(8-12). A general structure of BKIs is depicted in Fig. 1A. Several optimized inhibitors
have now been used successfully in animal infection models (9, 13-15). We also
demonstrated that CDPK1 with a methionine substitution for the gatekeeper residue
(G128M) has higher 50% inhibitory concentrations (ICs,s) for BKls, and when parasites
overexpress CDPK1(G128M), 50% effective concentrations (EC,,s) are higher than those
for parasites overexpressing the wild-type (WT) enzyme (5, 12, 16). Thus, mutation of
the gatekeeper residue could lead to resistance to these BKls in vivo. CDPKs also have
a calcium activation domain (CAD) containing four EF hands plus a junction region. The
CAD rotates with respect to the kinase domain upon binding calcium (Fig. 1B), with
both relieving the autoinhibition that blocks the peptide binding site (17) and stabi-
lizing the active form of the enzyme (18). BKls bind both the active (when Ca?™ is
present) and inactive (when Ca2™* is absent) isoforms of CDPK1 (19).

Compounds that interact with proteins often lead to stabilization of the protein in
the presence of thermal stress. For purified proteins, thermal shift assays (TSAs) can be
particularly useful when an enzymatic assay is not available or convenient. However,
TSAs using purified protein do not reveal whether target engagement is favored in
complex mixtures, such as cell lysates, in which other components may compete for the
ligand, or when ligands must cross biological membranes, as with intact cells. Hence,
Martinez Molina et al. (20) recently developed complementary cellular thermal shift
assays (CETSAs) that utilize cell lysates (L-CETSAs) or intact cells (IC-CETSAs). While they
are more cumbersome than assays using purified protein, such studies can reveal
whether target engagement occurs under more relevant conditions. Subsequently,
CETSAs have been used with protein kinase inhibitors both across the proteome (21)
and to confirm engagement of the target(s) (22, 23). We recently used the L-CETSA to
confirm the target engagement of selected BKls with CDPK1 of the equine protozoan
pathogen Sarcocystis neurona (24). Here, we report the use of these assays with T. gondii
CDPK1 (TgCDPK1) to demonstrate that all BKIs tested, which had low-nanomolar ICys,
stabilized CDPK1 in cell lysates. In contrast, only the compounds that were effective in
preventing parasite invasion of the mammalian host cell or inhibiting parasite growth
stabilized CDPK1 in intact cells. We then selected two independent clonal lines with
modest resistance to BKIs (4- to 10-fold) and found that each had a point mutation in
CDPK1. Although the mutant CDPK1s in purified form still showed low-nanomolar ICss,
both L-CETSAs and IC-CETSAs revealed reduced thermal shifts compared to those for
the wild-type enzyme, illustrating the value of observing target engagement in a
cellular setting.

RESULTS

TSAs and CETSAs demonstrate BKI interactions with CDPK1. Often, compounds
effectively inhibit a purified target protein yet lack cellular activity and thus are noted
to be exceptions to the cellular structure-activity relationship (SAR). The recently
developed CETSA protocols allow answering the question of whether compound
binding occurs in complex mixtures (i.e., cell lysates) and in intact cells (20). Since BKls
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FIG 1 TSAs assessing the BKI RM-1-132 interaction with CDPK1. (A) General structures of BKls. The hinge region of the
kinases forms hydrogen bonds with the adenine ring of ATP. The hydrophobic pocket contains the gatekeeper residue. (B)
Crystal structures of CDPK1 in the inactive (without calcium [— calcium]) and active (with calcium [+ calcium]) states. (Left)
The inactive-state active site contains AMP; (right) the active conformation (PDB accession number 3HX4) has four Ca2*
ions bound to the CAD and an ATP analog in the active site. The aC helix of the protein kinase domain and the activation
segment are in cyan. The kinase domain is in dark gray. The CAD is in light gray, and the CAD helices discussed are labeled.
(C) Thermal melt curves of purified recombinant CDPK1 in the presence or absence of the BKI RM-1-132. (Left) Data in the
presence or absence of 1 mM added calcium; (right) data in the presence or absence of 1T mM EGTA. Fluorescence units
(FU) are given in thousands. (D) L-CETSA. Three experiments were performed with DMSO, and two experiments were
performed with RM-1-132. Each experiment used duplicate tests, the results of which were averaged; different experiments
are indicated by different symbols. The lines are drawn to facilitate viewing, as temperature points were adjusted in some
assays. An example of primary Western blot data is shown in Fig. S3 in the supplemental material. (E) IC-CETSA. Six
experiments were performed with DMSO, and two experiments were performed with RM-1-132 (all in duplicate, except
one DMSO experiment was done once). The lines are drawn to facilitate viewing, as temperature points were adjusted in
some assays.

target the ATP-binding pocket of CDPK1, they compete in vivo with high levels of ATP
for access to CDPK1. It is also possible that other protein kinases, such as mitogen-
activated protein kinase-like 1 (MAPKL-1; which binds the BKI NM-PP1 [25]), bind to
BKls. We therefore implemented two variations, L-CETSAs and IC-CETSAs, which mon-
itor target engagement in cell lysates and intact cells, respectively, to evaluate the
several compounds that we had previously studied for their inhibition of purified
recombinant CDPK1 and their effects on T. gondii invasion and growth.

