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In Brief

Encysted lifecycle stages of Toxoplasma
gondii produce and store starch. Uboldi
et al. show that the kinase CDPK2 is
targeted to starch stores and regulates
starch turnover in a Ca*-dependent
manner. CDPK2 defiency leads to
unchecked starch accumulation and
death of parasite tissue cysts.
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SUMMARY

Transmissible stages of Toxoplasma gondii store
energy in the form of the carbohydrate amylopectin.
Here, we show that the CaZ*-dependent protein ki-
nase CDPK2 is a critical regulator of amylopectin
metabolism. Increased synthesis and loss of degra-
dation of amylopectin in CDPK2 deficient parasites
results in the hyperaccumulation of this sugar poly-
mer. A carbohydrate-binding module 20 (CBM20)
targets CDPK2 to amylopectin stores, while the EF-
hands regulate CDPK2 kinase activity in response
to Ca®* to modulate amylopectin levels. We identify
enzymes involved in amylopectin turnover whose
phosphorylation is dependent on CDPK2 activity.
Strikingly, accumulation of massive amylopectin
granules in CDPK2-deficient bradyzoite stages leads
to gross morphological defects and complete abla-
tion of cyst formation in a mouse model. Together
these data show that Ca®* signaling regulates carbo-
hydrate metabolism in Toxoplasma and that the
post-translational control of this pathway is required
for normal cyst development.

INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoan parasite
of warm-blooded animals, including humans. Toxoplasmosis
results from the ingestion of sporulated oocysts present in soil,
water, or vegetables contaminated with cat feces, or by ingest-
ing raw or undercooked meat harboring tissue cysts. Both
stages can differentiate into rapidly dividing tachyzoite stages
that are usually controlled by a protective immune response.
However, in immunocompromised individuals severe systemic
disease can occur, while in the developing fetus Toxoplasma
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infection can cause spontaneous miscarriage, blindness, or
congenital neurological defects, including epilepsy, mental retar-
dation, and hydrocephaly (Hill et al., 2005; Torgerson and Mas-
troiacovo, 2013).

Under immune pressure, a proportion of tachyzoites differen-
tiate back into the relatively quiescent, slow-growing brady-
zoites, which form latent cysts in muscle and CNS tissue that
can persist for the lifetime of the infected host. Most chronic
infections are asymptomatic, but bradyzoites can differentiate
back to tachyzoites in CNS tissue of immunosuppressed individ-
uals, leading to serious neurological disease and death if not
treated. In addition, cyst formation in the retina is a significant
cause of blindness (Glasner et al., 1992).

Toxoplasma tachyzoites can utilize both glucose and glutamine
scavenged from the host cell to drive energy production (MacRae
et al., 2012; Oppenheim et al., 2014; Blume et al., 2009), and
following host cell egress, tachyzoites accumulate yy-aminobutyric
acid, which may provide extracellular tachyzoites with a short-term
energy reserve to fuel motility and invasion (MacRae et al., 2012).
Toxoplasma tachyzoites also produce the storage polysaccharide
amylopectin, which contains a backbone of a(1-4)-linked glucose
residues modified with «(1-6)-linked branch points (Guérardel
et al., 2005). Tachyzoites generally express very low levels of
amylopectin unless stressed, but in contrast, bradyzoites and oo-
cysts accumulate high levels of amylopectin granules in the cyto-
plasm (Coppin et al., 2003; Guérardel et al., 2005; Ferguson et al.,
1974; Ferguson and Hutchison 1987). It has been postulated that
amylopectin granules may be a long-term energy reserve during
transmission to maintain parasite viability in low-nutrient niches
and/or to drive rapid differentiation when they encounter favorable
conditions. However, essentially nothing is known about how
amylopectin accumulation and utilization is regulated in different
Toxoplasma life cycle stages.

Ca?*-dependent protein kinases (CDPKSs) are key mediators of
Ca?* signaling in apicomplexan parasites (Billker et al., 2009).
They share a domain structure consisting of a variable N-terminal
region, a kinase domain, and a calmodulin (CaM)-like domain
containing Ca®*-binding EF-hands. During Ca®* signaling events,
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Figure 1. CDPK2 Associates with Amylopectin via a CBM20 Domain

(A) CDPK2 domain structure.
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(B) Localization of CDPK2-HA in wild-type RH tachyzoites by IFA. Staining with anti-HA, peripheral marker anti-GAP45; BF, brightfield
(C) Homology model of CDPK2 (magenta) based on the CBM20 domain of Cyclodextrin Glycosyltransferase (PDB: 1e05; orange). Carbohydrate ligand residues

are shown: W32 and W80 in binding site 1; F47 in binding site 2.
(D) Localization of CDPK22CBM20_HA Staining as for (B) above.

(E) Western blot for CDPK2-HA and CDPK24CBM20_HA ectopically expressed in wild-type RH parasites. Staining with anti-HA and anti-SAG1 (loading control)

antibodies.

(F) Western blot for CDPK2-HA and CDPK22CBM20_HA applied to amylose-resin. Input, unbound, and amylose bound fractions are stained with anti-HA anti-

bodies. All scale bars represent 5 um. See also Figure S1.

Ca?* released from intracellular stores is bound by the EF-hands,
leading to a conformational change in the CaM-like domain away
from the kinase substrate binding pocket and kinase activation
(Wernimont et al., 2010). Ca®* signaling and CDPK function in
Toxoplasma and related apicomplexan parasites have previously
been linked with parasite host cell egress (Garrison et al., 2012;
Lourido et al., 2012; McCoy et al., 2012), invasion (Lourido
et al., 2010), extracellular motility (Siden-Kiamos et al., 2006),
and cell division (Morlon-Guyot et al., 2013). CDPKs also regulate
Plasmodium stage differentiation in the mosquito life cycle (Bill-
ker et al., 2004; Sebastian et al., 2012).

