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Abstract
Members of the family of calcium dependent protein kinases (CDPK’s) are abundant in cer-

tain pathogenic parasites and absent in mammalian cells making them strong drug target

candidates. In the obligate intracellular parasite Toxoplasma gondii TgCDPK3 is important

for calcium dependent egress from the host cell. Nonetheless, the specific substrate

through which TgCDPK3 exerts its function during egress remains unknown. To close this

knowledge gap we applied the proximity-based protein interaction trap BioID and identified

13 proteins that are either near neighbors or direct interactors of TgCDPK3. Among these

was Myosin A (TgMyoA), the unconventional motor protein greatly responsible for driving

the gliding motility of this parasite, and whose phosphorylation at serine 21 by an unknown

kinase was previously shown to be important for motility and egress. Through a non-biased

peptide array approach we determined that TgCDPK3 can specifically phosphorylate ser-

ines 21 and 743 of TgMyoA in vitro. Complementation of the TgmyoA null mutant, which

exhibits a delay in egress, with TgMyoA in which either S21 or S743 is mutated to alanine

failed to rescue the egress defect. Similarly, phosphomimetic mutations in the motor protein

overcome the need for TgCDPK3. Moreover, extracellular Tgcdpk3mutant parasites have

motility defects that are complemented by expression of S21+S743 phosphomimetic of

TgMyoA. Thus, our studies establish that phosphorylation of TgMyoA by TgCDPK3 is

responsible for initiation of motility and parasite egress from the host-cell and provides

mechanistic insight into how this unique kinase regulates the lytic cycle of Toxoplasma
gondii.

Author Summary

Toxoplasma gondii can cause severe disease and death in the immunocompromised and in
those infected congenitally. Due to limitations of existing drugs there is a need for studying
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proteins that are unique and essential to the parasite. We recently established that
TgCDPK3, a member of a family of calcium dependent protein kinase present in plants
and some parasites but absent in human cells, regulates parasite egress from the host cell.
While it has been hypothesized that TgCDPK3 controls rapid exit from the host by phos-
phorylating proteins needed for activating motility, the particular substrates of this kinase
remained unknown. We have now applied an interaction trap system to identify the pro-
teins that are modified by this kinase, which include a parasite motor protein Myosin A
(TgMyoA). We show that TgCDPK3 specifically phosphorylates TgMyoA and this phos-
phorylation is important for parasite egress and motility.

Introduction
The phylum Apicomplexa encompasses numerous obligate intracellular parasites that pose a
significant health risk to animals and humans. Among these, Toxoplasma gondii is one of the
most widespread, infecting all warm-blooded animals including approximately one third of the
human population. Humans become infected congenitally or by ingestion of either environ-
mental oocysts, which are shed in the feces of cats, or tissue cysts in the undercooked meat of
infected animals. Most infections are asymptomatic during the acute stage but as to evade the
immune response the parasite converts to a latent encysted form, thus establishing a chronic
infection. In immunocompromised individuals and lymphoma patients, new infections or rup-
ture of pre-existing cysts can lead to life-threatening toxoplasmic encephalitis [1–3]. Addition-
ally, in congenital infections, toxoplasmosis can lead to blindness, severe neurological
problems, or even death, given the immature nature of the fetal immune system [4].

A significant portion of the pathogenesis observed during toxoplasmosis is a direct conse-
quence of the repeating cycles of invasion, division and egress that drive propagation of the
parasite through the infected organism [5]. As the parasites escape their host cell during egress,
the host membrane is ruptured resulting in cell death and an ensuing inflammatory response,
both of which contribute to the pathogenesis of this infection. Active egress from the host cell
involves parasite motility, cytoskeletal rearrangements within the parasite, and secretion from
specialized organelles known as the micronemes [6–9]. A pore forming protein secreted from
the micronemes, the perforin-like protein TgPLP1, facilitates egress by permeabilizing both the
parasitophorous vacuolar membrane (PVM) and host plasma membrane [10]. Secretion of
TgPLP1 and the initiation of motility during egress are regulated by calcium signaling, which is
evident by the fact that treatment of intracellular parasites with calcium ionophores induces
microneme secretion, motility and egress [6–9]. Calcium signaling in this parasite is quite dis-
tinct from what is typically observed in mammalian cells, involving plant-like factors such as
the phytohormone abscisic acid (ABA) [11] and members of the family of Calcium Dependent
Protein Kinases (CDPK) [12]. In particular, TgCDPK1 has been shown to be upstream of a sig-
naling pathway regulating microneme secretion during egress and invasion [13].

Recently, three research teams, ours among them, identified a second calcium dependent
protein kinase, TgCDPK3, as being critical for ionophore-induced egress (iiEgress) [14–16].
Through a series of selection and screens we isolated independent mutants that exhibit delayed
iiEgress, resistance to extracellular exposure to calcium ionophores, which usually renders par-
asites non-invasive, and a reduction in in vivo virulence [17]. Whole genome sequencing of
one of these mutant strains (MBE1.1) revealed a missense mutation that results in threonine
for isoleucine (T239I) change within the catalytic domain of TgCDPK3 [18, 19]. As expected
given the position of the mutated amino acid, this mutation significantly reduces the in vitro
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kinase activity of recombinant TgCDPK3 [14]. The critical role of TgCDPK3 as mediator of
egress was validated when introduction of a wild type copy of TgCDPK3 was found to comple-
ment the phenotypes observed in MBE1.1.

Localization of TgCDPK3 to the periphery of the parasite [14] would suggest that it could
phosphorylate membrane-associated proteins that influence egress, such as members of the
motility machinery and those that regulate calcium signaling and fluxes. To experimentally
determine the substrates of TgCDPK3 the relative phosphorylation site usage in wild type and
Tgcdpk3mutant parasites was determined by quantitative mass-spectrometry using stable iso-
tope labeling with amino acids in cell culture (SILAC) [20]. Comparisons of phosphorylation
sites in wild type (WT) and mutant strains were made for intracellular parasites with and with-
out ionophore. This analysis revealed 156 sites that are differentially phosphorylated between
WT and mutant parasites. Importantly, most of the differential phosphorylation between the
mutant and wild type strains is rescued in the complemented strain. A third of the phospho-
sites detected (51 of 156) showed a significant difference between WT and mutant parasites
even in the absence of ionophore, indicating that TgCDPK3 regulates biological processes
independent of iiEgress. This category includes proteins important for ion-homeostasis and
metabolism, which is supported by the observation that basal calcium levels are increased in
Tgcdpk3mutant parasites [20]. Among ionophore induced phosphosites that are more abun-
dant in the WT than in the mutant strains are many that could play a role in egress or parasite
motility such as Myosin A, F, and G, proteins of the inner membrane complex (IMC) [21] and
a recently discovered protein that associates with cortical microtubules, TrxL-1
(TGGT1_115220) [22]. Interestingly a recent study showed that one of these candidates, Myo-
sin A is phosphorylated in a calcium dependent manner at specific sites and that this phos-
phorylation event is important for parasite egress although the responsible kinase was not
identified [23]. The list of proteins less phosphorylated in TgCDPK3 mutants also includes cal-
cium-signaling proteins including a putative calmodulin (TGGT1_042450) and two calcium-
dependent kinases (TgCDPK2a and TgCDPK3 itself). These results show that TgCDPK3 plays
a pivotal role in regulating tachyzoite functions including, but not limited to, egress.

Given the complexity of the TgCDPK3-related phosphoproteome the mechanistic reason
for the egress defect observed in parasites lacking TgCDPK3 function remains unexplained. In
this study we define the TgCDPK3 interactome through the implementation of a proximity
based interaction protein trap and identify Myosin A (TgMyoA) as a TgCDPK3 substrate. We
show that TgCDPK3 specifically phosphorylates TgMyoA at Serines 21 and 743 in vitro and
that these phosphorylation events are important for parasite egress in vivo.

Results

TgCDPK3-BirA* is targeted to the parasite plasma membrane and is
functional
To identify putative substrates and interacting proteins of TgCDPK3 we utilized the BioID sys-
tem, which relies on fusing a protein of interest to a mutant version of the bacterial BirA biotin
ligase (BirA�) [24]. This mutant version of BirA lacks specificity and thus promiscuously bioti-
nylates any protein within 10 nm of the fusion protein. Accordingly, we generated a construct
in which BirA� is fused to the C-terminus of TgCDPK3 followed by a hemagglutinin (HA) epi-
tope tag (TgCDPK3-BirA�-HA, aka BirA� fusion). The BirA� fusion construct was transfected
into the Tgcdpk3mutant strain MBE1.1 [14]. As a control we transfected a construct carrying
an HA tagged TgCDPK3 (TgCDPK3-HA) into MBE1.1 as well. Western blot using anti-HA
antibodies showed that our recombinant strains correctly express either TgCDPK3-HA or
TgCDPK3-BirA�-HA, both migrating at the expected size (Fig 1A). Immunofluorescence
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assays showed that the fusion protein is targeted to parasite periphery similarly to what is
observed with TgCDPK3 (Fig 1B). Since we expressed the BirA� fusion protein in a strain lack-
ing TgCDPK3 function we were able to test its functionality by its ability to complement the
egress phenotype observed in Tgcdpk3mutant strains [14]. After 2 minutes of exposure to the
calcium ionophore A23187, MBE1.1 parasites remained mostly intracellular (99.6%) while
those expressing TgCDPK3-HA or BirA� fusion protein showed 100% and 96.4% egress
respectively (Fig 1C). Thus, we have generated a strain expressing a BirA� fusion protein,
which localizes correctly and is functional in the context of egress.

