Analysis of Ca** mediated signalling regulating Toxoplasma infectivity
reveals complex relationships between key molecules
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Abstract

Host cell invasion, exit and parasite dissemination is critical to the pathogenesis of
apicomplexan parasites such as Toxoplasma gondii and Plasmodium spp. These processes are
regulatewracellular Ca’* signalling although the temporal dynamics of Ca®* fluxes and down-
stream seQne

biosensor,!GFP-QImoduIin-MB-@ (GCaMP6), to capture Ca”* flux in live Toxoplasma and

ssenger pathways are poorly understood. Here we use a genetically encoded

investigatd® the}y role of Ca®* signalling in egress and motility. Our analysis determines how
environmmues and signal activation influence intracellular Ca®* flux, allowing placement of
effector nﬁles within this pathway. Importantly, we have identified key interrelationships
between cGMP and Ca®** signalling that are required for activation of egress and motility.
Furtherm(,g extend this analysis to show that the Ca®* Dependent Protein Kinases - TJCDPK1
and Tgcm - play a role in signal quenching before egress. This work highlights the
interrelat ips of second messenger pathways of Toxoplasma in space and time, which is likely

require ogenesis of all apicomplexan species.

Author
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Introduction

Malaria and toxoplasmosis are caused by infection with the apicomplexan parasites Plasmodium
and Toxoplasma, respectively. Malaria kills more than 700,000 people annually, while Toxoplasma
chronically infects 30% of world's population and can cause birth defects, blindness and disease in
immunowmised individuals (World Health Organization, 2014). These ancient parasites have
evolved rmms to sense their environment responding to cues to activate host cell invasion,
intracel i lgkkaplication, egress and motility for parasite dissemination, a process collectively
termed thhc cycle. External cues activate parasite signalling cascades, most notably Ca®*
signallingodrive progress through the lytic cycle including transitions from intracellular
replicatiomtracellular motility (For review see (Lourido and Moreno, 2014)). Specifically, Ca®*
signalling contgpbls the regulated release of specialised organelles called micronemes, which harbour

adhesins Ether factors required for invasion and egress that are central to apicomplexan

pathogenigg arruthers and Sibley, 1999; Lovett et al., 2002; Wetzel et al., 2004). Parasite
motility is also thought to be regulated by Ca** signalling via activation of the ‘glideosome’ - an
actomyosj or which provides the force required for a distinctive form of cellular locomotion

termed ‘gliding motility’. However, little is understood about the spatio-temporal dynamics and

hierarchy &'El'gnalling pathways and how key molecules relate to one another during motility and

egress. O

The nucleotide second messenger, cyclic GMP (cGMP), activates Protein Kinase G
(PKG), a o plays a vital role in the activation of apicomplexan egress, motility and
differentiation {Wiersma et al., 2004; Eaton et al., 2006; Taylor et al., 2008; Collins et al., 2013).

cGMP s ing is tightly regulated by guanylyl cyclases and phosphodiesterases that are
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responsible for de novo synthesis and degradation of cGMP, respectively. As a result, targeted
inhibition of parasite phosphodiesterases with zaprinast or BIPPO prevents cGMP breakdown
leading to an accumulation of cellular cGMP, which activates PKG and in turn signals for
microneme secretion and egress (Howard et al., 2015). Conversely, inhibition of PKG interrupts
cGMP sigi:alligg leading to microneme secretion defects in both Toxoplasma and Plasmodium spp.
(Wiersma&,2004; Donald et al., 2006; Collins et al., 2013). Recent work suggests that this
pathwae playaaa role in regulating of phosphoinositide metabolism and Ca* signalling during stage
conversiohlﬂ motility in Plasmodium (Brochet et al., 2014) and Ca’" signalling driving

microneertion during the asexual cycle of Toxoplasma (Brown et al., 2016, Sidik et al.,

2016). w

Apico@a have evolved divergent signalling elements to regulate novel functions specific to
this groupEthogens. Plant-like Ca®* dependent proteins kinases (CDPKSs) are expanded across
Apicompl@d play pivotal roles in Ca” signal transduction throughout the Iytic cycle (For
review Elker et al., 2009)). CDPKs contain Ca*" binding EF hand domains fused with a
calmod e Kinase domain and inhibitory region, an architecture seen only in protists and plants
and not gmetazoans.  Upon interactions with Ca®" ions, conformational change relieves
autoinhibi'@nd reveal the active site for substrate phosphorylation (Wernimont et al., 2010).

