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Abstract

Apicomplexan parasites include the causative agents of malaria and toxoplasmosis. Cell-based
screens in 7oxoplasma previously identified a chemical modulator of calcium signaling (ENH1)
that blocked parasite egress from host cells and exhibited potent antiparasitic activity. To identify
the targets of ENH1, we adapted thermal proteome profiling to 7oxoplasma, which revealed
calcium-dependent protein kinase 1 (CDPK1) as a target. We confirmed the inhibition of CDPK1
by ENHZ1 in vitro and in parasites by comparing alleles sensitive or resistant to ENH1. CDPK1
inhibition explained the block in egress; however, the effects of ENH1 on calcium homeostasis and
parasite viability were CDPK1-independent, implicating additional targets. Thermal proteome
profiling of lysates from parasites expressing the resistant allele of CDPKZ1 identified additional
candidates associated with the mitochondrion and the parasite pellicle—compartments that
potentially function in calcium release and homeostasis. Our findings illustrate the promise of
thermal profiling to identify druggable targets that modulate calcium signaling in apicomplexan
parasites.
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INTRODUCTION

Apicomplexans are early-branching eukaryotic intracellular parasites that cause important
human diseases including malaria (Plasmodium spp.), cryptosporidiosis (Cryptosporidium
spp.), and toxoplasmosis ( 7Toxoplasma gondii). Calcium regulates key stages of the parasite
infection cycle.! Parasites move through tissues and invade host cells with a special form of
movement called gliding motility, which depends on calcium-induced release of adhesins
followed by their rear movement by actomyosin motors.2 Following several rounds of
intracellular replication within the host cell, parasite movement may be triggered again to
effectuate egress and lysis of the host. Parasite intracellular calcium levels rise prior to
invasion and egress, and chemicals that block parasite calcium signaling, through chelation
or inhibition of store release34, disrupt the parasite lytic cycle.

Calcium signaling and homeostasis in apicomplexan parasites diverge from mammalian
systems, presenting both opportunities and challenges for therapeutics. For example,
apicomplexans encode an expanded repertoire of calcium-mobilized proteins, including
calcium-dependent protein kinases (CDPKs)®, which are absent from animals and
consequently make appealing targets for pharmacological inhibition.6.” On the other hand,
due to the evolutionary distance separating apicomplexans and better studied organisms, the
mechanisms regulating calcium signaling and homeostasis remain poorly characterized?,
precluding design of inhibitors against specific proteins.

To address this gap, we previously used parasites expressing genetically encoded calcium
indicators as a platform for phenotypic screens of chemical libraries. We identified several
small molecules that perturb calcium homeostasis in the model apicomplexan, 7. gondii®
Phenotypic screens have the advantage of identifying promising compounds even when the
complexity of pathogenesis is incompletely understood, but suffer from the need for eventual
target deconvolution to efficiently and rationally optimize a chemical scaffold and elucidate
the mechanism of action.?

In parasites, target deconvolution is predominantly achieved by directed evolution, which
requires culturing under compound exposure for several months followed by whole-genome
sequencing to identify loci associated with resistance.10 In recent years, several label-free
mass spectrometry approaches such as thermal proteome profiling!1-13 have been developed
to identify drug-target interactions, often through ligand-induced thermal stabilization of the
target.14 Such unbiased methods are especially useful for divergent organisms with limited
genome annotation and have been implemented successfully for other eukaryotic parasites
including Leishmania-® and Plasmodium.12:16

In our previous study, we characterized a chemical modulator, ENH1, that exhibited potent
antiparasitic properties against 7. gondii and the malaria parasite, Plasmodium falciparum.
ENH1 inhibited various stages of the lytic cycle and induced asynchronous calcium
oscillations in 7. gondii, however, the target(s) of this compound eluded identification.8
Here, we employed thermal proteome profiling to identify the targets of ENH1 in 7. gondii.
This work illustrates the potential of thermal proteome profiling to de-orphan antiparasitic
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agents and identify new components of calcium signaling cascades in apicomplexan
parasites.

RESULTS & DISCUSSION

Thermal proteome profiling identifies CDPK1 as a cellular target of ENH1.

Enhancer 1 (ENHZ; Figure 1a) is an ATP analog isolated from a GlaxoSmithKline protein
kinase inhibitor set (PKIS: GSK260205A) as an inducer of calcium oscillations in 7. gondii
with antiparasitic activity.8 To determine the molecular target of ENH1, we performed
thermal proteome profiling, which is proteome-wide implementation of the cellular thermal
shift assay (CETSA).1113 In principle, ligand binding induces a shift in the thermal
denaturation curve of a protein target. Such shifts can be identified if the thermal
denaturation profiles of thousands of proteins are determined by mass spectrometry (Figure
1b).