Here, we show that CDPK2 plays a key role in regulating
amylopectin formation and degradation. Loss of CDPK2 leads
to the hyper-accumulation of amylopectin in both tachyzoites
and bradyzoites. This is particularly pronounced in bradyzoites,
leading to massive ultrastructural changes and loss of viability
and an inability to establish a chronic infection in mice. Our find-
ings describe a signaling cascade that regulates Toxoplasma
amylopectin storage, thus providing insights into the regulatory
mechanisms essential for transmission of encysted parasites
and their ability to establish infection.

RESULTS

The CBM20 Domain of CDPK2 Is Required for Correct
Subcellular Targeting and Glucan Binding

During our investigations of Ca®* signaling in Toxoplasma, we
noticed that CDPK2 contained a predicted N-terminal carbohy-
drate-binding module 20 (CBM20) that commonly binds to
starch (Figures 1A and S1). The presence of this domain sug-
gested a possible link between Ca?* signaling and carbohydrate
metabolism via CDPK2. Indeed, a BLAST search of the
EuthPathDB.org database, revealed that orthologs of CDPK2
are also found in the genomes of other coccidian species, which
are known to produce amylopectin (Gajria et al., 2008).

To localize CDPK2, we tagged it with a triple HA epitope tag
(CDPK2-HA) and expressed it ectopically in a Type | (RH strain)
background. CDPK2-HA localized to a number of small puncta
within the cytoplasm (Figure 1B). These puncta were also seen
when the endogenous cdpk2 gene was tagged (Figure S1B).
To assess the potential function of the CBM20 domain, we
generated a structural model of the CDPK2 CBM20 domain in
complex with a-1,4-glucose (Figure 1C) based on previously

Cell Host & Microbe 78, 670-681, December 9, 2015 ©2015 Elsevier Inc. 671

CellPress



http://EuthPathDB.org

Cell’ress

)
=Y
2
el
=

Wild type

Type | (RH)

Wild type

Acdpk2

Type Il (Pru)

Figure 2. Knockout of CDPK2 Leads to
Aberrant Amylopectin Accumulation in
Toxoplasma Tachyzoites

(A) Accumulation of granular deposits in RH:Acdpk2
and Pru:Acdpk2 tachyzoites, visualized by IFA
(staining with peripheral marker anti-GAP45) and
bright-field microscopy.

(B) Transmission electron micrographs of wild-
type RH (Bi), Pru (Bii) RH:Acdpk2 ([Biii] and [Bv]),
and Pru:Acdpk2 ([Biv] and [Bvi]) tachyzoites. C,
conoid; MN, micronemes; N, nucleus; PG, poly-
saccharide granule; RB, residual body; R, rhoptry.
Scale bars represent 2 um.

(C) PAS staining of RH:Acdpk2 and Pru:Acdpk2.

(D) Analysis of amylopectin composition in wild-
type RH and RH:Acdpk2 tachyzoites by HPAEC.

(E) Quantification of amylopectin levels in RH and
RH:Acdpk2. Data represent the mean with SEM
from six biological replicates from two indepen-
dent experiments (*p < 0.05, t test). All scale bars
represent 5 um unless otherwise indicated. See
also Figures S2 and S3. Error bars are + SEM.
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described bacterial CBM20 domains (Figure S1). This model
identified W32, W80, and F47 as residues most likely to
be important for the interaction with carbohydrate chains. A
version of CDPK2 harboring W32L, W80L, and F47A mutations
(CDPK2ACBM20_HAy o longer exhibited the distinct punctate
pattern but rather was distributed throughout the cytoplasm,
although some puncta were still evident (Figure 1D). This change
in localization was not a result of differences in expression
level between wild-type and mutant proteins (Figure 1E). Indeed,
a pixel intensity heatmap showed that while CDPK2-HA is
highly concentrated in its discrete puncta, the expression of
CDPK24CBM20_HA is overall quantitatively less dense throughout
the body of the tachyzoites (Figure S1C).

To test if the CBM20 domain of CDPK2 facilitates amylo-
pectin binding, cell lysates from tachyzoites expressing either
CDPK2-HA or CDPK24CBM20_HA were applied to amylose
(un-branched o-(1,4) glucan) affinity matrix. While CDPK2-HA
bound to the amylose resin, the CDPK22CBM20_HA protein
showed no detectable binding (Figure 1F). These data suggest
that CDPK2 is recruited to the amylopectin granules, via its

To investigate the function of CDPK2 and

how it relates to amylopectin metabolism,

we created cdpk2-deficient Type | (RH)

and Type Il (Pru) lines (Figure S2A) in

Aku80 strains (Fox et al., 2011; Huynh

and Carruthers, 2009). Both RH:Acdpk2

and Pru:Acdpk?2 lines infected HFFs to

the same extent as wild-type parasites,

but intracellular Acdpk2 tachyzoites

were observed to accumulate granules

at their basal end and additional, larger

granules within the parasite residual body (Figure 2A), which
was further enhanced in the type Il background. Analysis of the
Acdpk2 lines by transmission electron microscopy showed
that granular deposits corresponded to semi-crystalline poly-
saccharide granules (PGs), which were completely absent from
the wild-type strains (Figure 2B). Consistent with our observa-
tions by light microscopy, these deposits were found both at
the basal end of the parasites as well as in engorged residual
bodies, which in some cases were still attached to dividing par-
asites (Figures 2Biii-2Bvi). To confirm the polysaccharide nature
of these granules, we performed Periodic acid-Schiff (PAS)
staining, which marks carbohydrates deposits in cells. We
observed that while wild-type parasites showed no staining or
only very small puncta, both RH:Acdpk2 and Pru:Acdpk2 para-
sites showed very pronounced staining of multiple puncta,
consistent with the granules seen in the EM studies (Figure 2C).
To confirm that Acdpk2 parasites accumulate amylopectin,
granules were extracted from parental RH and RH:Acdpk?2 ta-
chyzoites. Glucan chains were released by isoamylase digestion
and analyzed by high-pH anion-exchange chromatography
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Figure 3. RH:Acdpk2 Parasites Accumulate
Amylopectin through Increased Synthesis
and Attenuated Degradation

(A) Pulse-chase labeling of amylopectin. Extra-
cellular parasites were labeled for 1 hr with '3C-U-
glucose and then glucose starved for 1 hr.