CDPK;hﬁen implicated in a range of processes, including stage conversion (Billker et al.,

2004; et al., 2012; Brochet et al., 2014), invasion (Lourido et al., 2010; Bansal et al.,
2013) an s (Dvorin et al., 2010; McCoy et al., 2012; Garrison et al., 2012; Lourido et al.,
2012). In the fase of TgCDPK1, this kinase plays a role in regulation of adhesins from the

microne anelles (Lourido et al., 2010). Despite the multifaceted role of Ca** signalling in
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Apicomplexan parasites little is known about how Ca?* signalling operates, in space and time, to

activate these kinases.

In mammalian cells, Ca®" signal transduction commonly involves the regulated release of Ca**
from intracellular stores (i.e ER) into the cytoplasm (Berridge, 2009). Regulated pump and channel
activatid'l'l'ﬁl'l'vgdistinct spatiotemporal Ca* oscillatory patterns modulating amplitude, duration and
Iocalisation.iverse cellular outcomes (Berridge et al., 2003; Uhlen and Fritz, 2010). This
phenom:ergn_ﬁls been documented in Toxoplasma where cytoplasmic Ca?* flux coincides with a
burst of pgfasMe motility immediately preceding invasion (Lovett, 2003). However, studies such as
these havw technically limited due the broad cellular targeting of Ca®* sensitive dyes. The
developmﬁgenetically encoded Ca”* sensors has revolutionised the understanding of signalling

processes ing cells (Chen et al., 2013). In the case of Apicomplexa, the focused expression of
the genetiEencoded Ca®* sensors has allowed for the differentiation between signals derived
from the@and those initiated by the occupying parasites (Borges-Pereira et al., 2015).
Interest e source of intracellular Ca** has been brought into question through use of

GCaM #ying a PKG regulated neutral Ca?* store distinct from the ER (Sidik et al., 2016).

In this&bdy we examine the spatiotemporal dynamics of intracellular signal transduction and
investigat@interplay of multiple signalling nodes in Toxoplasma egress and motility. We
employ thf genetically encoded Ca** indicator GCaMP6s (Chen et al., 2013), and the new cGMP
agonist, wimidl (Howard et al., 2015), to interrogate the hierarchy of signal transduction pathways,
identifyin@/ation of cGMP upstream of Ca”" in both egress and motility. Extending this
approachKs we reveal a role for TQCDPK1 and TgCDPK3 in Ca?* levels immediately prior

to egress. Furtfermore, we demonstrate the relationship of Ca?* periodicity and amplitude as a
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driver of speed and distance travelled by motile parasites, thus together revealing the importance of

Ca** signalling as a key mediator of Toxoplasma infectivity.

Author Manuscript
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Results

GCaMP6s detects parasite-derived Ca®* during Toxoplasma motility and egress

We sought to monitor intracellular Ca®* flux within live tachyzoites using the genetically
encoded, Ca?* biosensor GCaMP6s (Chen et al., 2013). For ratiometric analysis in Toxoplasma we
co-expre?!(ﬁ-r#Cherry with GCaMP6s, whilst integration into the uprt locus ensured consistent
expressio cell lines (Figure 1A). Visualisation of these lines demonstrated that both

fluoresceri signals could be detected in the cytoplasm of live extracellular and intracellular

tachyzoit@ure 1B).

Cca** signman result from release of Ca** from internal stores, and/or influx from extracellular
sources (Berrighe, 2009; Uhlen and Fritz, 2010). To assess the contribution of internal Ca®* stores

for signalm Toxoplasma motility GCaMP6s-expressing tachyzoites were harvested in modified

Ringer’s A (0.1 mM) solution away from host cells. Under resting conditions, non-motile
parasite ibited low cytoplasmic Ca®* levels (Figure 1C, no stimulation - 60s time lapse
projectio false coloured low = blue, high = red). In the absence of extracellular Ca?*, the Ca**

ionophore A23187 robustly activated Ca®* signalling and motility of tachyzoites (Figure 1C,
A23187 !Hmm panel). Further, ratiometric quantitation showed rapid induction of cytoplasmic
ca** with@opulation average increasing post stimulation (Figure 1D). Autofluorescence of
A23187 wias found not to influence our readings (Supplementary Figure 1A). Tachyzoite motility
was strdﬂt'l'y'd)rrelated with GCaMP6s fluorescence with ~60% of ionophore treated parasites
exhibitingmment in the 60s following Ca*" increase (Figure 1E) (motility discussed further in
Figure ). This analysis demonstrates the capacity of GCaMP6s to measure tachyzoites ability

to store and respond to endogenous Ca* signalling in the absence of external Ca** sources.