We treated extracellular parasites with vehicle (DMSO) or ENH1 for 15 minutes at 37°C,
under conditions previously determined to induce calcium fluxes in 7. gondii® Parasites
were then heated at 10 different temperatures to induce thermal denaturation. Following
lysis and high-speed centrifugation, soluble protein was isolated and analyzed by mass
spectrometry to generate thermal stability profiles from each condition. Across two
biological replicates (Figure S1), we detected 2740 proteins, 2147 of which had sufficient
data points to generate separate DMSO- and ENH1-treated thermal stability profiles (Figure
1c). Hits from thermal proteome profiling experiments can be evaluated by several metrics,
including a single-parameter melting point shift (AT,,) or via a comparison of curves by
nonparametric curve fitting, which has a lower false-negative rate.13-17 Using the
nonparametric analysis, we identified 82 proteins exhibiting a significant (p < 0.01) ENH1-
dependent change in thermal stability (Figure 1c). The top hit was the calcium-dependent
protein kinase CDPK1 (TGGT1_301440), followed by a SNARE domain-containing protein
(TGGT1_204060), FHA domain-containing protein (TGGT1_267600), and three
hypothetical proteins (TGGT1_ 289150, TGGT1 293360 and TGGT1_246982; Table S1).
Figure 1d shows representative stability curves of individual proteins unaffected, stabilized,
and destabilized by ENH1, respectively.

A chemical genetic strategy confirms ENH1 binds to and inhibits CDPK1.

To validate CDPK1 as a target of ENH1, we confirmed the results of the thermal profiling
experiment by measuring CDPK1 thermal stability using immunoblots of soluble fractions.
Under the same conditions used for the global mass spectrometry—based experiment,
CDPK1 was strongly stabilized by ENH1 (CDPK1C, Figure 2a). As a negative control, a.-
tubulin (TUB1) did not exhibit ENH1-induced changes in its stability (Figure 2b). Moreover,
the magnitude of the thermal stabilization of CDPK1 by ENH1 was similar to that seen in
other target-based CDPK1 CETSA studies.1®

Next, we determined the effect of ENH1 binding on CDPK1 activity. CDPK1 undergoes
calcium-induced conformational changes!®-20, which could indirectly arise from ENH1-
induced calcium fluxes in live parasites. To disentangle these multiple effects, we performed
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kinase assays with recombinantly expressed and purified enzymes. In the presence of excess
calcium, ENH1 potently inhibited kinase activity with an ICsq of 56 nM—comparable to the
activity of the known CDPK1 inhibitor 3-MB, also known as 3-MB-PP121, which inhibited
kinase activity with an ICsq of 79 nM (Figure 2¢). Together, these results suggest that the
ENHZ1-induced stability change of CDPK1 is due to direct binding of ENHL1, leading to
CDPK1 inhibition.

We used chemical genetics to determine the nature of ENH1 binding to CDPKL1. In 7.
gondii, CDPK1 has a glycine at the kinase gatekeeper position (designated CDPK16),
resulting in an atypically expanded ATP-binding pocket.8:7:1921 This feature enables
selective binding and inhibition of CDPKZ1 by bulky pyrazolo [3,4-d] pyrimidine (PP)
derivatives like 3-MB. Mutation of the gatekeeper to a methionine renders CDPK1
insensitive to 3-MB while maintaining kinase activity, and we have previously generated
parasite strains expressing CDPK1G128M (herein abbreviated as CDPK1M).21 To determine
whether ENH1 binds the active site of the kinase in a gatekeeper-dependent manner, we
probed CDPK1M from parasites treated with ENH1 under the same conditions used for the
previous assays. CDPK1M did not exhibit thermal stabilization (CDPK1M, Figure 2a),
suggesting that ENH1 binding depends on the expanded ATP-binding pocket of CDPK1.
Concordantly, neither 3-MB nor ENH1 inhibited CDPK1M kinase activity in vitro (Figure
2c). Collectively, our results suggest that ENH1 functions similarly to 3-MB, despite its
distinct chemical scaffold.

ENH1 inhibits parasite growth through CDPK1-dependent and -independent pathways.

Next, we determined whether the antiparasitic effect of ENH1 was entirely dependent on
CDPK1 inhibition. Chemical inhibition of CDPK1 blocks parasite invasion and egress but
has not been associated with fluctuations in parasite calcium.21:22 Because ENH1 was
previously reported to inhibit parasite egress and growth8, we used parasites with the
sensitive and insensitive alleles of CDPK1 to determine whether these effects were due to its
inhibition.