The compounds chosen are listed in Table 1 (their structures are provided in Fig. S1
in the supplemental material). All compounds had low-nanomolar IC,,s when tested
against purified recombinant CDPK1 in a Kinase-Glo enzyme assay and had predomi-
nantly monophasic curves in the invasion/proliferation assays used to determine the
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TABLE 1 Interaction of BKls with CDPK1

Thermal shift? (°C) by:

Compound® ICso (uM)® ECso (uM)e TSA L-CETSA IC-CETSA
1265 0.004 >6.25 74 6.6 07
1294 0.003 0.14 1.9 10.9 5.0
1553 0.001 0.06 12,0 10.1 33
1568 0.001 076 13 59 08
RM-1-132 0.003 0.09 123 12.1 6.0

aThe ECs0s and IC50s of compounds 1265, 1294, and RM-1-132 (12) and of compound 1553 (9) were
published previously. The RM-1-132 EC,, shown here includes additional data from the current work.

bThe assay likely does not discriminate between ICsos of 1 nM or less.

ECso in a 48-h invasion/growth assay.

9Shifts in the measured T,,, compared to that for the solvent (DMSO) control. CDPK1 T,,,s were as follows: for
purified recombinant protein (no EGTA), 50.7 £ 0.9°C; for lysate, 48.0 = 0.5°C; and for intact cells, 50.1 + 1°C.

EC,S. Three compounds (compounds 1294, 1553, and RM-1-132) showed good activity
against T. gondii in the invasion/proliferation assay, while one had modest activity
(compound 1568) and the last one had little activity (compound 1265). The data are
summarized in Table 1.

Figure 1C shows examples of the TSA results obtained using purified CDPK1 with the
solvent control and compound RM-1-132 (20 wM). Although the TSA buffer contains no
added calcium, we tested the effect of chelating any trace calcium that was present
using EGTA. Surprisingly, the melting temperature (T,,,) was increased in the absence of
calcium (Fig. 1), as confirmed by the titration of both calcium and EGTA (Fig. S2). This
result seems counterintuitive, since calcium activates the enzyme. However, as noted
above, the interactions between the CAD and the protein kinase domain are com-
pletely different in the presence and absence of calcium (Fig. 1B). Without calcium, the
calcium activation domain occludes the peptide binding site and a long helix forms
from the junction region (the region between the kinase domain and the first EF hand)
and the first portion of EF hand 1 (5). Upon calcium binding, the calcium activation
domain rotates to the opposite face of the molecule and the long helix is bent into
three separate helices (26) (Fig. 1B). The purified protein showed a large shift upon
addition of BKIs whether calcium was present or absent (Fig. 1C).

For L-CETSAs and IC-CETSAs, the concentration of BKIs was decreased to 2 uM to
reflect a more relevant scenario that might be achieved in vivo. For example, in mice,
compound 1294 yielded an average plasma level of 2 uM at 24 h (13) and compound
1553 reached a steady-state plasma concentration of 6 uM (24). After incubation with
BKIs, the samples were heated at the selected temperatures and the remaining soluble
CDPK1 was quantitated by Western blotting, as described in Materials and Methods
(see the example results in Fig. 1D and E and Fig. S3). Comparison of Ponceau-stained
blots with and without BKIs indicated that the compounds did not induce nonspecific
protein aggregation (see the example results in Fig. S3). As summarized in Table 1, all
compounds stabilized CDPK1 in cell lysates, with three compounds having similarly
large shifts of approximately 10°C and two having more moderate shifts of approxi-
mately 6°C, despite the similarity of the IC;,s (measured at 1 to 4 nM). However, it is
possible that some compounds had IC5,s lower than those indicated since the assay
mixture contained enzyme at a 2.1 nM protein concentration (the proportion of active
enzyme is unknown). Those BKIls with weaker shifts in the L-CETSA corresponded to
those with poorer EC5,s in the growth/invasion assay. The reason for the differential
shifts in L-CETSAs is unclear, although the ligand-induced shift size for purified proteins
(27, 28) and proteins in cell lysates (21) generally tracks with the K. When these
compounds were tested for their ability to stabilize CDPK1 in intact cells via IC-CETSAs,
compounds 1265 and 1568, the two compounds that had relatively high EC5,s (above
0.5 uM), had negligible shifts, demonstrating a lack of target engagement in intact cells
and explaining the lack of an effect on parasite invasion and growth. The three BKIs that
had relatively low EC5ys (below 0.2 uM) had moderate IC-CETSA shifts. These shifts were
not as pronounced as those seen by L-CETSA; the smaller shift in IC-CETSA reflected
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FIG 2 RM-1-132-resistant clones. (A) Clones C-d12 and A-f8 show higher EC,,s for RM-1-132. Following
selection and cloning of transfectants, 2-day invasion/growth assays were performed as described in
Materials and Methods. (B) Western blot demonstrating that mutant CDPK1s are not overexpressed. GFP
is expressed from another locus and was used as a loading control. Cell numbers are in millions. Markers
(M) are 70 (faint), 55, and 35 kDa, from top to bottom, respectively.