TgCDPK3-BirA* biotinylates unique proteins within in the parasite
To identify putative TgCDPK3 interacting proteins we grew TgCDPK3-HA and BirA� fusion-
expressing parasites in the presence of biotin. Lysates of both cultures were treated with RIPA

Fig 1. TgCDPK3-BirA* fusion protein is targeted to the plasmamembrane and is functional. A. Western blot analysis of the Tgcdpk3mutant strain
MBE1.1, or MBE1.1 complemented with either TgCDPK3-HA or TgCDPK3-BirA*-HA (BirA* fusion) using anti-HA antibody. The Toxoplasma protein SAG1
is used as loading control. B. Localization of TgCDPK3 and BirA* fusion protein in the Tgcdpk3mutant strain MBE1.1 was examined in intracellular parasites
by IFA using anti-HA antibody. TgGAP45 is a marker for the inner membrane complex. Scale bar, 2 μM. C. Intracellular parasites of the MBE1.1 strain, or
MBE1.1 complemented with either TgCDPK3-HA or the BirA* fusion were analyzed for egress efficiency by treating with the Ca2+ ionophore A23187 for 2
minutes. n = 3. Error bars, SEM. D. MBE1.1 parasites expressing either TgCDPK3-HA or TgCDPK3-BirA*-HA (BirA* fusion) were treated with biotin for 48
hours and biotinylated proteins were pulled down with streptavidin beads and analyzed by western using streptavidin-HRP antibody. Asterisks indicate
proteins uniquely biotinylated in MBE1.1 + TgCDPK3-BirA*-HA parasites.

doi:10.1371/journal.ppat.1005268.g001
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buffer and the supernatant was subjected to affinity purification with streptavidin conjugated
magnetic beads to trap the biotinylated proteins. Western blot of the precipitated material
showed that, in addition to proteins that were common between the TgCDPK3-HA and BirA�

fusion protein expressing parasites, there were several proteins that appeared to be biotinylated
solely in the BirA� fusion protein expressing parasites (Fig 1D). Having confirmed the presence
of various proteins exclusively biotinylated in the parasites expressing BirA� fusion protein, we
scaled up the affinity purification of biotinylated proteins from parasites grown with biotin and
subjected the resulting material to mass spectroscopy analysis. This analysis identified six pro-
teins that were common between the two strains (S2 Table) and fourteen proteins that were
detected only in the MBE1.1 + TgCDPK3-BirA� parasite sample including TgCDPK3, which
was expected as the BirA� fusion would biotinylate itself (Table 1). Remarkably, seven of the
proteins identified through our approach were previously shown through a proteomic study to
be differentially phosphorylated between wild type and Tgcdpk3mutant parasites (Table 1, in
bold). Having identified these proteins through two independent approaches strongly suggests
that they might be direct substrates of TgCDPK3.

TgCDPK3 phosphorylates S21 and S743 of TgMyoA
Among the proteins that interact with TgCDPK3-BirA� the top hit was Myosin A (TgMyoA),
which was also identified as less phosphorylated at serine 20 or 21 in the phosphroproteome of
parental and Tgcdpk3mutant parasites [20]. To further confirm that TgMyoA is less phosphor-
ylated in Tgcdpk3mutant parasites we performed Phos-tag gel electrophoresis, which involves
use of Phos-tag biomolecule that specifically binds phosphorylated proteins and retards their
migration in the gel [25]. Towards this goal, we harvested intracellular MBE1.1 (Tgcdpk3
mutant) or MBE1.1+TgCDPK3-HA parasites in presence of intracellular buffer and re-sus-
pended in either intracellular or extracellular buffer followed by incubation at 37°C for 2 min-
utes and examined the phosphorylation status of TgMyoA (Fig 2A). The results showed that
TgMyoA’s migration is significantly slower in extracellular conditions, indicating that it is
phosphorylated when parasites transition from intra- to extra-cellular conditions. Importantly,
this shift in migration of TgMyoA is reduced in the Tgcdpk3mutant strain, MBE1.1, confirm-
ing that TgMyoA is less phosphorylated in the absence of TgCDPK3 function (Fig 2A).

Table 1. Proteins uniquely biotinylated in BirA* fusion protein expressing parasites. In bold are those
that were previously determined to be differentially phosphorylated in strains lacking TgCDPK3 function (20).

ID Description No. of Peptides

TGGT1_235470 Myosin A 13

TGGT1_280410 3'5'-cyclic nucleotide PDE domain-containing protein 4

TGGT1_249900 Adenine nucleotide translocator, putative 7

TGGT1_206590 CDPK2A 3

TGGT1_223940 GAP45 4

TGGT1_289690 GAPDH1 2

TGGT1_212090 Hypothetical protein 4

TGGT1_310420 Hypothetical protein 1

TGGT1_289760 Hypothetical protein 3

TGGT1_313290 MORN repeat-containing protein 2

TGGT1_314780 Myosin G 5

TGGT1_232340 Protein phosphatase 2C domain-containing protein 8

TGGT1_231630 IMC4 1

doi:10.1371/journal.ppat.1005268.t001
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As a next step we set out to determine whether TgCDPK3 can phosphorylate TgMyoA and
TgGAP45, another protein that forms part of T. gondii’s motility complex [7], and was also
exclusively identified in the sample from biotin exposed TgCDPK3-BirA� parasites. Towards
this goal we performed an in vitro phosphorylation assay using purified recombinant
TgCDPK3 and a non-biased overlapping peptide array covering the entire TgMyoA and
TgGAP45 sequences. Each peptide was 15 amino acids in length and tiled peptides were shifted
by 3 amino acids. The peptides (273 for TgMyoA and 78 for TgGAP45) were spotted on a
modified cellulose membrane using routine Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemis-
try, deprotected and exposed to activated recombinant TgCDPK3 in presence of [γ-32P]ATP
and calcium. Peptide spots phosphorylation was quantified using phosphoimaging. For

Fig 2. TgCDPK3-dependent phosphorylation of TgMyoA in vivo and in vitro. A. Phosphorylation status of TgMyo-A in MBE1.1 and MBE1.1
+ CDPK3-WT parasites was analyzed using Phos-tag gel electrophoresis andWestern blot using antibody against TgMyoA. Parasites were manually
extracted from host cells and incubated in either intracellular (IC) or extracellular (EC) buffer for 2 minutes. B. Mapping of TgCDPK3 phosphorylation sites on
TgMyoA by tiled peptide array analysis using purified recombinant TgCDPK3. Phosphorylation intensity of 15 amino acid length peptides that span full-length
TgMyoA and are each shifted by 3 amino acid was detected using MultiGauge version 3.0. The serines and threonines in the two peptides that showed
phosphorylation signal more than 100 PSL/mm2 are indicated above the corresponding peaks. Fine mapping of TgCDPK3 phosphorylation sites on TgMyoA
is shown in C and D. Phosphorylation by recombinant TgCDPK3 was tested on peptides that contained single, double and triple mutations of T14, S20 and
S21 residues in the peptide 13ATALKKRSSDVDHAVD28 (C) and S743, S744 and S748 residues in the peptide 736AALRLLKSSKLPSEE750 (D) n = 3, Error
bars, SEM. (*P < .05, students t test).

doi:10.1371/journal.ppat.1005268.g002
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TgMyoA, two peptides (13ATALKKRSSDVDHAVD28 and 736AALRLLKSSKLPSEE750)
showed phosphorylation signal>100 PSL/mm2 (Fig 2B). By contrast, none of the peptides
spanning GAP45 showed significant phosphorylation signal (S1 Fig). TgCDPK3 is a serine
threonine kinase and in each of the two peptides of TgMyoA that were phosphorylated there
are 3 potential phosphorylation sites (Fig 2B). To determine the specific residues that are phos-
phorylated we generated mutated versions of both peptides that contained single, double or tri-
ple mutations where serine (S) or threonine (T) were mutated to the non-phosphorylable
residue alanine. In vitro phosphorylation of these mutant peptides with purified recombinant
TgCDPK3 showed that in the peptide 13ATALKKRSSDVDHAVD28, mutation of either T14 or
S20 does not affect phosphorylation signal while mutation of S21 results in complete loss of
phosphorylation (Fig 2C). In the second peptide 736AALRLLKSSKLPSEE750 mutation of S744
or S748 does not significantly affect phosphorylation while mutation of S743 leads to 96.4%
loss of phosphorylation signal (Fig 2D). These results indicate that TgCDPK3 can specifically
phosphorylate S21 and S743 residues of TgMyoA.