(B) Turnover of '*C-amylopectin in RH and
RH:Acdpk2 (*p < 0.05, t test at 1 hr and 2 hr). Data

-~ parental
~# RH:ACDPK2
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fumarate f—é citrate succinate  fumarate malate degradation.

(HPAEC) (Figure 2D). This showed that parental and Acdpk2
tachyzoites contained poly-dispersed glucan chains having a
degree of polymerization (DP) of 4-20, consistent with previous
analyses (Guérardel et al., 2005). Methylation linkage analysis
of the total polysaccharide fraction of RH:Acdpk2 parasites
confirmed the presence of predominantly «-1,4 linked glucose
with intermittent o-1,6 linked branch points, again indicative of
amylopectin (Figure S3A) (Pettolino et al., 2012). To quantify
differences in amylopectin abundance between wild-type and
Acdpk2 parasites, we digested boiled cell lysates of purified
type | tachyzoites with o-glucosidase and measured the
released glucose by gas chromatography-mass spectrometry
(GC/MS). Amylopectin abundance was elevated approximately
10-fold in Acdpk2 tachyzoites (Figure 2E). We, however, only
saw mild defects in growth of Acdpk2 tachyzoites by plaque (Fig-
ure S3B) and competition assay (Figure S3C).

CDPK2 Regulates Synthesis and Degradation of
Amylopectin and Causes an Increase in Glycolytic Flux
To understand the effect of loss of CDPK2 on synthesis and
degradation of amylopectin, freshly egressed RH parental and
RH:Acdpk2 parasites were labeled with '*C-glucose for 1 hr
and then resuspended in glucose-free medium for a further
hour (Figure 3A). The incorporation and subsequent chase of
3C into amylopectin was determined by GC/MS analysis of
a-glucosidase-digested hot water extracts (Figure 3B). The
RH:Acdpk2 line synthesized approximately eight times as much
13C—amylopectin as the parental strain during the pulse period
(Figure 3B). Conversely, the RH:Acdpk2 parasites did not
degrade their amylopectin pool during the subsequent glucose

To determine whether CDPK2 regu-
lates other pathways in central carbon
metabolism, extracellular parental and RH:Acdpk2 tachyzoites
were labeled with '3C-glucose for 1 hr, and the incorporation
of 13C into a range of intermediates in glycolysis and the TCA cy-
cle was analyzed by GC/MS (Figure 3C). Increased labeling of all
glycolytic intermediates was observed in RH:Acdpk2 parasites
compared to the parental strain (Figure 3D), while labeling of
TCA cycle intermediates remained unchanged (Figure 3E).
These data are consistent with reduced turnover of pre-existing
pools of unlabeled amylopectin in RH:Acdpk2 tachyzoites,
which leads to increased efficiency of labeling of hexose phos-
phates in the Acdpk2 mutant.

CDPK2 Kinase Activity and a Functional CBM20 Are
Required for Regulation of Amylopectin Homeostasis
To determine if the CBM20 domain of CDPK2 is critical to the
function of CDPK2 in regulating amylopectin levels, RH:Acdpk2
parasites were complemented with either wild-type CDPK2-HA
or CDPK24CBM20_HA - Wild-type CDPK2-HA showed the ex-
pected punctate staining pattern seen previously, and its expres-
sion successfully complemented the Acdpk2 phenotype, with
parasites not producing amylopectin granules visible by light
microscopy (Figure 4A). The mis-targeted CDPK22CBM20_pja
mutant, however, did not complement the Acdpk2 phenotype,
with CDPK24CBM20_HA: Acdpk2 parasites still accumulating large
amylopectin granules (Figure 4B). These data strongly suggest
that targeting of CDPK2 to amylopectin is required for the regula-
tion of amylopectin synthesis and turnover.

Kinases regulate biological processes either by phosphory-
lating target effector proteins or by acting as a scaffold or allo-
steric regulator of protein complexes (Behnke et al., 2012;

Cell Host & Microbe 78, 670-681, December 9, 2015 ©2015 Elsevier Inc. 673
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Figure 4. Kinase Activity, Interaction with Amylopectin, and Functional EF Hands Are Required for Degradation of Amylopectin by CDPK2
(A) IFA of RH:Acdpk2 tachyzoites complemented with CDPK2-HA. Staining with anti-HA and peripheral marker anti-GAP45.

(B) IFA of RH:Acdpk2 tachyzoites complemented with CDPK22CBM20_HA
(C) IFA of RH:Acdpk2 tachyzoites complemented with CDPK2P360A_HA,

(D) IFA of extracellular/newly invaded RH:Acapk2 tachyzoites complemented with CDPK24EF-HA.

(E) PAS stain fluorescence in extracellular RH:Acdpk2 parasites complemented with CDPK2-HA (Ei), and CDPK22EF-HA (Eii).

(F) Accumulation of amylopectin in extracellular wild-type RH parasites, treated with Ca®* chelator BAPTA-AM or vehicle only (DMSO), quantified by GC/MS
analysis. Data represent the mean with SEM of three independent reactions (“p < 0.005, t test). White arrowheads indicate sites of granular accumulation. All scale

bars represent 5 um. See also Figure S4. Error bars are + SEM.