both a higher T,,, without drugs (50.9°C versus 48°C) and a lower T,, with drugs. The
latter could reflect the limited permeation of the compound into the cell during the
60-min incubation time. The former could reflect the presence of relatively high
concentrations of the natural ligand ATP in the intact parasites, which is diluted when
the parasites are lysed for L-CETSA, as was previously shown for many ATP-binding
proteins (21). Additionally, the conformation of CDPK1 could differ in the two assays. In
the L-CETSA, CDPK1 should be fully active due to the presence of 1 mM calcium in the
buffer, while inside cells (IC-CETSA), activation may be heterogeneous, although extra-
cellular T. gondii parasites in calcium-containing medium like that used here may have
increased spikes of intracellular calcium compared to parasites within host cells (29).
The means of measuring stabilization is different in these CETSAs than in TSAs utilizing
purified proteins. The former relies on protein aggregation as the endpoint, while the
latter relies on a fluorogenic compound binding to newly exposed hydrophobic
regions. This biophysical difference could lead to some divergence in assay results
beyond those attributable to the complex milieu of CETSAs.

Selection of T. gondii with low-level resistance to the BKI RM-1-132. Having
established the assays for T. gondii CDPK1, we decided to apply it to examine T.
gondii resistance to CDPK1 inhibitors. Previous work showed that mutation of the
gatekeeper residue at the back of the ATP-binding pocket from glycine to methi-
onine (G128M) reduces the size of the pocket, rendering the enzyme and the cells
overexpressing it resistant to several BKIs (5, 6, 12). Similarly, this mutation rendered
the parasites resistant to RM-1-132 (Fig. S4). We subjected the T. gondii RH strain to
selection with the BKI RM-1-132 at the ECy, (0.8 wM). After 16 passages, the assays
showed a shift in EC5, for the nonclonal populations from both flasks (A and C)
compared to that for the parental cell line (this shift was less prominent than the
shift seen with the G128M mutant; Fig. S5). At the same time, clonal cell lines were
isolated from the RM-1-132-selected cell cultures and drug selection was dropped.

Multiple clones were isolated from each flask, and representatives were tested for
their EC,, with RM-1-132 (Fig. 2A). These clones showed a shift similar to that for the
nonclonal, selected populations, with a 4-7-fold shift for the flask A clones and a —8-
to 13-fold shift for the flask C clones (Fig. S5). Preliminary data (not shown) suggested
that the lines also showed modest resistance to other structurally related BKls (unre-
lated BKIs were not tested). Clones A-f8 and C-d12 were selected for further study.

Previous work has shown that CDPK1 functions at the time of invasion (4); BKI EC,s
are much higher when compounds are added after invasion (5). In preliminary studies,
we observed that when RM-1-132 was added after invasion, clone C-d12 was not more
resistant than the wild-type parent (EC5o, 2.7 uM versus 4.1 uM). This supports the
contention that the resistance observed in C-d12 is at the level of the invasion pathway
(which includes CDPK1) and not at the level of intracellular growth (where CDPK1 does
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FIG 3 Location of amino acids mutated in CDPK1 in clones A-f8 (H201Q) and C-d12 (L96P). The images are
close-ups of the region of CDPK1 where mutations are located. The kinase domain is in green, with its activation
segment (ACT) in yellow, and the CAD-EF hand domain is in blue. The locations of the mutations are shown as stick
residues (WT residues are shown) along with their van der Waals surfaces, based on structures in the presence or
absence of calcium. The PDB accession number for the active form (with calcium) is 3HX4, and the PDB accession
number for the inactive form (without calcium) is 35X4.

not play a role). Western blot analysis showed no evidence of overexpression of CDPK1
in the mutant cells, and clone C-d12 had somewhat less CDPK1 than the parental RH
clone (Fig. 2B).