Previous studies have shown that in T. gondii, TgMyoA is phosphorylated at multiple sites
including S21 [20, 26]. However, TgMyoA S743 has not been previously reported as phosphor-
ylated in Toxoplasma parasites. To address whether S743 is phosphorylated in vivo we
immuno-precipitated the motor complex with an antibody against TgGAP45 and analyzed the
phosphorylation status of TgMyoA by mass spectrometry. The analysis indicated that S743 is
indeed phosphorylated in intracellular parasites as evidenced by phosphorylation status of the
first serine of the peptide 743SSKLPSEEYQLGKTMVFLK760 (S2 Fig).

Phosphorylation of S21 and S743 is important for parasite egress
Interestingly, it has been previously reported that genetic disruption of TgMyoA results in a
delay of ionophore-induced egress reminiscent of what is observed in Tgcdpk3mutant parasites
[9]. To determine the importance of phosphorylation of S21 and S743 of TgMyoA during
induced egress, a process that is regulated by TgCDPK3, we complemented a TgMyoA null
mutant strain with either wild type TgMyoA or TgMyoA in which either S21 or S743, or both
were mutated to alanine (Fig 3A). Immunofluorescence assays of parasites expressing the wild
type or mutant MyoA indicate that the transgenic proteins correctly localize to the inner mem-
brane complex (Fig 3B). Importantly, western blot analysis showed that wild type and mutant
TgMyoA are expressed at similar levels in these transgenic parasites (Fig 3C). We exposed
these transgenic parasite lines as well as the TgMyoA knockout strain (MyoA KO) to A23187
for 2 minutes to determine the efficiency of ionophore-induced egress. As expected, the
TgMyoA KO exhibited a strong egress defect (1% egress), which was complemented by expres-
sion of wild type TgMyoA (97.2% egress, Fig 3D). By contrast, the TgMyoA mutants TgMyoA
(S21A), TgMyoA(S743A), and TgMyoA(S21A+S743A) only partially rescued the egress phe-
notype with 69.8%, 59.5%, and 53% egress, respectively (Fig 3D). These results suggest that the
presence of a phosphorylatable serine at positions 21 and/or 743 of TgMyoA contributes to
Toxoplasma egress from host cells.

Phosphomimetic mutants of TgMyoA compensate lack of TgCDPK3
function
We next tested whether mutating S21 and/or S743 of TgMyoA to the phosphomimetic residue
aspartic acid could rescue the egress defect of Tgcdpk3mutant parasites. Because phosphomi-
metic residues (aspartic acid or glutamic acid) do not fully approximate the electronegativity
produced by phosphorylation, we employed the strategy of mutating two neighboring pairs of
amino acids to overcome the charge differential [27, 28]. Accordingly, we transfected the
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Tgcdpk3mutant strain MBE1.1 with either a FLAG tagged wild type copy of TgMyoA or FLAG
tagged TgMyoA in which serine residues 20 and 21, 743 and 744, or 20, 21, 743 and 744 were
mutated to aspartic acid (Fig 4A). Immunofluorescence assays andWestern blots assays indi-
cated that all versions of TgMyoA were correctly targeted and expressed at equal levels (Fig 4B
and 4C). At 2 minutes of exposure to A23187, which is sufficient to induce egress of 100% of
wild type parasites (Fig 1C), MBE1.1 mutant parasites expressing wild type or phosphomimetic
MyoA showed only 0.4% and 3.6% egress respectively. Nonetheless, by 6 minutes of ionophore
treatment we saw a significant difference between the MBE1.1 mutant parasites expressing an
exogenous copy of wild type MyoA and those expressing the phosphomimetic versions of the
protein (Fig 4D). Induction of egress with A23187 for 6 minutes showed that nearly all (97.3%)
MBE1.1 parasites expressing the exogenous wild type copy of MyoA remained inside of the
cells after six minutes of treatment. This indicates that overexpression of TgMyoA does not res-
cue the egress defect associated with lack of TgCDPK3 activity. By contrast, expression of either
TgMyoA SS(20–21)DD, TgMyoA SS(743–744)DD and TgMyoA S(20-21-743-744)D in

Fig 3. Phosphorylatable serines 21 and 743 of TgMyoA are important for iiEgress of Toxoplasma tachyzoites. A. Schematic representation of
TgMyoA with relative location of S21 and S743. B. TgMyoA null mutants were complemented with Flag-tagged wild type TgMyoA or Flag-tagged mutant
versions of TgMyoA. Localization of the Flag tagged transgenic TgMyoA was examined in intracellular parasites by IFA using anti-Flag antibody. TgGAP45 is
used as a marker for the IMC. Scale bar, 2 μM. C. Western blot analysis of TgMyoA null mutants complemented with either wild type or the mutant TgMyoA
was performed using anti-Flag antibody. SAG1 is used as loading control. D. Intracellular parasites of the TgMyoA null strain as well as those complemented
with either wild type TgMyoA or S21A, S743A or S(21+743)A mutant TgMyoA were analyzed for egress efficiency by treating with the Ca2+ ionophore
A23187 for 2 minutes. n = 3. Error bars, SEM. (*P < .05, students t test).

doi:10.1371/journal.ppat.1005268.g003
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MBE1.1 significantly complemented the ionophore induce egress phenotype (87%, 91.3%, and
86.7% egress at 6 minutes post induction respectively, Fig 4D). Thus, mimicking constitutively
phosphorylated TgMyoA partially overrides the need for TgCDPK3 function during calcium-
stimulated egress.

Phosphorylation of S21 and S743 of TgMyoA is important for parasite
motility
TgMyoA is an important component of glideosome and plays a critical role in parasite motility
[29, 30]. Thus, it is plausible one of the roles of TgCDPK3 during induced egress is to initiate
motility via the phosphorylation of TgMyoA. Interestingly, previous studies have shown that
chemical inhibition of TgCDPK3 affects initiation of motility in extracellular parasites [15].
Additionally, we have previously shown that Tgcdpk3mutant strains have reduced efficiency of
invasion [14, 17], a process that depends on motility. To further examine the role of TgCDPK3
in parasite motility, we tested the efficiency of the Tgcdpk3mutant strain (MBE1.1) and the

Fig 4. Constitutive phosphorylation of TgMyoA negates the requirement for TgCDPK3 during egress. A. Schematic representation of TgMyoA with
relative location of S20, S21 S743 and S744. IFA (B) and Western blot analysis (C) of Flag tagged TgMyoA in MBE1.1 (Tgcdppk3mutant) parasites
complemented with either wild type TgMyoA or SS20-21DD, SS743-744DD or S(20,21,743,744)D mutant TgMyoA was performed using anti-Flag antibody.
TgGAP45 is used as a marker for IMC in the IFAs and SAG1 is used as loading control in Western blot. Scale bar, 2 μM. D. Intracellular parasites were
analyzed for egress efficiency by treating with the Ca2+ ionophore A23187 for 6 minutes. n = 3. Error bars, SEM.

doi:10.1371/journal.ppat.1005268.g004
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complemented strain (MBE1.1+TgCDPK3) in transitioning from a non-motile to a motile
state. This was accomplished by recording and analyzing live video microscopy of parasites for
two minutes after changing the media from one that mimics intracellular conditions (IC
buffer) to one that mimics extracellular conditions (EC buffer) [31]. While 85.8% of the com-
plemented parasites had become motile by two minutes after switching the media, only 22.8%
of the TgCDPK3 mutant parasites were motile during the same time period (Fig 5A). Toxo-
plasma parasites normally exhibit three types of motility patterns referred to as helical, twirling
and circling [32]. Therefore, we scored the type of motility exhibited by those parasites of either
strain that were moving to determine whether TgCDPK3 played a role in a specific type of
movement. The results showed that the proportion of parasites exhibiting each type of move-
ment was similar between the two strains (Fig 5B). As we noted that the mutant parasites
appear to move at a slower pace than wild type ones, we also examined speed of parasite move-
ment when switched from intracellular to extracellular conditions. TgCDPK3 mutants moved
with an average speed of 0.21 μ/s while complemented parasites exhibited a much higher speed
of 1.15 μ/s (Fig 5C). Therefore, the large difference between the mutant and complemented
strains in the percentage of parasites that quickly initiated motility and also faster speeds con-
firm that TgCDPK3 plays a role in parasite motility.