Fleckenstein etal., 2012). To assess whether the enzymatic activ-
ity of CDPK2 is required for the function of this kinase, we comple-
mented RH:Acdpk?2 parasites with a catalytically inactive mutant
of CDPK2 (CDPK2P36%A_HA). This mutant did not complement
the Acdpk2 phenotype despite the fact that the CDPK2P360A.
HA protein appeared to be strongly associated with the large
amylopectin granules (Figure 4C). Therefore, the kinase activity
of CDPK2 is required for the regulation of amylopectin turnover
and further suggests that CDPK2 associates with amylopectin
in situ.

Amylopectin Levels in Toxoplasma Are Regulated by
Ca?* Signaling

Given that the catalytic activity of CDPKs is directly regulated by
Ca®*, we investigated whether Ca* levels regulate amylopectin
levels through CDPK2 activity (Wernimont et al., 2010). To
address this, we aligned the EF hands of CDPK2 with EF hands
of other CDPKs known to regulate Ca®>*-dependent processes
(CDPK1 and 3) and Toxoplasma CaM (Figure S4A) (Lourido
et al., 2012; Wernimont et al., 2010). This alignment identified
conserved residues in the CDPK2 EF hands predicted to be
essential for Ca®* binding. A CDPK22EF-HA protein with muta-
tions in these sites was unable to complement the RH:Acdpk2
phenotype when tachyzoites were either extracellular or newly
invaded (Figure 4D). This was also evident by PAS fluorescent
staining showing the accumulation of amylopectin in extra-
cellular RH:Acdpk2:CDPK2°EF-HA tachyzoites, but not in
RH:Acdpk2:CDPK2-HA tachyzoites (Figures 4Ei and 4Eii).
Furthermore, CDPK2*5F-HA showed localization to sites of
amylopectin  accumulation in RH:Acdpk2 parasites (Fig-
ure 4D). Interestingly, we noticed that intracellular, replicating

RH:Acdpk2:CDPK22EF-HA parasites that had undergone one
to two rounds of division had lost these large amylopectin stores
(Figures S4B and S4C).

We also measured the effect of quenching of Ca?* signaling by
BAPTA-AM on the mobilization of amylopectin stores in glucose-
starved extracellular tachyzoites (Carruthers and Sibley, 1999;
Nebl et al., 2011). BAPTA-AM treatment conferred retention of
amylopectin when compared with vehicle-only (DMSO) controls;
resulting in approximately 9 nmol amylopectin per 107 tachy-
zoites as compared to 3.5 nmol in DMSO-treated parasites (Fig-
ure 4F). Together, these data strongly suggest that intracellular
Ca®* levels and the turnover of amylopectin are linked via
CDPK?2 in extracellular Toxoplasma tachyzoites.

Quantitative Proteomics Identifies Proteins Involved in
Amylopectin Metabolism and Phosphorylation Events
Potentially Regulated by CDPK2

Given that the catalytic activity of CDPK2 and its association with
amylopectin are both critically required for regulation of amylo-
pectin turnover, we reasoned that the substrates of CDPK2
must also possess the ability to associate with amylopectin.
We therefore set out to identify all proteins that can associate
with amylopectin and the phosphorylation sites on these pro-
teins that were influenced by CDPK2. We developed a quantita-
tive proteomic approach where we grew RH: 4cdpk2 tachyzoites
with “heavy” Lys and Arg, while keeping wild-type RH in “light”
(regular) Lys and Arg. We mixed NP-40 lysed samples ata 1:1 ra-
tio, applied them to amylose resin, and analyzed bound fractions
by mass spectrometry (Figure 5A). Proteomic analysis identified
603 unique proteins (Table S2). Significantly, eleven of these
proteins that differed in amount between the wild-type RH and
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RH:Acdpk2 lysates are predicted to be involved in starch break-
down or synthesis, and we detected phosphorylation sites on six
of these proteins (Figure 5B). Given that SILAC ratios of these
proteins deviated from the 1:1 ratio of initial mixing, with a bias
of peptides coming from the wild-type (“light” labeled) parasites,
we wondered if our method of solubilization had serendipi-
tously allowed us to identify proteins that bound to starch with
more confidence. Because Acdpk2 tachyzoites produce huge
amounts of amylopectin, we wondered whether the greater
amount of this sugar polymer in Acdpk2 parasites rendered
more of the starch-binding proteins insoluble under NP-40 lysis
conditions. To test this and to make sure that CDPK2 was not
affecting the expression level of these proteins, we tagged
glycogen phosphorylase (GP), pyruvate phosphate dikinase
(PPDK), and alpha-glucan water dikinase (WDK) with a triple-
myc epitope tag in both wild-type and Acdpk2 tachyzoites.
Loss of CDPK2 did not change the overall amount of these
proteins (Figure S5A) but increased the NP-40 insolubility of
GP under the NP-40 lysis conditions (Figure S5B). Furthermore,
by IFA, GP associates strongly with amylopectin granules in the
Acdpk2 background (Figure S5C), supporting the premise that
GP associates strongly with amylopectin stores in Toxoplasma
tachyzoites, thus explaining why starch-binding proteins are
found in less abundance in Acdpk2 in our proteomic experi-
ments. We also showed that GP, PPDK, and WDK all bind
strongly to amylose resin in in vitro assays (Figure 5C), and more-
over, all partially co-localize with CDPK2 by IFA (Figure 5D),
therefore validating our identification of Toxoplasma starch-
binding proteins.