After isolation of RNA and cDNA synthesis, PCR yielded the CDPK1 coding
sequence (CDS), which in each case was sequenced. Clones from flask A had
histidine 201 within the activation loop of the kinase domain replaced by glutamine
(H201Q), and those from flask C had leucine 96 on helix aC (a critical regulatory
element in many kinases) replaced by proline (L96P). In the active conformation,
these residues are distant from each other (14.8 A), but in the inactive conformation
(without calcium), these two residues are spatially adjacent, with their respective
side chains being in van der Waals contact (Fig. 1B and 3). This interaction could
help stabilize the close association of the aC-helix consisting of residues 92 to 106
with the short helical segment containing residues 197 to 201. Mutation of leucine
96 to proline, effectively removing the side chain, would reduce this interaction
surface and thus would be expected to destabilize the low-calcium conformation of
the protein. The consequence of mutating histidine 201 to glutamine is less easy to
predict. However, in neither the high- nor the low-calcium conformations were
these residues particularly close to the ATP/RM-1-132 binding site, suggesting that
the mutations would not directly perturb inhibitor binding.

Site-directed mutagenesis was used to mutate the WT CDPK1 Escherichia coli
expression plasmid so that it expressed the CDPK1(H201Q) and CDPK1(L96P) mutants
found in the resistant clonal lines Af-8 and C-d12, respectively. The proteins were
expressed in E. coli and purified, and their activity was tested in a Kinase-Glo assay using
a peptide substrate (30). Under the conditions used, both proteins showed robust
activity. Surprisingly, the IC5ys for RM-1-132 were similar, being 2 to 4 nM for the
mutant and WT enzymes (Table 2). In preliminary studies using the Kinase-Glo assay, we
estimated the K,,,s for ATP and the peptide substrate of the mutant proteins (for the

TABLE 2 Effects of RM-1-132 on WT and mutant CDPK1 and parasites

TSA TSA + EGTA L-CETSA< IC-CETSA*<
EC;, shift® Thermal Thermal Thermal Thermal
Cell line (CDPK1) (M) IC5o (uM) T, (°C) shift (°C) T, (°C)  shift (°C) T, (°C)  shift (°C) T, (°C)  shift (°C)
RH (WT) NA 0.003 50.7 = 0.92 123+ 05 54.8 1.3 48.0 12.2 50.9 6.0
A-f8 (H201Q) 4.1 0.002 47.8 £ 0.6 114 x£0.5 51.0 11.2 49.4 9.0 50.1 3.0
C-d12 (L96P) 9.7 0.004 434+ 0.8 9.2+ 05 48.1 9.2 49.9 6.0 48.5 2.7

9EC5, fold shift compared to that for the RH parental strain. NA, not applicable.
bThe standard deviation is provided when at least three separate assays were done.
<Data points for the cell lysate and intact cell assays are shown in Fig. 5B.
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FIG 4 TSAs and CETSAs of CDPK1 mutant clones. (A) TSAs using purified recombinant CDPK1(L96P).
Comparison of the top and bottom panels shows that the chelation of calcium or the addition of
RM-1-132 stabilizes the mutant protein, although the stability remains lower than that of the WT (Fig. 1C).
Fluorescence units (FU) are given in thousands. (B) CETSAs using each clonal line. (Left) L-CETSASs; (right)
IC-CETSAs. CDPK1 clone A-f8 has the H201Q mutation, while clone C-d12 has the L96P mutation. Each
symbol indicates the result of a separate duplicate assay.

H201Q mutant, the ATP K, was 5.5 uM and the peptide K,,, was 14.7 uM; for the L96P
mutant, the ATP K,,, was 8.4 uM and the peptide K,,, was 18.5 uM). Comparison with WT
CDPK1 (ATP K,,,, 12.4 uM; peptide K,,,, 20.5 uM [5]) did not provide an explanation for
the differential EC5,s observed for the selected populations. It is important to note that
the assay was conducted with a small peptide substrate, and it is still possible that the
affinity for protein substrates differs for the mutant proteins.

Use of TSAs and CETSAs to characterize resistant clones. We used TSAs to
compare the mutant proteins with WT CDPK1. Both proteins had lower T,,s than WT
CDPK in the presence of calcium (Table 2), as well as in its absence. Comparison of the
results in Fig. 1C and 4A shows that the thermal melt curves for CDPK1(L96P) were
dramatically different from those for the WT, being quite flat in the presence of calcium.
The curve for CDPK1(H201Q) was more similar to that for the WT (not shown). Addition
of EGTA at a final concentration of 200 uM (or more) to the reaction mixtures
normalized the thermal melt plots for the mutants, in addition to increasing the thermal
stability of all the enzymes (including the WT) by 4 to 5°C. As with WT CDPK1, the
addition of RM-1-132 dramatically enhanced the stability of both mutant proteins in
buffer containing calcium, as well as when EGTA was present.