We investigated the inhibitory properties of ENH1 on parasite egress using a high-content
imaging assay.23 Briefly, the assay monitors entry of the cell-impermeant dye DAPI into
lysed host cells following stimulated parasite egress. ENH1 inhibited parasite egress in a
dose-dependent manner (Figure 3a). Over the same concentration range, CDPK1M parasite
egress was not affected. Overall, these results suggest that the ability of ENH1 to inhibit 7
gondii egress arises from inhibition of CDPK1, and not due solely to the depletion of
parasite intracellular calcium stores, as proposed.8

Previously, we reported that ENH1 exhibited potent antiparasitic properties against both 7.
gondii and the related apicomplexan parasite, P, falciparum. Since the £ falciparum ortholog
of T9gCDPK1, PICDPK4, is dispensable during blood stage infection®, we investigated the
possibility that CDPK1-independent mechanisms contribute to the antiparasitic effects of
ENH1.

We therefore examined the effect of ENH1 on repeated cycles of parasite invasion,
replication, and egress, by performing plaque assays on host-cell monolayers. As observed
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earlier, ENH1 potently inhibited 7. gondii plaque formation (Figure 3b). This inhibition
occurred independently of the CDPK1 gatekeeper, as CDPK1M plaque formation was also
inhibited, despite the inability of ENH1 to block parasite egress in this background. Overall,
these results show that ENH1 kills 7. gondii through both CDPK1-dependent and -
independent pathways.

Calcium fluxes caused by ENH1 occur independently of CDPK1 inhibition.

We next sought to determine how ENHZ1 perturbs 7. gondii physiology. Since ENH1 was
previously identified for its ability to induce asynchronous calcium fluxes in parasites, we
assessed whether this phenotype arose from inhibition of CDPK1. To monitor intracellular
calcium release, we integrated the genetically encoded calcium indicator GCaMP6f24 into a
defined, neutral locus of CDPK1€ and CDPK1M parasites using CRISPR/Cas9.8:25

Intracellular parasites treated with ENH1 exhibited asynchronous calcium fluxes across the
population (Figure 3c and Movie S1), as previously described.8 Calcium spikes were
observed even in CDPK1M parasites, although their duration was decreased (Figure 3d),
consistent with the proposed function of CDPK1 in dampening cytosolic calcium during
stimulated egress.22 This observation indicates that CDPK1 inhibition does not trigger
calcium spikes and suggests alternative targets of ENH1 are responsible for this effect.

Thermal proteome profiling in parasite lysates identifies other potential targets of ENH1.

Signaling effectors act dynamically by altering protein states, including triggering
conformational changes, post-translational modifications, re-localization, and low-affinity
protein-protein interactions.26-28 In principle, all of these processes may be captured by
changes in a protein’s thermal stability profile. Our initial thermal profiling experiment may
therefore have identified proteins exhibiting ENH1-dependent stability changes downstream
of the increase in intracellular calcium or CDPKZ1 function. To circumvent these additional
effects, we performed thermal profiling with the lysates of parasites expressing CDPK1M,
which is not inhibited by ENH1, and in excess calcium (Figure 4a). Across two biological
replicates, we detected 1825 proteins, 1246 of which had sufficient data points for a
comparison of DMSO- and ENH1-treated thermal stability profiles (Table S2). Validating
our approach, CDPK1M did not exhibit an ENH1-induced thermal shift (Figure 4b). To
identify potential targets of ENH1, we compared the ENH1-dependent thermal stability
changes in both the CDPK1M lysate and CDPK1C parasite experiments (Figure 4c); proteins
exhibiting significant ENH1-dependent stability changes in both experiments are candidates
for mediating the ENH1 effects on parasite calcium, and are summarized in Figure 4d.

A few of the candidates localized to compartments associated with calcium release and
homeostasis, such as the mitochondrion and the parasite pellicle, known as the inner
membrane complex (IMC). Cytochrome cl is a component of Complex Il in the
mitochondrial electron transport chain. Many small molecules have been shown to target
Complex 11, including the antimalarial compound atovaquone??, and ENH1 binding to the
complex could result in a thermal-stability shift for cytochrome c1. Since mitochondria
buffer cytosolic calcium39, depolarization of the inner membrane could impact calcium
homeostasis and affect parasite survival; however, this hypothesis will await further testing.
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In alveolates such as Paramecium, the pellicle operates as an additional calcium store.31:32 A
similar role has been posited for the cognate IMC in apicomplexans but has not been
confirmed.33 IMC10 (PfIMC1j in £, falciparum), a component of the IMC, was also affected
by ENH1 in a CDPKZ1-independent manner; however, at this time, it is unclear how it would
bind to the compound or what its role in calcium homeostasis might be.

Several of these candidates may bind directly to ENH1. For example, the thioredoxin and
the PDI-domain—containing protein, which has a thioredoxin-like domain, may bind ENH1
in place of NADPH. ROP35, recently renamed WNGL, is a secreted effector kinase that
phosphorylates 7. gondii proteins in the parasitophorous vacuole, the membrane-enclosed
compartment in which parasites reside in the host.3* WNG kinases lack the canonical Gly-
loop and therefore have an open binding pocket that may accompany bulky ATP analogs
such as ENH1. However, given the predicted function of these candidates, none is likely to
be responsible for the ENH1-induced calcium fluxes.