We next wanted to determine if phosphomimetic mutants of TgMyoA could rescue the
motility defect in TgCDPK3 mutant parasites. For this we analyzed MBE1.1 parasites express-
ing an extra copy of either TgMyoA (WT) or TgMyoA S(20-21-743-744)D by video micro-
copy. The analysis showed that only 17.3% of MBE1.1 + TgMyoA (WT) parasites became
motile once transitioned from IC to EC buffer (Fig 5D). By contrast, MBE1.1 parasites comple-
mented with TgMyoA S(20-21-743-744)D showed increased levels of motility initiation with
56.6% of them becoming motile during the first two minutes after switching the buffer (Fig
5D). Quantification of three kinds of gliding motility between the two strains showed that the
proportion of each movement was similar between the two strains (Fig 5E). However, when
examined for speed, MBE1.1 + TgMyoA (WT) showed a pace of 0.1 μ/s while MBE1.1
+ TgMyoA S(20-21-743-744)D moved at a slightly higher speed of about 0.29 μ/s (Fig 5F).
These results indicate that phosphomimetics of TgMyoA can rescue the motility defect of
Tgcdpk3mutants at least in number of motile parasites suggesting they can compensate lack of
TgCDPK3 function in initiating parasite motility. However, as it is the case for iiEgress, this
rescue is not complete, as the speed of the MBE1.1 + TgMyoA S(20-21-743-744)D parasites is
still approximately threefold less than the wild type parasites.

Discussion
Although it is well established that TgCDPK3 is important for parasite egress, the particular
mechanism by which this calcium-stimulated kinase regulates this key event of the lytic cycle is
not known. A recent study revealed 156 phosphorylation sites out of more than 12,000 quanti-
fied that were differentially phosphorylated between wild type and Tgcdpk3mutant parasites,
with many of them related to motility, ion-homeostasis and metabolism [20]. While some of
these differentially phosphorylated sites might be direct substrates of TgCDPK3, one might
expect that a number of these sites related to downstream effects and compensatory mecha-
nisms related to a loss in TgCDPK3 signaling. In addition, TgCDPK3 is involved in several pro-
cesses such as calcium homeostasis and parasite division, which might involve distinct
substrates from those involved in egress. Therefore, additional efforts were needed to identify
the specific protein(s) whose phosphorylation by TgCDPK3 is key for induced egress and initi-
ation of motility. With this in mind we successfully adapted the BioID system to identify puta-
tive substrates and interactors of TgCDPK3. This approach, which is based on fusing the
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protein of interest to a promiscuous allele of the biotin ligase BirA, has the advantage that it
can identify not only direct interactors but also proteins that are nearby or interact loosely or
transiently, such as enzyme substrates. Identification by proximity labeling does not prove an
enzyme/substrate relationship, and it is plausible that some of these interactions are structural
in nature. However, in combination with our previous phosphoproteome analysis [20], which
identified seven of the thirteen proteins identified through BioID as less phosphorylated in
Tgcdpk3mutant parasites, it provides important indirect evidence for a kinase/ substrate rela-
tionship. Having been linked to TgCDPK3 in two independent and distinct approaches makes
these seven proteins strong candidates for being TgCDPK3 substrates during the events regu-
lated by this kinase.

These seven putative substrates include TgCDPK2a, GAPDH1, a MORN repeat containing
protein, IMC4, TgMyoA and TgMyoG, and a hypothetical protein of unknown function. Inter-
estingly, many of these proteins are known or would be predicted to be within the periphery of

Fig 5. TgCDPK3 is required for initiation of motility.Quantification of parasite motility by 2D live video microscopy when parasites are switched from
intracellular buffer to extracellular buffer condition (A and D). Parasite motility is shown as the mean percentage of total number of parasites that exhibited
motility or no motility. Quantification of different forms of motility exhibited by parasites when parasites are switched from intracellular buffer to extracellular
buffer condition (B and E). Parasite motility is shown as the mean percentage of total number of motile parasites that exhibited motility (helical, twirling and
circular gliding). Speed of parasite gliding when parasites are switched from intracellular to extracellular conditions (C and F). n = 3, Error bars = SEM. (*P <
.05, students t test).

doi:10.1371/journal.ppat.1005268.g005
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the parasite, which strengthens the argument that they might be TgCDPK3 substrates. For
example, IMC4 is part of the inner membrane complex [33], which is a continuous layer of flat
vesicles sutured together and to which the motor protein TgMyoA is anchored [30]. The glyc-
eraldehyde 3-phosphate dehydrogenase 1 (TgGAPDH1), which is normally cytoplasmic, redis-
tributes to the periphery of the parasite during egress [31]. Additionally, both the MORN
repeat-containing protein and the hypothetical proteins (TgGT1_310420) are predicted to be
myristoylated, which suggests membrane localization. The function of the hypothetical protein
is not known, but MORN proteins are involved in cell division in eukaryotes including T. gon-
dii [34, 35]. Interestingly, among the putative substrates identified in both the proteome and
the BioID approaches, is a second calcium dependent protein kinase (TgCDPK2a), which sug-
gests that these kinases might work together as co-regulators of a protein network or as part of
a signaling cascade. Nonetheless, at present no information as to either the localization or the
function of TgCDPK2a is available.

Of special interest among the proteins identified through BioID are TgMyoA and GAP45,
both of which form part of the motor complex driving the parasite’s gliding motility. The so-
called glideosome resides in the space between the parasite plasma membrane and the IMC
and it is a complex of several proteins including TgMyoA, two associated light chains, myosin
light chain TgMLC1 and essential light chain TgELC1 and the glideosome associated proteins
TgGAP40, TgGAP50, TgGAP45 or TgGAP70 [7, 30, 36, 37]. Given the proximity of TgCDPK3
to the glideosome and the facts that induced egress is dependent on motility and that motility
is a calcium-dependent process, a functional connection between TgCDPK3 and the motility
machinery is a plausible one. Recent studies using a small molecule invasion enhancer that
causes an increase in intracellular Ca2+ showed that TgMyoA is phosphorylated in a calcium
dependent manner at specific residues, serine 20, 21 and 29 and that phosphorylation of serine
21 is important for ionophore induced egress and motility [26]. However the kinase that medi-
ates this phosphorylation process had not been known. Interestingly, TgCDPK3 had been con-
sidered as a likely candidate given the remarkably similar egress phenotype seen in both the
TgmyoA and Tgcdpk3mutant strains. Consistent with this idea peptides containing phosphor-
ylated serine 20 or 21 were found to be less abundant in Tgcdpk3mutant strains as compared
to the parental or complemented ones in proteomic studies [20]. This finding suggested that
the phosphorylation status of TgMyoA, at least for Ser20/21 may be coupled to TgCDPK3 sig-
naling. Our BioID and mutagenesis data suggests that TgMyoA is directly regulated by
TgCDPK3 and is thus a bona fide substrate for TgCDPK3.

Our data strongly argues for a direct relation between TgMyoA phosphorylation and
TgCDPK3. Based on our BioID results, TgMyoA either interacts with or is in close proximity
to TgCDPK3. Consistent with this idea; we show that recombinant TgCDPK3 can indeed
phosphorylate TgMyoA in vitro with preference for serines 21 and 743. While CDPKs can act
non-specifically in vitro, it is important to note that we did not detect significant phosphoryla-
tion of any of the other known phosphorylated amino acids of TgMyoA and of none of those
from TgGAP45, indicating that we are observing some level of specificity in our peptide array
assay. Interestingly, TgGAP45 was not observed as less phosphorylated in our mutant strains
[20]. Therefore, any interaction between TgCDPK3 and TgGAP45 is likely to be structural and
not enzymatic and the phosphorylation state of TgGAP45, which is important for its function
[38], is likely regulated by a different kinase.

Creating a version of TgMyoA that ‘looks’ phosphorylated overrides the need for
TgCDPK3, strongly indicating that this is the kinase responsible for modifying TgMyoA.
Nonetheless, the complementation of iiEgress by the phosphomimetic versions of TgMyoA is
partial. While the levels of egress and motility exhibited by the phosphomimetic expressing
strains are significantly higher than that of the CDPK3 mutant strain, they don’t reach wild
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type levels. There are several plausible reasons for this incomplete complementation of the iiE-
gress phenotype, including the fact that phosphomimetic mutations are not a perfect simula-
tion of phosphorylated serine [27, 28]. Also, phosphomimetic mutations that result in
constitutively active serine or threonine do not allow for dynamic changes of alternating phos-
phorylation and dephosphorylation events that might be occurring in vivo and are important
for function. Another possibility we must consider is that other amino acids within TgMyoA
are also regulated by TgCDPK3, but were not revealed in our in vitro assays. Finally, and most
likely, TgMyoA might not be the only substrate through which TgCDPK3 is exerting its regula-
tion of iiEgress and/or other kinases might work redundantly along with TgCDPK3. We have
previously shown that disruption of TgCDPK3 results in dysregulation of calcium homeostasis,
a phenotype not observed previously with any TgMyoA mutants, which could affect sensitivity
to the ionophore. We haven’t specifically tested whether TgMyoA has an effect on resting cal-
cium levels in this study but its involvement is unlikely given its predicted role as part of the
molecular motor that drives movement of the parasite. Several of the putative substrates we
identified including TgCDPK2A, Myosin-G and GAPDH1 are good candidates for influencing
egress and future work will focus on understanding their potential contribution to TgCDPK3
regulated events.