In L-CETSA studies, CDPK1 in the mutant lines showed clear evidence of binding to
RM-1-132, although the shift in T,,, was smaller than that for the WT parent (Table 2 and
Fig. 4B). This contrasts with the findings of preliminary L-CETSA studies of parasites
expressing the gatekeeper mutant CDPK1(G128M), where the thermal shift was re-
duced to ~1.4°C (not shown). The CETSAs showed some differences from the TSAs
when purified protein was used. For example, the decreased stability of CDPK1(L96P)
observed using purified protein was not obvious in lysates and was only hinted at in
whole-cell CETSAs (Fig. 4B). Additionally, in contrast to the large shift in T, observed for
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FIG 5 Transfectants expressing HA-tagged CDPK1 proteins. (A) Western blot of parasites overexpressing
WT and the indicated mutant CDPK1-HA proteins. Endogenous CDPK1 was also expressed. Lysates
bearing the specified number of parasites (in millions) were separated by SDS-PAGE and blotted with
rabbit anti-CDPK1 and rabbit anti-MIC10 (a gift of Vern Carruthers) (37). MIC10 was used as a loading
control on the same gel and indicates that the H201Q mutant lanes were somewhat overloaded. Mouse
anti-HA.11 (clone 16B12; Covance) was used to demonstrate that the upper band revealed with
anti-CDPK1 in each lane represents the HA-tagged recombinant protein (not shown). Lane M, molecular
markers (in kilodaltons). (B) RM-1-132 EC,s of T. gondii expressing CDPK1 mutant proteins. The clones
expressing HA-tagged proteins also expressed endogenous CDPK1. Data were collected in triplicate
within each assay, and assays were repeated four or more times [except for the assay with
CDPK1(H201Q)-HA, which was done twice]. The bars represent the standard error of the mean.

the purified mutant proteins treated with RM-1-132, in IC-CETSAs the shift for the
mutant cell lines was only slightly above the 2°C cutoff that is often taken as indicative
of target engagement. Thus, despite the similar ICos and thermal shifts observed in
TSAs and L-CETSAs for the WT and mutant CDPK1s, target engagement by the mutant
CDPKs in intact cells was near the limit of detection by IC-CETSAs.

We attempted to recapitulate the cellular phenotype by overexpressing hemagglu-
tinin (HA)-tagged WT and the CDPK1(H201Q) and CDPK1(L96P) mutants. Clones over-
expressing CDPK1 and CDPK1(H201Q) were easily obtained, but despite numerous
stable CDPK1(L96P) transfectants being isolated, only one clone that expressed the
CDPK1(L96P) protein was found. This could suggest that overexpression of CDPK1
(L96P) is deleterious. Western blot assays showed that HA-tagged WT CDPK1 and the
CDPK1(H201Q) mutant were both expressed to about 10-fold higher levels than
endogenous CDPK1 (Fig. 5A). In contrast, CDPK1(L96P) was expressed at lower levels,
being approximately equal in abundance to the endogenous WT protein (Fig. 5A).
Figure 5B compares the EC,ys of the parental strain, resistant clones, and transfectants.
Expression of CDPK1(L96P) at endogenous levels recapitulated the C-clone resistance
phenotype, with a 6.4-fold increase in ECs, over that for the parental RH clone.
High-level expression of CDPK1(H201Q) caused a 5.3-fold shift in the EC, compared to
that for the parental RH clone, similar to what was seen with the A clones (6.5-fold). This
compares with a 3.9-fold shift upon high-level expression of the WT protein.
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DISCUSSION

CDPK1 is an established drug target for T. gondii with genetic and chemical
validation. Multiple CDPK1 inhibitors have been developed, showing a range of ICs,s
and EC,s in vitro, and some of them, including compounds 1294 and 1553, have been
shown to be efficacious in animal models (9, 13, 16, 31). Compounds inhibiting CDPK1
orthologues of several other pathogens, such as Cryptosporidium spp., Babesia spp., and
Sarcocystis neurona, also showed potential in animal models (19, 24, 32). Given the
potential of the compounds targeting CDPK1, we undertook studies to assess target
engagement in complex environments, such as cell lysates and intact cells. Those
studies showed that compounds with similar, low-nanomolar IC,s stabilized CDPK1 in
cell lysates but not necessarily to the same degree. The two compounds with the
poorest EC,,s stabilized CDPK1 in lysates to a lesser degree. Furthermore, in IC-CETSAs,
those compounds did not show evidence of engaging the target in whole cells. This
suggests that some molecules in our series were excluded from the cellular environ-
ment, explaining why some potent inhibitors of the TgCDPK1 enzyme lack cellular
potency and, thus, are exceptions to cellular structure-activity relationship (SAR) trends.
Therefore, TSAs using purified protein combined with L-CETSA and IC-CETSA data can
be useful in exploring exceptions to cellular SAR, especially in systems where target
validation is challenging or when phenotypes are not apparent outside the cellular
setting.