To further examine the role that CDPK2 may be playing in
regulating the activity of proteins involved in amylopectin synthe-
sis and degradation, we analyzed the ratios (Acdpk2:wild-type)
of individual phosphopeptides and non-phosphorylated pep-
tides in proteins where phosphorylation was detected (Fig-
ure 5E). Interestingly, several phosphopeptides from WDK (a
protein predicted to be involved in starch breakdown) appeared
to be less abundant in Acdpk2 (heavy) lysates as compared to
wild-type, four of which appeared to be statistically significant
(Figure 5Ei and S6A). We could also detect phosphopeptides
from amylo-a-1,6-glucosidase (Figure 5Eii), glycosyltransferase
(Figure 5Eiii), PPDK (Figure 5Eiv), GP (Figure 5Ev), and a-amylase
(Figure 5vi), although sites on the latter protein were not quantifi-
able as they were only detected in one replicate and thus are not
shown (Table S2). In several cases, some phosphopeptides ap-
peared to be less abundant, compared to non-phosphopeptides
in Acdpk2 tachyzoites, but these were not considered significant
upon calculating confidence intervals (Figure S6A). We also
analyzed the occupancy of phosphorylation on particular sites

of WDK by identifying phosphorylated and non-phosphorylated
versions of the same peptide and comparing their ratios. While
we could clearly see a difference in relative abundance between
phosphorylated and non-phosphorylated versions of four pep-
tides from WDK, it should be noted that this is not quantifiable
using experimental techniques at hand due to the change in
chemical properties upon phosphorylation (Figure S6B).

We also functionally validated our proteomic identification of
amylopectin binding proteins by deleting the GP gene in RH
using CRISPR/Cas9. Agp tachyzoites showed accumulation
of amylopectin similar to the phenotype observed in the
RH:Acdpk2 strain (Figure S5D).

CDPK2 Can Directly Phosphorylate PPDK as Observed
by Chemical Genetics

To see if the phosphorylated proteins identified above are direct
substrates of CDPK2, we utilized a recently described kinase
substrate capture technique (Allen et al., 2007; Bishop et al.,
2000; Blethrow et al., 2008; Lourido et al., 2013). Substrate cap-
ture relies on genetically sensitizing the target kinase by mutating
the “gatekeeper” residue of the ATP binding pocket to alter its
shape and make it accessible to bulky ATP analogs (Figure 6AI),
thereby allowing the kinase to specifically “thiophosphorylate”
its substrates (Figure 6Aii). We tested whether PPDK could be
thiophosphorylated by CDPK2. PPDK was chosen prior to us
having performed the quantitative proteomics, on the basis
that it contains a CBM20 domain like CDPK2, while also binding
strongly to amylose resin (Figure 5C) and partially co-localizes
with CDPK2 (Figure 5D).

RH:Acdpk2 parasites were complemented with full-length
cDNA copies of wild-type or analog-sensitive (CDPK2M314G_HA)
alleles expressed from the tubulin promoter and integrated at
the uprt locus (Figure 6B). We desensitized native CDPK1, which
is naturally analog-sensitive by allelic swap (CDPK1%128M_Ty) (Fig-
ure 6B). Ectopic CDPK2"T-HA and CDPK2V314C_.HA (hereafter
referred to as CDPK2™ and CDPK2%, respectively) are functional
as they are able to complement the RH:Acdpk2 phenotype (Fig-
ures 6Ci and 6Cii). The analog insensitivity of the desensitized
CDPK1%'28M_Ty mytant was confirmed by showing no retardation
of A23187-stimulated egress following 3MB-PP1 inhibition (data
not shown) (Lourido et al., 2010). Western blotting confirmed their
expression (Figure 6D).

To monitor the ability of CDPK2 to thiophosphorylate
PPDK, we endogenously Myc-tagged PPDK in both the
CDPK2® and CDPK2M backgrounds (CDPK2%:PPDK-Myc and
CDPK2M:PPDK-Myc, respectively) and confirmed tagging by
western blot (Figure 6D) and IFA (not shown). We performed
thiophosphorylation reactions on cell lysates, followed by

Figure 5. Quantitative Proteomics Reveals Potential Substrates of CDPK2

(A) Strategy used for quantitative proteomics of Acdpk2 and wild-type parasites.

(B) Volcano plot of all amylose-bound proteins identified and their SILAC ratios. Red circles indicate that phosphopeptides were detected for these proteins. Grey
indicates that only non-phosphorylated peptides were detected. Proteins with a —log+o p value of 1.3 or greater (p value of < 0.05) were deemed differentially

abundant.

(C) Western blot for amylose binding of GP-Myc, PPDK-Myc, and WDK-Myc. Input, unbound, and amylose-bound fractions were stained with anti-Myc anti-

bodies. SAG1 was used as a negative control for amylose binding.

(D) Partial co-localization of CDPK2-HA with WDK-Myc, PPDK-Myc, and WDK-Myc, detected by IFA with anti-HA and anti-Myc antibodies. BF, brightfield.
(E) Proteins ([Ei]-[Evi]) predicted to be involved in starch degradation contain phosphopeptides (shown in red). Phosphopeptides for a-amylase (Evi) are not
shown, as they were only identified in one replicate, and thus a p value could not be calculated. All scale bars represent 5 um. See also Figures S5 and S6.

676 Cell Host & Microbe 18, 670-681, December 9, 2015 ©2015 Elsevier Inc.



A
i iii.
Ng-Fu-ATPYS
B CDPK2 CDPK1
——{ ores | worrrasene | comey  f— ———t 2 12 22 ACDPK2/CDPK16128
l CDPK2 locus CDPK1 locus
TUBS' i_> M128
— 8 TS CDPK2'S-HA/CDPKIS12oMTy
My
UPRT locus CDPK1 locus (CDPK2M)
s [ W CDPK2M16.HA/CDPK1 S128M.7y
N [ —— e S
UPRT locus CDPK1 locus
E
Cc a-HA a-Ty Merge Merge + BF
CDPK25-HA:
CDPK1M-Ty a-Myc
CDPK2M-HA: = 250
CDPK1M-Ty . =150
a-ThioP

Figure 6. CDPK2 Can Thiophosphorylate PPDK

= 100

- 80
IP: a-Myc

a-Cat

(A) Schematic showing the principle of analog-sensitive kinases. A specific point mutation in the ATP-binding pocket of a kinase can make it “analogue sen-

sitive” —able to make use of ATP analogs to thiophosphorylate its substrates.