An interesting question that remains unanswered is the particular timing of the phosphory-
lation of TgMyoA by TgCDPK3. Does TgCDPK3 phosphorylate TgMyoA during intracellular
growth or does it occur upon induction of egress? Based on the results obtained using Phos-tag
(Fig 2A) it appears that there is a significant level of TgCDPK3-dependent phosphorylation of
TgMyoA upon the transition from intracellular to extracellular conditions, which mimics what
the parasite encounters during egress. Nonetheless, based on phosphoproteomic comparison
between wild type and Tgcdpk3mutant parasites, phosphorylated Ser21 is more abundant in
the wild type strain even in intracellular parasites not exposed to ionophore, which would sug-
gest this phosphorylation event occurs in the absence of egress induction. Interestingly, it has
been reported that phosphorylation of several amino acids in TgMyoA is dependent on Ser21
being phosphorylated first [26]. Thus, a plausible model that would explain these various
results is that TgCDPK3 phosphorylates TgMyoA at Ser21 in response to calcium fluxes that
occur during intracellular growth, and that upon induction of egress either TgCDPK3 or
another kinase further phosphorylates TgMyoA in a phospho-Ser21 dependent manner. Thus,
in the absence of TgCDPK3 phosphorylation of TgMyoA is significantly altered during egress
due to lack or reduction of Ser21 phosphorylation.

Another important standing question is how phosphorylation of TgMyoA at those two par-
ticular sites influences its function at the mechanistic level. The importance of phosphorylation
is well established for class II myosins, which are found in skeletal muscle. Nonetheless,
TgMyoA is quite divergent structurally from other myosins [39, 40] and therefore its regulation
is likely to be unique. TgMyoA is a single headed motor protein [41] that belongs to the class
XIVa myosin family which is unique to Apicomplexans and ciliates and the conserved motor
domain shares only about 23–34% homology with mammalian myosins [23, 39]. Class XIVa
myosins also lack the conserved glycine at the lever arm pivot point and have a shorter C-ter-
minal tail, which has been shown to be important for motor function in class II myosins [41].
In TgMyoA, Ser 21 is located in the N-terminal region whose role remains undefined, while
Ser 743 lies within the motor domain. It is feasible that phosphorylation of these residues either
results in structural modification of TgMyoA that in turn allows new protein-protein interac-
tions or activates its enzymatic activity both of which could be important for mechanochemical
function of TgMyoA. The recent successful expression and purification of recombinant
TgMyoA [42] will be particularly useful to investigate how phosphorylation influences the
function and biochemistry of this unique and key motor protein. Those new in vitromethods
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along with our novel discovery that TgCDPK3 phosphorylates TgMyoA within the parasite to
initiate egress, will provide a more complete understanding of how motility is tightly regulated
during the lytic cycle of this important human parasite.

Materials and Methods

Parasite cultures
Toxoplasma gondii tachyzoites were maintained by passage through human foreskin fibroblasts
(HFF, obtained from the American Tissue Culture Collection ATCC) in a humidified incuba-
tor at 37°C with 5% CO2. Normal growth medium consisted of DMEM supplemented with
10% fetal bovine serum, 2 mM L-glutamine and 50μg/ml of penicillin-streptomycin. Purifica-
tion of parasites was performed as previously described [43].

Plasmid constructs
Primers used in generating plasmid constructs described in this section are listed in supple-
mental table S1 (S1 Table). To generate the BirA� fusion (TgCDPK3-BirA-HA),
CDPK3-BirA�-HA was commercially synthesized (GenScript, USA), amplified by PCR using
specific primers (S1 Table) and directionally cloned downstream of the Tgcdpk3 promoter in
the vector, pTgcdpk3CDPK3-HA [43] using NcoI and PacI sites. The non-phosphorylable and
phosphomimetic mutants of TgMyoA were made using Lightning site directed mutagenesis kit
(Agilent Technologies) with primers listed in S1 Table and pmyoA-FLAGTgMyoA-WT/graBle
[23] as the parent plasmid. All resulting constructs were verified by restriction digestion and
sequencing.

Stable transfection
Plasmid constructs were linearized with the restriction enzyme KpnI, purified and electropo-
rated into T. gondii tachyzoites according to established protocols [44, 45]. Parasites trans-
fected with BirA� fusion construct were cultured in presence of 50 μg/ml mycophenolic acid
(MPA) and 50 μg/ml xanthine and cloned by limiting dilution to obtain stably transformed
clones. When using vectors carrying the Ble gene as a selectable marker, transfected parasites
were added onto an HFF monolayer and allowed to grow without any drug selection until the
monolayer was lysed. Freshly egressed parasites were then washed with Hanks’s balanced salt
solution containing 10 mMHEPES and 0.1 mM EGTA (HHE) and extracellular parasites were
treated with 50 μg/ml phleomycin in DMEM for 4 hours at 37°C with 5% CO2. The parasites
were then added onto a HFF monolayer and cultured in the presence of 5 μg/ml phleomycin to
select drug resistant parasites, which were cloned by limiting dilution.

Affinity purification of biotinylated proteins
Affinity purification of biotinylated proteins was performed according to previously described
protocols with minor modifications [24, 46]. Briefly, parasites were cultured in growth medium
containing biotin (150 μg/ml) for 48 hours. Freshly egressed parasites (2.5 x 109) were then
washed with phosphate buffered saline (PBS) and lysed with 1 ml RIPA buffer (20 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4) supple-
mented with complete protease inhibitor (Roche) and centrifuged at 16000 g for 15 minutes at
4°C. The supernatant was then transferred to a fresh tube and incubated with magnetic strepta-
vidin beads (Dynabeads Myone streptavidin C1 from Invitrogen) at 4°C for 12 hours with gen-
tle shaking. Beads were then collected with magnets and washed twice with wash buffer 1 (2%
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SDS), once with wash buffer 2 (0.1% deoxycholate, 1% Triton X-100, 500 mMNaCl, 1 mM
EDTA and 50 mMHEPES, pH 7.5), once with wash buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5%
deoxycholate, 1 mM EDTA and 10 mM Tris pH 8.1), twice with wash buffer 4 (50 mM Tris,
pH7.4 and 50 mMNaCl) and twice with PBS, in that order. The beads were finally re-sus-
pended in 1 ml PBS and 10% of each sample was then boiled at 98°C for 5 minutes to separate
bound proteins from magnetic beads and eluted proteins were analyzed by either silver staining
or Western blotting using streptavidin-HRP before mass spectrometry.

Mass spectrometric analysis
Mass spectrometric analysis was carried out on a Thermo-Fisher Scientific LTQ Orbitrap
Velos Pro mass spectrometer (Thermo-Fisher Scientific, Waltham, MA) interfaced with a
Waters Acquity UPLC system (Waters, Milford, MA). The proteins bound to streptavidin
beads (biotinylated proteins) and IgG beads (TgMyoA) were directly digested by trypsin. Sam-
ples were first reduced with 10 mM DTT in 10 mM ammonium bicarbonate and then alkylated
with 55 mM iodoacetamide (prepared freshly in 10 mM ammonium bicarbonate). Alkylated
samples were digested by trypsin (Promega, Madison, WI) overnight at 37°C. Tryptic peptides
were first injected onto a C18 trapping column (NanoAcquity UPLC Trap column 180μm x
20mm, 5μm, Symmetry C18) and subsequently onto an analytical column (NanoAcquity
UPLC column 100μm x 100mm, 1.7μm BEH130 C18). Peptides were eluted with a linear gradi-
ent from 3 to 40% acetonitrile in water with 0.1% formic acid developed over 90 minutes at
room temperature at a flow rate of 500 nL/min, and the effluent was electro-sprayed into the
LTQ Orbitrap mass spectrometer. Blanks were run prior to the sample to make sure there were
no significant background signals from solvents or the columns. Database search against Toxo-
plasma gondii GT1 strain annotated proteins from ToxoDB (release 10.0, updated January 31,
2014) was performed using Sequest (Thermo-Fisher Scientific) search engine to identify bioti-
nylated proteins and TgMyoA post-translational modification analysis was performed using
the Thermo-Fisher Scientific Proteome Discoverer software (v2.0).