CDPK1 is probably one of the more complex molecules that have been studied by
TSAs and CETSAs: it has two natural intracellular ligands, ATP and calcium, which bind
two distinctly folded domains that interact with one another. Thus, in the intact cell one
can anticipate at least four isoforms with respect to ligand binding: isoforms that occur
with and without ATP and isoforms that occur with and without calcium. Incomplete
titration of the protein’s four distinct calcium binding sites at nonsaturating calcium
concentrations may generate additional intermediate isoforms. While binding of cal-
cium to EF-hand proteins, such as centrins, results in greater thermal stability, such an
effect in CDPK1 is apparently swamped by the large reorganization of the protein via
movement of the CAD to the opposite face of the kinase domain, since decreased
thermal stability was observed. Additionally, there is likely heterogeneity in phosphor-
ylation. One phosphorylation site has been reproducibly observed on CDPK1: serine 61
in the ATP-binding site (33). This phosphorylation is likely inhibitory since examination
of the structure shows that the phosphoserine would clash with the phosphate tail of
ATP. It also could reduce interactions of CDPK1 with inhibitors in CETSAs. However, the
physiological relevance of this modification and the kinase and phosphatase involved
remain unknown.

We were able to select two independent lines of parasites with modest resistance to
the BKI RM-1-132. Both had a single mutation in CDPK1, L96P or H201Q, residues that
appear to interact with one another in the inactive form of the target enzyme. The close
juxtaposition of the two residues that were mutated in separate resistant cell lines in
the inactive conformation of CDPK1 raises the possibility that this region may contrib-
ute to maintaining the inactive conformation, analogous to the allosteric effect de-
scribed for the junction region and the active conformation (18). Possibly, these
mutations destabilize the inactive version, making it easier for the enzyme to transition
to the active state, effectively raising the concentration of active enzyme under certain
conditions.

Surprisingly, purified recombinant CDPK1 with these mutations did not show de-
tectable changes in the RM-1-132 IC,,. However, the thermal shifts induced by BKis in
CDPK1 of the mutant cell lines were reduced in intact cells compared to the parental
parasites, and expression of CDPK1(L96P) at endogenous levels produced a resistance
phenotype that largely recapitulated the RM-1-132 resistance phenotype seen in the
in vitro-selected C clones. Furthermore, the resistance phenotype of the C-d12 clone
appeared to be related to invasion (the pathway in which CDPK1 functions). Overex-
pression of CDPK1(H201Q) also caused a shift in the EC;, similar to that seen in the A
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clones. However, it conferred only a modest shift in EC5, compared to that for the
similarly overexpressed WT CDPK1. Two explanations could be posed for this finding.
The first is that overexpression of WT CDPK1 increases the abundance of active CDPK1
to a threshold level, while CDPK1(H201Q) has already reached this threshold at a lower
abundance. This proposal fits with the hypothesis that the H201Q mutation destabilizes
the inactive form and increases the proportion of active enzyme. The second possibility
is that the H2012Q CDPK1 mutation in the A clones may act in concert with other
genetic or epigenetic changes, such as the modulation of pumps or transporters or the
pathway modulation/rewiring that occurred during the 52-day selection process. Fu-
ture whole-genome sequencing, transcriptomics, and clustered regularly interspaced
short palindromic repeat/Cas9 correction of the H201Q mutation in the selected clone
could reveal the basis of this interesting finding.

Our experiments were not designed to measure the probability of resistance to BKls
emerging under conditions likely to be used clinically. Nonetheless, resistant mutants
emerged in both flasks by 52 days. Each flask was initially inoculated with 3.3 X 107
parasites, well below the numbers expected in an infected person, and selection was
performed with 0.8 uM (ECy,) RM-1-132. At least for some compounds, pharmacoki-
netic studies in mice have revealed plasma levels above this concentration without
toxicity to the host (e.g., BKI 1553 levels were at 6 uM for 24 h following an oral dose
of 10 mg/kg of body weight [9]). In addition, with higher levels of inhibitors, other
targets, such as MAPKL-1 may be engaged (34), further reducing the chance for the
emergence of acquired resistance. Whether we would have been able to isolate
resistant parasites in the lab using concentrations that high is open to question. Finally,
it is also important to point out that since T. gondii is only rarely transmitted from
person to person (most exposure is from parasites derived from animal infections), drug
resistance is unlikely to spread in the human population. Hence, the challenge of drug
resistance is focused on curing the individual with little fear of spreading resistant
parasites. As a result, effective new BKls to combat toxoplasmosis and toxoplasmic
encephalitis are likely to have a long and useful life.