(B) Strategy used to generate analog-sensitive CDPK2-expressing parasites.

(C) Localization of CDPK1M-Ty, CDPK2Y-HA, and CDPK2%-HA by IFA (detected with anti-HA and anti-Ty antibodies). Scale bars represent 5 ym.
(D) Western blot of tagged proteins in CDPK2%-HA:PPDK-Myc and CDPK2M-HA:PPDK-Myc parasites (detected with anti-Myc, -HA, -Ty and -Catalase [loading

control] antibodies).

(E) Thiophosphorylation of PPDK-Myc in CDPK2€ but not CDPK2M-expressing parasites. PPDK-Myc and its thiophosphorylation were detected with anti-Myc
and anti-thiophosphate ester (anti-ThioP) antibodies, respectively. The blot is representative of four independent experiments.

immunoprecipitation of PPDK-Myc, and observed that PPDK-
Myc was thiophosphorylated in the presence of CDPK2C, but
not CDPK2M (Figure 6E), suggesting that CDPK2 can directly
phosphorylate PPDK.

CDPK2 Loss Leads to Massive Amylopectin
Accumulation and Death in Bradyzoites

Amylopectin is natively found in chronic-stage bradyzoites; we
therefore wondered if CDPK2 plays an important role in regu-
lating the development of amylopectin stores at this stage. We
therefore differentiated Pru and Pru:Acdpk2 tachyzoites into bra-
dyzoites by high-pH shock over 14 days. Over this time period,
wild-type parasites exhibited a mild increase in PAS staining,

which was detected as small, granular staining throughout the
body of the developing bradyzoite (Figure 7A). In contrast, devel-
oping Pru:Acdpk2 bradyzoites accumulated massive amylo-
pectin granules within 2 days (Figure 7A). These deposits
continued to accumulate through to day 7. To assess the effects
of this gross accumulation on parasite morphology, we per-
formed IFAs on parasites 14 days post-bradyzoite induction
(Figure 7B). We confirmed successful bradyzoite induction
by observing GFP expression from the bradyzoite-specific
LDH2 promoter (Fox et al., 2011), alongside expression of the
bradyzoite surface marker SRS9, and observed nuclear
morphology by DAPI staining. As expected, Pru parasites had
successfully differentiated from tachyzoites into bradyzoites,
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showing expression of GFP and SRS9, and a more basal nu-
clear position (Figure 7B). Strikingly, while Pru:Acdpk2 parasites
showed successful bradyzoite differentiation, developing brady-
zoites were rounded and massively enlarged (Figure 7B). Indeed,
the cytosol of Pru:Acdpk2 bradyzoites, as detected by GFP, and
nuclear staining, appeared to be largely displaced by the amylo-
pectin granules, with remnants of the cytoplasm and nucleus
being pressed to the periphery of parasites (Figure 7B). To inves-
tigate this further, Pru:Acdpk2 bradyzoites were analyzed by
transmission electron microscopy (Figure 7C). Ultrastructural ex-
amination of Pru wild-type parasites differentiated for 48 hr
revealed typical tachyzoite/early bradyzoite morphology at
this early time point (Figure 7Ci). In contrast, Pru:Acdpk2 para-

Figure 7. CDPK2 Is Important for the Devel-
opment of Toxoplasma Bradyzoites In Vitro
and In Vivo

(A) PAS staining of Pru and Pru:Acdpk2 parasites
stimulated to differentiate into bradyzoites by pH
shock over 14 days.

(B) IFA of Pru and Pru:Acdpk2 parasites subjected
to pH shock for 14 days. Differentiation tracked
by GFP expression driven by the LDH2 promoter
(green) and the bradyzoite surface marker SRS9
(red). Staining with anti-SRS9 and DAPI (blue).

(C) Transmission electron micrographs of Pru ([Ci],
[Ciii], and [Cv]) and Pru:Acdpk2 ([Cii], [Civ], and
[Cvi]) parasites subjected to pH shock for indi-
cated time periods. C, conoid; MN, micronemes;
N, nucleus; PG, polysaccharide granule; R, rhop-
try. Scale bars represent 1 um.

(D) Analysis of amylopectin composition in wild-
type Pru and Pru:Acdpk2 bradyzoites by HPAEC.
(E) Quantification of amylopectin levels in Pru and
Pru:Acdpk2. Data represent the mean with SEM
from three biological replicates from two inde-
pendent experiments (*p < 0.05, t test).

(F) Weight loss in Pru- and Pru:Acdpk2-infected
C57BL/6 mice (“p < 0.05 on days 13-22, 30, 34,
and 37, t tests).

(G) Acute stage tachyzoite burden in Pru- and
Pru:Acdpk2-infected C57BL/6 mice.

(H) Number of cysts in brain homogenates of Pru-
and Pru:Acdpk2-infected C57BL/6 mice. Mice
were sacrificed at 21 and 45 days post-infection,
(n =4, day 21; n = 6, day 45). Error bars are + SD.
All scale bars: 5 um unless otherwise indicated.
See also Figure S7.

sites showed huge deposits of PGs
already massively distorting the parasite
shape at this early time point (Figure 7Cii).
At day 7, wild-type parasites exhibited
more features typical of bradyzoites,
such as an increase in micronemal num-
ber (Mn) and electron-dense rhoptries
(R) and the appearance of some amylo-
pectin granules (PG) (Figures 7Ciii and
7Cv). Pru:Acdpk2 parasites, however,
showed few features suggestive of viable
bradyzoites, with cell bodies containing
overwhelming deposits of PGs (Figures
7Civ and 7Cvi). Where organelles were
visible, they appeared pushed to the parasite periphery and
distorted in shape.