CONCLUSION

We have applied unbiased thermal proteome profiling to the widespread parasite 7. gondii.
In contrast to other target identification approaches such as affinity pulldown, one attractive
feature of thermal proteome profiling is that it does not require any chemical modification of
the compound employed. Using mass spectrometry in combination with molecular, genetic,
and phenotypic-level studies, we showed that CDPK1 is a target of the antiparasitic
compound ENH1. However, other as-yet unverified targets were responsible for ENH1-
induced calcium fluxes. The polypharmacology of ENH1 perturbs calcium homeostasis and
other signaling pathways beyond the inhibition of any single molecular target, which may
explain its potent toxicity to multiple apicomplexan parasites, including 2. falciparum.
Because apicomplexan calcium signaling pathways are conserved in the parasite phylum but
divergent from those of their mammalian hosts, perturbagens targeting parasite calcium
networks may hold untapped therapeutic potential.

In the course of our studies, we confronted the challenges of disentangling the causes of
ENH1-dependent stability changes, which may arise from direct effects, i.e. binding, or
indirect effects downstream of ENH1 target engagement, i.e. calcium release and signaling.
We adapted our approach by performing thermal profiling in CDPK1M lysates, which are
expected to have fewer of these indirect effects, and identified a list of candidates exhibiting
ENHZ1-dependent stability changes in all conditions. At the same time, our proof-of-
principle study highlights the potential to use thermal proteome profiling to identify
calcium-responsive proteins in parasites, independent of genomic sequence or annotation.
Ongoing efforts in our group will define the cryptic calcium-responsive proteome of 7.
gondii and related apicomplexan parasites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thermal profiling identifies putative targets of ENH1.
(&) Structure of ENHL1. (b) Thermal profiling strategy. Parasites (gray) treated with ENH1 or

vehicle (DMSO) were heated, and soluble protein was extracted following lysis. Peptide
abundance at each temperature was quantified by mass spectrometry to generate protein
stability curves. (c) Proteins ranked by p-value, based on the responsiveness of their thermal
profiles to ENHL1. (d) Representative stability curves of proteins unaffected (TUB1:
TGGT1_316400B), stabilized (CDPK1: TGGT1 301440), or destabilized (FHA domain-
containing protein: TGGT1 _267600) by ENH1. The p-value (p) corresponds to an F-statistic
based nonparametric model comparing the shapes of protein stability curves corrected for
multiple hypothesis testing; the degrees of freedom (dof) required for the curves is indicated.
Circles and triangles denote replicates.
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Figure 2. A chemical-genetic strategy confirms CDPK 1 asatarget of ENH1.
(a) Addition of ENH1 to wild-type CDPK1C and CDPK1M parasites followed by Western

blot detection of protein thermal stability. (b) TUB1 thermal stability in the presence of
ENH1. (c) Kinase assays of recombinantly expressed and purified CDPK1€ or CDPK1M in
the presence of ENH1 or the known gatekeeper-specific competitive inhibitor 3-MB.
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Figure 3. ENH1 inhibits parasite growth through CDPK 1-dependent and -independent
pathways.

(a) Egress assays of wild-type CDPK1€ and CDPK1M parasites treated with ENH1
followed by the egress agonist zaprinast. (b) Plaque assays of CDPK1C and CDPK1M
parasites treated with ENH1. () Selected frames of time-lapse microscopy of CDPK 1€ and
CDPK1M parasites expressing the genetically encoded calcium indicator GCaMP6f with
ENH1. Scale bar is 10 um. Time is indicated as minutes:seconds. (d) Kymographs showing
the median fluorescence intensities relative to the initial intensity of 99 parasite vacuoles
(rows) 10 minutes following treatment with ENH1.

5
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g 293670  TFIIS
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Figure 4. Thermal profilingin CDPK 1M parasite lysatesreveals other potential targets of ENH1.
(a) Thermal profiling strategy in CDPK1M parasite lysates with 2 mM calcium. Detergent-

solubilized parasite lysates were combined with ENH1 or vehicle, heated, and processed
analogously to the intact-cell profiling experiment. (b) A side-by-side comparison of the
CDPK1 thermal stability profiles obtained from the in-cell (CDPK1€) and lysate (CDPK1M)
experiment. Circles and triangles denote replicates. (c) A comparison of thermal stability
shifts measured in the in-cell (CDPK 1Y) and lysate (CDPK1M) experiment. Proteins
exhibiting significant shifts in both experiments are highlighted. (d) A table of proteins
exhibiting significant ENH1-dependent changes in thermal stabilization. The direction of
alteration to the thermal profile in each experiment is indicated by + (stabilization) or —
(destabilization).
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