MATERIALS AND METHODS

Protein expression in Escherichia coli, enzymatic assay, and compounds. CDPK1 lacking the first
29 amino acids and its mutants were N-terminally tagged with six His residues followed by a protease
C cleavage site, expressed in E. coli BL21(DE3), and purified by immobilized metal-affinity chromatog-
raphy followed by size exclusion chromatography as described previously (5). The enzymatic activity of
the 57-kDa protein was assessed using the Kinase-Glo assay (30) with 2.1 nM CDPK1, 10 uM ATP, and 20
1M peptide substrate (PLARTLSVAGLPGKK; American Peptide Company, Inc., Sunnyvale, CA) plus 2 mM
CaCl,. The reaction buffer contained 1 mM EGTA (pH 7.2), 10 mM MgCl,, 20 mM HEPES, pH 7.5 (KOH),
and 0.1% bovine serum albumin.

BKls. Initial publication of the compounds (including their EC.,s and 1C,.s) was in reference 12 for
compounds 1265 (original name, compound 9n), 1294 (original name, compound 150), and RM-1-132
(original name, compound 15n) and reference 9 for compound 1553 (original name, compound 32). The
synthesis protocol for compound 1568, 1-(5-(4-amino-1-isobutyl-1H-pyrazolo[3,4-dlpyrimidin-3-
yl)indolin-1-yl)-2-phenylethanone is as follows: 2-phenyl-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)indolin-1-yl)ethanone and 3-iodo-1-isobutyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine were subjected to
the Suzuki coupling procedure (9). The crude product was purified on a silica gel using a
dichloromethane-methanol gradient. The spectral data were as follows: 'H nuclear magnetic resonance
(300 MHz, CDCl,) 6 8.45 to 8.33 (m, 2H), 7.59 to 7.45 (m, 2H), 7.42 to 7.28 (m, 5H), 5.68 to 5.53 (br s, 2H),
4.23 (d, J = 7.46 Hz, 2H), 4.16 (t, J = 8.50 Hz, 2H), 3.86 (s, 2H), 3.26 (t, J = 8.29 Hz, 2H), 2.41 (m, 1H), 0.95
(d, J = 6.84 Hz, 6H); mass spectrometry (electrospray ionization), 427.4 m/z [MH*] (C,sH,,N,O; predicted
molecular mass, 427.2); high-performance liquid chromatography purity, >97%.

Thermal shift assays. The thermal stability of recombinant CDPK1 in the presence or absence of BKIs
was determined as previously described (35). Each assay well contained a reaction mixture of recombi-
nant CDPK1 enzyme (4.4 uM), 20 uM inhibitor, and 5% dimethyl sulfoxide (DMSO) in TSA buffer (5%
glycerol, 25 mM HEPES, 500 mM NaCl, 0.025% NaN,, 2 mM dithiothreitol [DTT] with the pH adjusted to
7.25, with or without CaCl, or EGTA, as indicated). A negative control lacking inhibitor was present on
each assay plate. Melting was measured using SYPRO Orange (at a final dilution of 4.5X from the 5,000
stock; Invitrogen), which fluoresces when it binds to exposed hydrophobic regions of the protein. All
assays were performed in duplicate (or triplicate) independently at least two times. Preliminary experi-
ments established that DMSO concentrations from 0 to 5% did not alter the T, s of purified recombinant
proteins (not shown).