To analyze the bradyzoite amylopectin composition,
amylopectin granules were extracted from wild-type Pru and
Pru:Acdpk2 bradyzoites that had been differentiated for
5 days. Glucan chains were released by amylase digestion,
and analyzed by HPAEC and carbohydrate linkage anal-
ysis (Figure 7D). Both wild-type and Acdpk2 bradyzoites con-
tained glucan chains with a DP of 4-20, indicative of amylo-
pectin. Total a-amylase digestion of the amylopectin fraction
of wild-type and Acdpk2 bradyzoites, indicated a 10-fold
increase in amylopectin abundance in Acdpk2 bradyzoites
(Figure 7E).
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CDPK2 Is Required for Formation of Bradyzoites In Vivo
To investigate the consequences of loss of CDPK2 and dysregu-
lation of amylopectin metabolism on virulence and generation of
a chronic infection, C57BL/6 mice were infected intra-peritone-
ally with either Pru wild-type or Pru:Acdpk2 tachyzoites and
body weight, and symptoms were measured over a 45-day
period (Figure 7F). Pru:Acdpk2-infected mice lost significantly
less weight (p < 0.05 on days 13-22, 30, 34, and 37; t test)
than mice infected with the wild-type parasites (Figure 7F). How-
ever, the total tachyzoite burden in the peritoneal cavity was
similar for both wild-type and Pru:Acdpk2 infections (Figure 7G),
suggesting that CDPK2 is not a major determinant of tachyzoite
virulence. Accordingly, blood parameters, spleen weight, and
numbers of peritoneal infiltrate immune cells showed no differ-
ence between wild-type and Acdpk2-infected animals (Fig-
ure S7). In contrast, we were unable to detect a single cyst within
Pru:Acdpk2-infected animals either by looking for GFP (under
the bradyzoite-specific LDH2-promoter) or by direct micro-
scopic examination, while wild-type parasites showed an ex-
pected increase in cyst number over 45 days of infection
(Figure 7H). These observations suggest that loss of CDPK2
leads to the catastrophic accumulation of amylopectin in brady-
zoites, leading to parasite death and abrogation of cyst forma-
tion. The regulation of amylopectin formation through CDPK2
is thus essential for the development and persistence of cysts
during chronic infection.

DISCUSSION

The accumulation of amylopectin is a defining feature of encyst-
ing stages of Toxoplasma and other apicomplexan species, but
until now, very little was known about the signaling pathways
regulating its synthesis or degradation or its broader role in the
control of flux through carbon metabolism pathways. Here we
provide an example of Ca%*-dependent regulation of carbohy-
drate metabolism in apicomplexan parasites via CDPK2. This
work therefore describes a mechanism by which pathogens
regulate energy metabolism during establishment of chronic
infection.

Our metabolomic data shows that loss of CDPK2 leads to
increased synthesis and decreased degradation of amylopectin.
This suggests that CDPK2 activity downregulates the shunting of
glucose into amylopectin and upregulates the mobilization of
amylopectin, and thereby the generation of hexose-phosphates.
3C-glucose labeling studies further suggest that amylopectin
turnover is coupled to glucose uptake and major pathways of en-
ergy generation. In particular, disruption of amylopectin synthe-
sis and degradation appears to directly impact on glycolytic
fluxes, suggesting that amylopectin may play a role as both a
long-term polysaccharide reserve under conditions of nutrient
limitation, and a dynamic short-term reserve of hexose precur-
sors. Our data also suggest that dividing tachyzoites have small
pool of amylopectin, which is rapidly turned over, a process that
requires CDPK2.

Our data also suggest that Ca®* signaling, via CDPK2 activity,
regulates these amylopectin levels in Toxoplasma. From this and
recent work by other groups, it is now clear that Toxoplasma
Ca?* signaling, through the action of CDPKs, is not limited to
regulating parasite motility but also regulates other processes

that are important for establishing and maintaining infection
(Morlon-Guyot et al., 2013). But why does Toxoplasma want to
link amylopectin synthesis and degradation to intracellular
Ca®* levels? Ca®* levels rise massively when parasites exit
host cells and are required to activate motility. Perhaps linking
amylopectin regulation to Ca®* allows rapid mobilization of en-
ergy stores when parasites become extracellular so as to sup-
port the high levels of ATP that are likely required for motility.

Bradyzoites are thought to enter a metabolically quiescent
state as they differentiate, decreasing glucose utilization and up-
regulating the synthesis of amylopectin (or downregulating its
breakdown). Amylopectin is therefore likely to be an important
long-term energy store during chronic infection. Indeed, while
loss of CDPK2 activity, and accompanying starch accumulation,
appears to have relatively minor effects on tachyzoite growth
both in cell culture and during infection, the effect on bradyzoites
is much more severe. What is not clear is why bradyzoites seem
to be so much more sensitive to amylopectin levels. It could
potentially be that bradyzoite metabolism is already skewed to
make more amylopectin than tachyzoites and that loss of
CDPK2 exacerbates this. Another possibility is that bradyzoites
are unable to dispose of excess amylopectin in the same way
as tachyzoites. Unlike tachyzoites, bradyzoites do not appear
to form a residual body, thus excess amylopectin cannot be
removed from the parasite cell. Amylopectin therefore accumu-
lates in the bradyzoite, physically disrupting and ultimately killing
it. This would completely abrogate chronic Toxoplasma
infection.