Purification of recombinant TgCDPK3
The N-HIS-tagged TgCDPK3 expression construct described previously [14] was transformed
into BL21-Rosetta (DE3)pLysS cells, which were then induced to express recombinant protein
at 37°C with IPTG. His tagged recombinant protein was purified under native conditions using
QIAexpress Ni-NTA fast start kit (Qiagen) according to manufacturer’s protocol. The kinase
activity of recombinant TgCDPK3 was examined using peptide substrate syntide-2 (PLARTLS-
VAGLPGKK, AnaSpec, Inc.) and exhibited a specific activity of 22.9 μmol/min/mg.

Peptide spot arrays
Peptide arrays were synthesized using SPOTs synthesis method and spotted onto a derivatized
cellulose membrane (Intavis) as described previously [47]. The peptide membrane was blocked
at room temperature for 30 minutes in binding buffer containing 5% BSA. Recombinant
TgCDPK3 (5nM) was added to 50mMHEPES, pH 7.4, 100mM NaCl, 10mMMgCl2, 100μM
ATP, 1mM CaCl2, 6μCi/ml [γ-32P]ATP and incubated at room temperature for 15 minutes.
The membrane was washed three times with 100mM sodium phosphate pH 7.0, 1M NaCl,
10mM EDTA and visualized using phosphorimaging (Fuji phosphor imager). The phosphory-
lation of each peptide was detected and quantified using Multi Gauge version 3.0 (Fujifilm).
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Immunoblotting
Parasite lysates were heated at 100°C for 5 minutes in SDS-PAGE sample buffer with 2%
2-mercaptoethanol and resolved on 4–20% gradient gel (Bio-Rad, Hercules, CA). Proteins
were transferred from the gel onto nylon membranes using a semidry transfer apparatus (Bio-
Rad, Hercules, CA) at 12 V for 30 minutes. After blocking with 5% (w/v) skim milk powder in
TBS, membranes were treated with rabbit anti-HA tag antibody (Cell Signaling Technology),
for 1 hour. Membranes were then washed and incubated with horseradish peroxidase (HRP)
conjugated goat-anti rabbit IgG (Sigma). After washing, membranes were treated with Super-
Signal West Pico chemiluminescent substrate (Pierce Chemical) and imaged using FluorChem
E (Proteinsimple) [43].

Buffer switch assay and Phos-tag polyacrylamide gel electrophoresis
Intracellular parasites 24 hours post-infection were harvested in intracellular buffer [31], fil-
tered with 3-μmNucleopore membrane, pelleted and re-suspended in either intracellular
buffer or extracellular buffer [31]. Parasites were then incubated at 37°C for 2 minutes and
immediately placed on ice followed by centrifugation at 1000 g for 10 min at 4°C. The parasite
pellet was then lysed with RIPA buffer containing phosphatase inhibitor, PhosSTOP (Roche)
followed by addition of SDS sample buffer containing β-meracaptoethanol and heated at
100°C for 5 min. To examine phosphorylation status of Myosin-A, Phos-tag gel electrophoresis
was carried out according to manufacturers instructions (Wako Chemicals, USA). Briefly
200 μM Phos-tag (Wako Chemicals, USA) and 100 μMMnCl2 were added to conventional
7.5% (w/v) acrylamide resolving gel and the gel was run at constant voltage at RT. The gel was
washed three times in SDS-PAGE running buffer containing 10 mM EDTA and once each in
running buffer and transfer buffer before transferring to a PVDF membrane for immunoblot-
ting using anti-MyosinA antibody.

Immunofluorescence microscopy
Immunofluorescence staining of intracellular parasites was performed according to previously
described procedures [48]. The primary antibodies used were: mouse anti-HA (Cell Signaling
Technology), and rabbit anti-GAP45 and rabbit anti-MLC1[23]. Secondary antibodies used
include: Alexa Fluor-594- or Alexa Fluor-488-conjugated goat anti-rabbit or goat anti-mouse
(Molecular Probes). Slides were viewed using a Nikon Eclipse E100080i microscope and digital
images were captured with Hamamatsu C4742-95 charge-coupled device camera using NIS
elements software.

Ionophore induced egress assay
The efficiency of egress after calcium ionophore treatment was determined using established
protocols [14]. Percent egress was determined by dividing the number of lysed vacuoles by the
total number of vacuoles for a sample.

Motility assay
Parasite motility assay was performed according to previously described methods [15, 23] with
some modifications. Briefly, 24-well plates were pre-coated with 75 μg/ml of BSA in water at
37°C for 30 minutes and washed three times with intracellular buffer [31]. Intracellular para-
sites 24 hours post-infection were harvested in presence of intracellular buffer, filtered with 3-
μmNucleopore membrane, pelleted and re-suspended in intracellular buffer. The parasites
were then added onto wells and allowed to settle for 20 minutes at 37°C and the plate was
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transferred onto a heated chamber (set at 37°C) of inverted microscope (Leica AF6000). The
intracellular buffer in the well containing extracellular parasites was gently aspirated and extra-
cellular buffer [31] was added. Forty seconds after exchanging the buffer, parasite motility was
imaged for 2 minutes at 2 frames per second using LAS X software. The movies were then man-
ually analyzed to determine parasites exhibiting either twirling or helical or circular gliding and
the number of parasites performing each type of motility was normalized to the total number
of parasites in each movie. The speed of the parasite gliding was determined by measuring the
distance travelled in a given time by three motile parasites in each of two separate movies per
strain. The experiments were repeated 3 times.

Supporting Information
S1 Fig. Mapping of TgCDPK3 phosphorylation sites on TgGAP45 by tiled peptide array
analysis using purified recombinant TgCDPK3. Phosphorylation intensity of 15 amino acid
length peptides that span full-length TgGAP45 and are each shifted by 3 amino acid was
detected using MultiGauge version 3.0.
(TIF)

S2 Fig. MS/MS fragmentation spectrum of Myosin A peptide containing Ser 743. The gli-
deosome complex, which includes MyoA, was immunoprecipitated from intracellular parasites
using an antibody against GAP45 and submitted to MS/MS. Spectrum of phosphorylated pep-
tide sequence 743pSSKLPS�EEY�QLGKT�MVFLK760 of TgMyoA is shown. Asterisks indicate
dehydrated serine, tyrosine, and threonine residues. The dominant neutral loss of phosphoric
acid and water from the precursor ion and sequence specific fragment ions are labeled. The
presence of y-series ions (y-6, y-11, y-14, and y-18) suggests that the first serine residue is phos-
phorylated. Detected fragment ions are shown in red (b-ions) and blue (y-ions).
(TIF)

S1 Table. List of primers used in the study. All primers are in 5’ to 3’ orientation.
(DOCX)

S2 Table. List of proteins that were commonly biotinylated in MBE1.1 and MBE1.1
+ CDPK3-BirA� parasites.
(DOCX)

Acknowledgments
We would like to thank Drs. Gary Ward and Markus Meissner for sharing TgMyoA parasite
strains and expression vectors. Also, we appreciate the intellectual input of Drs. Bill Sullivan,
and Jacqueline Leung into our work. We also like to thank all members of Arrizabalaga lab for
critical reading of the manuscript.

Author Contributions
Conceived and designed the experiments: RYG GA. Performed the experiments: RYG DEJ
MW. Analyzed the data: RYG DEJ MTMWAHGA. Contributed reagents/materials/analysis
tools: RYG DEJ MTMWAHGA. Wrote the paper: RYG DEJ MTMWAH GA.

References
1. Luft BJ, Remington JS. Toxoplasmic encephalitis in AIDS. Clin Infect Dis. 1992; 15(2):211–22. PMID:

1520757

ToxoplasmaMyosin A Is a TgCDPK3 Substrate

PLOS Pathogens | DOI:10.1371/journal.ppat.1005268 November 6, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005268.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005268.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005268.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005268.s004
http://www.ncbi.nlm.nih.gov/pubmed/1520757


2. Israelski DM, Remington JS. Toxoplasmosis in patients with cancer. Clin Infect Dis. 1993; 17 Suppl 2:
S423–35. PMID: 8274608

3. Slavin MA, Meyers JD, Remington JS, Hackman RC. Toxoplasma gondii infection in marrow transplant
recipients: a 20 year experience. Bone Marrow Transplant. 1994; 13(5):549–57. PMID: 8054907

4. Wong SY, Remington JS. Toxoplasmosis in pregnancy. Clin Infect Dis. 1994; 18(6):853–61. PMID:
8086543

5. Black MW, Boothroyd JC. Lytic cycle of Toxoplasma gondii. Microbiol Mol Biol Rev. 2000; 64(3):607–
23. PMID: 10974128

6. Mehta S, Sibley LD. Actin depolymerizing factor controls actin turnover and gliding motility in Toxo-
plasma gondii. Molecular biology of the cell. 2011; 22(8):1290–9. doi: 10.1091/mbc.E10-12-0939
PMID: 21346192

7. Frenal K, Polonais V, Marq JB, Stratmann R, Limenitakis J, Soldati-Favre D. Functional dissection of
the apicomplexan glideosomemolecular architecture. Cell Host Microbe. 2010; 8(4):343–57. Epub
2010/10/19. doi: 10.1016/j.chom.2010.09.002 PMID: 20951968

8. Carruthers VB, Sibley LD. Mobilization of intracellular calcium stimulates microneme discharge in
Toxoplasma gondii. Molecular microbiology. 1999; 31(2):421–8. PMID: 10027960.