L-CETSAs (20) were performed using the previously described modifications (24). Briefly, a mixture of
T. gondii cells that had spontaneously egressed and those from the same culture that were mechanically
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released from host fibroblasts was washed in phosphate-buffered saline and the cells were counted.
Parasites were resuspended in CETSA buffer (25 mM Tris HCI, pH 7.4, 2 mM DTT, 10 mM MgCl,, 1 mM
CaCl,) plus phosphatase and protease inhibitor cocktail (Halt protease phosphatase inhibitor; Thermo
Scientific) at 5 X 108/ml. After three freeze-thaw cycles, lysates were clarified by centrifugation at
16,100 X g for 25 min at 4°C. Aliquots were incubated with 2 uM BKI (0.5% DMSO) for 10 min at 37°C.
Thermal stabilization of CDPK1 was tested at 7 temperature points (66°C, 62°C, 58°C, 54°C, 50°C, 46°C, and
42°Cin duplicate per compound at 2 uM) in a reaction volume of 20 ul with 107 cell equivalents. Samples
were heated for 3 min at the desired temperatures in the thermocycler and again centrifuged as
described above to remove aggregated proteins. Taking care not to disturb the pellet, supernatants were
removed and 2 X 10° cell equivalents (~4 ul) mixed with sample buffer was analyzed by SDS-PAGE, with
the entire duplicate series for each compound in the experiment being run on a single gel. The gels were
blotted and incubated with anti-TgCDPK1 (1:50,000) (24) plus goat anti-rabbit IgG IRDye 800 and imaged
on a LI-COR Odyssey instrument. The blots were stained with Ponceau to detect potential artifacts, such
as nonspecific protein precipitation or gel bubbles. Each compound was tested in at least two experi-
ments, and the solvent control was replicated three times to yield an average value used for the
calculations, as described previously (24). For repeat experiments, temperatures outside the range of
interest were typically not included.

For IC-CETSAs, we followed the procedure described for mammalian cells (20, 36). Briefly, mechan-
ically harvested parasites were pelleted and rinsed in Dulbecco modified Eagle medium (DMEM) (lacking
serum) and then resuspended at 4 X 108/ml in DMEM (which contains 1 mM CaCl,) prewarmed to 37°C.
Compounds were added in duplicate to yield a final concentration of 2 uM BKI and 0.5% DMSO. After
thorough mixing, samples were incubated for 1 h at 37°C in a CO, incubator. The treated cells were
centrifuged, rinsed in phosphate-buffered saline, and resuspended in TSA buffer containing protease and
phosphatase inhibitors, as described above. Aliquots (25 ul) containing 107 cells were then heated for 3
min at the desired temperatures and placed on ice until the range of heat treatments was complete. They
were then subjected to three freeze-thaw cycles, and the clarified lysate was prepared and analyzed by
Western blotting as described above. Preliminary experiments tested whether parasites remained viable
during the 1-h incubation in the presence or absence of drug via microscopic analysis following staining
with ethidium homodimer (0.5 uwM) (not shown). The viability of parasites incubated with the BKIs used
in this study remained above 94%. For IC-CETSAs, each compound was tested in at least two experi-
ments, and the solvent control was tested in six experiments. The T, s for each condition (compound and
cell line) were averaged and used for the calculation of the thermal shift from the solvent control.

Invasion/proliferation assay. Invasion/proliferation assays used T. gondii expressing the reporter
enzyme B-galactosidase and followed the procedure described previously (12). Unless otherwise noted,
the parasites were mixed with the BKI and then added to fibroblast monolayers in 96-well plates. After
44 h, B-galactosidase activity was measured using the substrate chlorophenol red B-galactopyranose
(Sigma).

Selection of T. gondii with partial resistance to the BKI RM-1-132. Immediately prior to initiating
selection, we recloned the starting cell line RH Ahxgprt Gra2-GFP Tub-Bgal. For the selections, two
experimental flasks (flasks A and C) with 3.3 X 107 parasites were grown in the presence of the BKI
RM-1-132 at the EC,, (0.8 uM), which had been previously determined from 2-day assays. As a control,
10 parasites expressing both green fluorescent protein (GFP) and the RM-1-132 resistance allele
CDPK1(G128M) were added to 3.3 X 107 WT RH parasites and subjected to the same selection protocol.
This allowed us to use flow cytometry to follow the enrichment of the resistant (green) parasites treated
in the same way and, hence, to gauge when we could expect to have enriched for mutants in the
experimental sample. By passage 12, ~85% of the spiked control selection was GFP positive. We
continued selection in the experimental flasks for four more passages. Then, at day 52 (passage 16),
parasites from the two flasks were cloned and selection was dropped. mRNA was isolated from the
selected, cloned lines and converted to cDNA. Following PCR, the entire CDS was sequenced for at least
two clones per selection and the sequence was compared to the starting sequence.

Transfections. The CDPK1-coding region (derived from cDNA), tagged with four HA epitopes and
cloned into pHXGPRT for expression driven by the GRAT promoter (5), was subjected to site-directed
mutagenesis to create separate L96P and H201Q mutants, as previously described (5). The linearized
plasmids were transfected by electroporation into T. gondii Ahxgprt Gra2-GFP Tub-Bgal for integration
into the genome. Stable transfectants were selected with mycophenolic acid plus xanthine. Clonal lines
were generated by limiting dilution and checked for expression of the mutant protein using anti-HA
antibodies.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00051-18.

SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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