We show that the enzymatic activity of CDPK2 is required for
its function and furthermore identify potential substrates of this
kinase. Our work therefore suggests that the balance between
amylopectin synthesis and degradation is likely regulated by
protein phosphorylation by CDPK2. Indeed, in muscle and liver
cells, protein phosphorylation is a regulatory mechanism of en-
zymes involved in the synthesis and degradation of glycogen
(Roach et al., 2010). Our work also identifies these proteins as
enzymes that are known to be involved in starch breakdown
and synthesis in other systems and shows that these proteins
can bind to sugar polymers and co-localize with CDPK2. What
now appears to be important to understand is the functional
role of these enzymes in amylopectin production and whether
phosphorylation controls their activity. While we have shown
that one of the identified proteins—GP, a protein predicted to
be involved in starch breakdown—is also required for amylo-
pectin homeostasis in Toxoplasma, we have yet to be able to
show a role of individual phosphorylation sites in regulating the
activity of this protein using the simple morphological readout.
Clearly, to answer this question more thoroughly, more sensitive
methods will need to be applied such as '*C- glucose tracer ex-
periments, developing in vitro assays for the individual enzymes
and generating compound phosphosite mutant parasites.

There are currently no therapeutic options to treat the 30%-
80% of individuals chronically infected with Toxoplasma. Treat-
ment options for latent infections would significantly benefit
immunocompromised patients. Furthermore, if correlative links
between chronic Toxoplasma infection and mental health condi-
tions become stronger, then clearing chronic bradyzoite infec-
tions may also help treatment of some psychiatric disorders.
We have shown that the loss of CDPK2 causes unchecked
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production of amylopectin in Toxoplasma parasites, which re-
sults in non-viable bradyzoites and leads to a complete lack of
cysts in the brain in a mouse model of infection. This strongly
suggests that targeting this kinase (and/or one or more of its sub-
strates) may be a viable therapeutic option for the treatment of
chronic toxoplasmosis. Our work shows that CDPK?2 is vital for
bradyzoite development and for the establishment of chronic
infection. The next important step will be to determine if it is
required for the persistence of established cysts.

EXPERIMENTAL PROCEDURES

Parasite Culture, Transfection, and DNA Cloning

Toxoplasma tachyzoites were maintained in continuous culture and trans-
fected as previously described (McCoy et al., 2012) (details in Supplemental
Experimental Procedures). Differentiation of tachyzoites into bradyzoites and
competition assays were performed as previously described (Nebl et al.,
2011; Fox et al., 2011). DNA cloning was performed using primers and stan-
dard techniques outlined in Supplemental Experimental Procedures.

Microscopy and Cellular Assays

Light microscopy of immuno-decorated samples was performed using stan-
dard procedures and captured on a Zeiss system equipped Axiovision soft-
ware or a Deltavision Elite and SoftWoRx software. Detailed procedures along
with methods for PAS staining and transmission electron microscopy can be
found in Supplemental Experimental Procedures.

Amylose Binding Assay

Approximately 5 x 102 tachyzoites were resuspended in 500 pl of lysis buffer
(PBS containing 0.5% NP-40, 1 mM MgCl,, 25 U/ml Benzonase [Novagen],
and protease and phosphatase inhibitors [Roche]). The lysates were incubated
on ice for 30 min, before centrifuging at 17,000 x g for 10 min at 4°C.

The supernatants were mixed with 80 ul of amylose beads (NEB) for 3 hr at
4°C. Unbound fractions were collected, and beads were washed five times
with 400 pl of PBS/0.2% NP-40, before resuspending in 40 pl of SDS-PAGE
sample buffer (Invitrogen). Amylose-bound proteins were eluted by heating
at 95°C for 8 min. Proteins were resolved by SDS-PAGE followed by western
blotting.

Amylopectin Characterization and Quantification
Parasites were boiled in water for 10 min, and soluble material was incu-
bated in 50 mM acetate buffer at pH 3.8 with or without 200 U isoamylase
(Sigma) at 45°C, overnight. Reactions were heat inactivated, and the super-
natants were desalted and run on a HPAEC (Dionex) equipped with amper-
ometric detection. For amylopectin quantification, hot water extracts of
freshly egressed filtered tachyzoites or scraped bradyzoite-infected and
uninfected monolayers were resuspended in water, sonicated, and boiled
for 10 min. The supernatant was digested by a-glucosidase (Megazymes)
in 0.1 M potassium buffer, pH 6.8, for 2 hr at 60°C. High-speed superna-
tants of heat-inactivated reactions were desalted, methanol washed, resus-
pended in 20 ul pyridine, and trimethylsilylated in N,O-bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA-1% TMS) for 1 hr at room temperature. Glucose
was analyzed by GC/MS on a DB-5MS + DG column (J&W, Agilent, 30 m
x 0.25 mm, with 10 gap) equipped Agilent 7890A-5975C GC/MS. Chro-
matograms were processed in MSD Chemstation D.01.02.16 software (Agi-
lent). Glucose background was estimated from undigested control samples
and subtracted.

Stable isotope labeling, metabolite extraction, and analysis were carried out
as described previously (MacRae et al., 2012, CHM) and are detailed in the
Supplemental Experimental Procedures.

Quantitative Proteomics and Substrate Capture by
Thiophosphorylation

These protocols were essentially performed as previously published (Lourido
etal., 2013; Nebl et al., 2011) with modifications and details that are outlined in
Supplemental Experimental Procedures.

Mouse Infections

8- to 12-week-old C57BL/6 male mice were injected intraperitoneally with
10,000 tachyzoites in 200 ul of serum-free DME, carried out in accordance
with the guidelines of the Walter and Eliza Hall Institute Animal Ethics Commit-
tee. Mice were sacrificed, and parasites were recovered by either intraperito-
neal lavage with PBS with EDTA for tachyzoites or by brain tissue homogeni-
zation for cysts. Tachyzoites and bradyzoites were counted using either light of
fluorescence microscopy.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.chom.2015.11.004.
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