9. Andenmatten N, Egarter S, Jackson AJ, Jullien N, Herman JP, Meissner M. Conditional genome engi-
neering in Toxoplasma gondii uncovers alternative invasion mechanisms. Nat Methods. 2013; 10
(2):125–7. Epub 012 Dec 23. doi: 10.1038/nmeth.2301 PMID: 23263690

10. Kafsack BF, Pena JD, Coppens I, Ravindran S, Boothroyd JC, Carruthers VB. Rapid membrane disrup-
tion by a perforin-like protein facilitates parasite exit from host cells. Science (New York, NY. 2009; 323
(5913):530–3.

11. Nagamune K, Hicks LM, Fux B, Brossier F, Chini EN, Sibley LD. Abscisic acid controls calcium-depen-
dent egress and development in Toxoplasma gondii. Nature. 2008; 451(7175):207–10. doi: 10.1038/
nature06478 PMID: 18185591

12. Billker O, Lourido S, Sibley LD. Calcium-dependent signaling and kinases in apicomplexan parasites.
Cell Host Microbe. 2009; 5(6):612–22. Epub 2009/06/17. doi: 10.1016/j.chom.2009.05.017 PMID:
19527888

13. Lourido S, Shuman J, Zhang C, Shokat KM, Hui R, Sibley LD. Calcium-dependent protein kinase 1 is
an essential regulator of exocytosis in Toxoplasma. Nature. 2010; 465(7296):359–62. Epub 2010/05/
21. doi: 10.1038/nature09022 PMID: 20485436

14. Garrison E, Treeck M, Ehret E, Butz H, Garbuz T, Oswald BP, et al. A Forward Genetic Screen Reveals
that Calcium-dependent Protein Kinase 3 Regulates Egress in Toxoplasma. PLoS pathogens. 2012; 8
(11):e1003049. doi: 10.1371/journal.ppat.1003049 PMID: 23209419

15. Lourido S, Tang K, Sibley LD. Distinct signalling pathways control Toxoplasma egress and host-cell
invasion. The EMBO journal. 2012. Epub 2012/11/15.

16. McCoy JM, Whitehead L, van Dooren GG, Tonkin CJ. TgCDPK3 Regulates Calcium-Dependent
Egress of Toxoplasma gondii from Host Cells. PLoS pathogens. 2012; 8(12):e1003066. doi: 10.1371/
journal.ppat.1003066 PMID: 23226109

17. Black MW, Arrizabalaga G, Boothroyd JC. Ionophore-resistant mutants of Toxoplasma gondii reveal
host cell permeabilization as an early event in egress. Molecular and cellular biology. 2000; 20
(24):9399–408. PMID: 11094090

18. Donald RG, Zhong T, Wiersma H, Nare B, Yao D, Lee A, et al. Anticoccidial kinase inhibitors: identifica-
tion of protein kinase targets secondary to cGMP-dependent protein kinase. Molecular and biochemical
parasitology. 2006; 149(1):86–98. Epub 2006/06/13. PMID: 16765465

19. Sugi T, Kato K, Kobayashi K, Pandey K, Takemae H, Kurokawa H, et al. Molecular analyses of Toxo-
plasma gondii calmodulin-like domain protein kinase isoform 3. Parasitol Int. 2009; 58(4):416–23. Epub
2009/08/25. doi: 10.1016/j.parint.2009.08.005 PMID: 19699312

20. Treeck M, Sanders JL, Gaji RY, LaFavers KA, Child MA, Arrizabalaga G, et al. The Calcium-Dependent
Protein Kinase 3 of Toxoplasma Influences Basal Calcium Levels and Functions beyond Egress as
Revealed by Quantitative Phosphoproteome Analysis. PLoS pathogens. 2014; 10(6):e1004197. Epub
2014/06/20. doi: 10.1371/journal.ppat.1004197 PMID: 24945436

21. Anderson-White BR, Ivey FD, Cheng K, Szatanek T, Lorestani A, Beckers CJ, et al. A family of interme-
diate filament-like proteins is sequentially assembled into the cytoskeleton of Toxoplasma gondii. Cellu-
lar microbiology. 2011; 13(1):18–31. Epub 2010/08/12. doi: 10.1111/j.1462-5822.2010.01514.x PMID:
20698859

22. Liu J, Wetzel L, Zhang Y, Nagayasu E, Ems-McClung S, Florens L, et al. Novel thioredoxin-like proteins
are components of a protein complex coating the cortical microtubules of Toxoplasma gondii. Eukary-
otic cell. 2013. Epub 2013/07/23.

ToxoplasmaMyosin A Is a TgCDPK3 Substrate

PLOS Pathogens | DOI:10.1371/journal.ppat.1005268 November 6, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/8274608
http://www.ncbi.nlm.nih.gov/pubmed/8054907
http://www.ncbi.nlm.nih.gov/pubmed/8086543
http://www.ncbi.nlm.nih.gov/pubmed/10974128
http://dx.doi.org/10.1091/mbc.E10-12-0939
http://www.ncbi.nlm.nih.gov/pubmed/21346192
http://dx.doi.org/10.1016/j.chom.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20951968
http://www.ncbi.nlm.nih.gov/pubmed/10027960
http://dx.doi.org/10.1038/nmeth.2301
http://www.ncbi.nlm.nih.gov/pubmed/23263690
http://dx.doi.org/10.1038/nature06478
http://dx.doi.org/10.1038/nature06478
http://www.ncbi.nlm.nih.gov/pubmed/18185591
http://dx.doi.org/10.1016/j.chom.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19527888
http://dx.doi.org/10.1038/nature09022
http://www.ncbi.nlm.nih.gov/pubmed/20485436
http://dx.doi.org/10.1371/journal.ppat.1003049
http://www.ncbi.nlm.nih.gov/pubmed/23209419
http://dx.doi.org/10.1371/journal.ppat.1003066
http://dx.doi.org/10.1371/journal.ppat.1003066
http://www.ncbi.nlm.nih.gov/pubmed/23226109
http://www.ncbi.nlm.nih.gov/pubmed/11094090
http://www.ncbi.nlm.nih.gov/pubmed/16765465
http://dx.doi.org/10.1016/j.parint.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19699312
http://dx.doi.org/10.1371/journal.ppat.1004197
http://www.ncbi.nlm.nih.gov/pubmed/24945436
http://dx.doi.org/10.1111/j.1462-5822.2010.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/20698859


23. Tang Q, Andenmatten N, Triana MA, Deng B, Meissner M, Moreno SN, et al. Calcium-dependent phos-
phorylation alters Class XIVa myosin function in the protozoan parasite Toxoplasma gondii. Molecular
biology of the cell. 2014. Epub 2014/07/06.

24. Roux KJ, Kim DI, Raida M, Burke B. A promiscuous biotin ligase fusion protein identifies proximal and
interacting proteins in mammalian cells. The Journal of cell biology. 2012; 196(6):801–10. Epub 2012/
03/14. doi: 10.1083/jcb.201112098 PMID: 22412018

25. Kinoshita E, Kinoshita-Kikuta E, Koike T. Separation and detection of large phosphoproteins using
Phos-tag SDS-PAGE. Nature protocols. 2009; 4(10):1513–21. doi: 10.1038/nprot.2009.154 PMID:
19798084

26. Tang Q, Andenmatten N, Hortua Triana MA, Deng B, Meissner M, Moreno SN, et al. Calcium-depen-
dent phosphorylation alters class XIVa myosin function in the protozoan parasite Toxoplasma gondii.
Molecular biology of the cell. 2014; 25(17):2579–91. doi: 10.1091/mbc.E13-11-0648 PMID: 24989796

27. Dephoure N, Gould KL, Gygi SP, Kellogg DR. Mapping and analysis of phosphorylation sites: a quick
guide for cell biologists. Molecular biology of the cell. 2013; 24(5):535–42. doi: 10.1091/mbc.E12-09-
0677 PMID: 23447708

28. Hunter T. Why nature chose phosphate to modify proteins. Philos Trans R Soc Lond B Biol Sci. 2012;
367(1602):2513–6. doi: 10.1098/rstb.2012.0013 PMID: 22889903

29. Egarter S, Andenmatten N, Jackson AJ, Whitelaw JA, Pall G, Black JA, et al. The Toxoplasma Acto-
MyoA motor complex is important but not essential for gliding motility and host cell invasion. PloS one.
2014; 9(3):e91819. doi: 10.1371/journal.pone.0091819 PMID: 24632839

30. Meissner M, Schluter D, Soldati D. Role of Toxoplasma gondiimyosin A in powering parasite gliding
and host cell invasion. Science (New York, NY. 2002; 298(5594):837–40.

31. Pomel S, Luk FC, Beckers CJ. Host cell egress and invasion induce marked relocations of glycolytic
enzymes in Toxoplasma gondii tachyzoites. PLoS pathogens. 2008; 4(10):e1000188. Epub 2008/10/
25. doi: 10.1371/journal.ppat.1000188 PMID: 18949028

32. Hakansson S, Morisaki H, Heuser J, Sibley LD. Time-lapse video microscopy of gliding motility in Toxo-
plasma gondii reveals a novel, biphasic mechanism of cell locomotion. Molecular biology of the cell.
1999; 10(11):3539–47. PMID: 10564254

33. Hu K, Johnson J, Florens L, Fraunholz M, Suravajjala S, DiLullo C, et al. Cytoskeletal components of
an invasion machine—the apical complex of Toxoplasma gondii. PLoS pathogens. 2006; 2(2):e13.
PMID: 16518471

34. Gubbels MJ, Vaishnava S, Boot N, Dubremetz JF, Striepen B. A MORN-repeat protein is a dynamic
component of the Toxoplasma gondii cell division apparatus. Journal of cell science. 2006; 119(Pt
11):2236–45. Epub 2006/05/11. PMID: 16684814

35. Heaslip AT, Dzierszinski F, Stein B, Hu K. TgMORN1 is a key organizer for the basal complex of Toxo-
plasma gondii. PLoS pathogens. 2010; 6(2):e1000754. doi: 10.1371/journal.ppat.1000754 PMID:
20140195

36. Keeley A, and Soldati D. The glideosome: a molecular machine powering motility and host-cell invasion
by Apicomplexa. Trends in Cell Bio. 2004; 14(10):528–32.

37. Nebl T, Prieto JH, Kapp E, Smith BJ, Williams MJ, Yates JR, 3rd, et al. Quantitative in vivo analyses
reveal calcium-dependent phosphorylation sites and identifies a novel component of the Toxoplasma
invasion motor complex. PLoS pathogens. 2011; 7(9):e1002222. Epub 2011/10/08. doi: 10.1371/
journal.ppat.1002222 PMID: 21980283

38. Gilk SD, Gaskins E, Ward GE, Beckers CJ. GAP45 phosphorylation controls assembly of the Toxo-
plasmamyosin XIV complex. Eukaryotic cell. 2009; 8(2):190–6. Epub 2008/12/03. doi: 10.1128/EC.
00201-08 PMID: 19047362

39. Foth BJ, Goedecke MC, Soldati D. New insights into myosin evolution and classification. Proc Natl
Acad Sci U S A. 2006; 103(10):3681–6. PMID: 16505385

40. HeintzelmanMB, Schwartzman JD. Myosin diversity in Apicomplexa. The Journal of parasitology.
2001; 87(2):429–32. PMID: 11318578

41. Herm-Gotz A, Weiss S, Stratmann R, Fujita-Becker S, Ruff C, Meyhofer E, et al. Toxoplasma gondii
myosin A and its light chain: a fast, single-headed, plus-end-directed motor. The EMBO journal. 2002;
21(9):2149–58. PMID: 11980712

42. Bookwalter CS, Kelsen A, Leung JM, Ward GE, Trybus KM. A Toxoplasma gondii class XIV myosin,
expressed in Sf9 cells with a parasite co-chaperone, requires two light chains for fast motility. The Jour-
nal of biological chemistry. 2014; 289(44):30832–41. Epub 2014/09/19. doi: 10.1074/jbc.M114.572453
PMID: 25231988

ToxoplasmaMyosin A Is a TgCDPK3 Substrate

PLOS Pathogens | DOI:10.1371/journal.ppat.1005268 November 6, 2015 19 / 20

http://dx.doi.org/10.1083/jcb.201112098
http://www.ncbi.nlm.nih.gov/pubmed/22412018
http://dx.doi.org/10.1038/nprot.2009.154
http://www.ncbi.nlm.nih.gov/pubmed/19798084
http://dx.doi.org/10.1091/mbc.E13-11-0648
http://www.ncbi.nlm.nih.gov/pubmed/24989796
http://dx.doi.org/10.1091/mbc.E12-09-0677
http://dx.doi.org/10.1091/mbc.E12-09-0677
http://www.ncbi.nlm.nih.gov/pubmed/23447708
http://dx.doi.org/10.1098/rstb.2012.0013
http://www.ncbi.nlm.nih.gov/pubmed/22889903
http://dx.doi.org/10.1371/journal.pone.0091819
http://www.ncbi.nlm.nih.gov/pubmed/24632839
http://dx.doi.org/10.1371/journal.ppat.1000188
http://www.ncbi.nlm.nih.gov/pubmed/18949028
http://www.ncbi.nlm.nih.gov/pubmed/10564254
http://www.ncbi.nlm.nih.gov/pubmed/16518471
http://www.ncbi.nlm.nih.gov/pubmed/16684814
http://dx.doi.org/10.1371/journal.ppat.1000754
http://www.ncbi.nlm.nih.gov/pubmed/20140195
http://dx.doi.org/10.1371/journal.ppat.1002222
http://dx.doi.org/10.1371/journal.ppat.1002222
http://www.ncbi.nlm.nih.gov/pubmed/21980283
http://dx.doi.org/10.1128/EC.00201-08
http://dx.doi.org/10.1128/EC.00201-08
http://www.ncbi.nlm.nih.gov/pubmed/19047362
http://www.ncbi.nlm.nih.gov/pubmed/16505385
http://www.ncbi.nlm.nih.gov/pubmed/11318578
http://www.ncbi.nlm.nih.gov/pubmed/11980712
http://dx.doi.org/10.1074/jbc.M114.572453
http://www.ncbi.nlm.nih.gov/pubmed/25231988


43. Gaji RY, Checkley L, Reese M, Ferdig MT, Arrizabalaga G. Expression of the essential kinase
PfCDPK1 from Plasmodium falciparum in Toxoplasma gondii facilitates the discovery of novel antima-
larial drugs. Antimicrobial agents and chemotherapy. 2014. Epub 2014/02/20.

44. Soldati D, Boothroyd JC. Transient transfection and expression in the obligate intracellular parasite
Toxoplasma gondii. Science (New York, NY. 1993; 260(5106):349–52.

45. Kim K, Soldati D, Boothroyd JC. Gene replacement in Toxoplasma gondii with chloramphenicol acetyl-
transferase as selectable marker. Science (New York, NY. 1993; 262(5135):911–4.

46. Chen AL, Kim EW, Toh JY, Vashisht AA, Rashoff AQ, Van C, et al. Novel components of the Toxo-
plasma inner membrane complex revealed by BioID. mBio. 2015; 6(1):e02357–14. doi: 10.1128/mBio.
02357-14 PMID: 25691595

47. Ashpole NM, SongW, Brustovetsky T, Engleman EA, Brustovetsky N, Cummins TR, et al. Calcium/cal-
modulin-dependent protein kinase II (CaMKII) inhibition induces neurotoxicity via dysregulation of glu-
tamate/calcium signaling and hyperexcitability. The Journal of biological chemistry. 2012; 287
(11):8495–506. doi: 10.1074/jbc.M111.323915 PMID: 22253441

48. Gaji RY, Flammer HP, Carruthers VB. Forward targeting of Toxoplasma gondii proproteins to the micro-
nemes involves conserved aliphatic amino acids. Traffic. 2011; 12(7):840–53. doi: 10.1111/j.1600-
0854.2011.01192.x PMID: 21438967

ToxoplasmaMyosin A Is a TgCDPK3 Substrate

PLOS Pathogens | DOI:10.1371/journal.ppat.1005268 November 6, 2015 20 / 20

http://dx.doi.org/10.1128/mBio.02357-14
http://dx.doi.org/10.1128/mBio.02357-14
http://www.ncbi.nlm.nih.gov/pubmed/25691595
http://dx.doi.org/10.1074/jbc.M111.323915
http://www.ncbi.nlm.nih.gov/pubmed/22253441
http://dx.doi.org/10.1111/j.1600-0854.2011.01192.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/21438967