This article is protected by copyright. All rights reserved.



Unlike Ca?* sensitive dyes, the use of genetically encoded Ca?* biosensors, such as
GCaMP6s, allows detailed assessment of individual intracellular tachyzoites. We therefore
monitored Ca®" dynamics of intracellular tachyzoites at the single vacuole level within host cells in
unstimulated and activated states. Basal, intracellular parasites maintained low Ca?* levels (Figure
1F, basal panel). Upon stimulation with A23187, cytoplasmic Ca** rapidly increased followed by
parasite egmm host cells (Figure 1F, amplification, peak, egress). This assessment of live Ca®*
flux defingsda states; 1) an immotile, low Ca?* state of intracellular tachyzoites and 2) an active,
motile sta&'WHere rapid induction of Ca®" drives parasite egress for extracellular dissemination.

Together Qork validates GCaMP6s for Ca?* detection and analysis in Toxoplasma egress and

motility. w

cGMP signalling through PKG precedes Ca®* signalling in egress

Recen has suggested the importance of cGMP pathway and its link with Ca?* signalling
(Brochet mom; Brown et al., 2016; Sidik et al., 2016), however this work relied on the use of
a human inhibitor zaprinast. Here, activation of egress by zaprinast requires long incubation
times a concentrations, often resulting in heterogeneous responses (Howard et al., 2015).
We recenly described a potent, apicomplexan-specific PDE inhibitor, 5-benzyl-3-isopropyl-1H-
gyrazolo[@yrimindin-7(6H)-gne (BIPPO). BIPPO shows high selectivity to towards
Toxoplati P. falciparum PDE and rapidly induces host cell egress and microneme secretion
in a PKG, dependent manner (Howard et al., 2015). To determine first whether treatment with
BIPPO ingan increase in cyclic nucleotide production we measured cCAMP and cGMP levels
using L&Figure 2A). Extracellular tachyzoites were treated with either 1uM of BIPPO or

2uM of the™m& ionophore A23187 for 1 minute followed by rapid quenching. Levels of the cyclic
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nucleotides, cGMP and cAMP, were expressed relative to their nucleotide triphosphate
counterparts, GTP and ATP respectively. This analysis showed that BIPPO treatment elicited a rise
in levels of both cGMP and cAMP as compared to DME growth media alone. The Ca®** ionophore

A23187 also caused a rise in these cyclic nucleotides (Figure 2Ai and ii).

We then used BIPPO to explore the relationship of cGMP and Ca’* signalling. We monitored
ca** dynaslias-of tachyzoites induced to egress with BIPPO and showed a clear amplification of
cytoplasm(_a2+ concentrations prior to parasite egress (Figure 2Bi). By performing ratiometric
analysis wrmalising the GCaMP6s signal to mCherry fluorescence, we analysed specific
aspects ofEa2+ response and compared these dynamics across multiple conditions. In the case
of BIPPOC’JIation of WT cells, all tachyzoites responded with robust amplification of Ca®*
before egressing within 75 s of the first instance of Ca?* increase (Figure 2Bii - response normalised
to ¥ peakwas t = 0 s, one line represents one vacuole and ceases at the point of egress). This
demonstraEat activation of cGMP is linked to Ca** signalling in activating egress. Given that
BIPPO induces a rise in both cGMP and cAMP we further explored the link between cGMP and
Cca* by ihbiiing Protein Kinase G (PKG). PKG is a cGMP-dependent protein kinase and in
apicompl parasites can be specifically inhibited by the trisubstituted pyrrole termed
‘Compou (Cmpdl) (Donald and Liberator, 2002). Upon treatment of GCaMPG6s expressing
tachyzoisslewidh Cmpd1 parasites failed to mount a Ca”* response and could not activate motility or

egress, remainijg intracellular for the duration of filming, up to 10 min (Figure 2Ci, ii). Indeed, this

work is @nt with other studies showing that zaprinast can induce Cmpd-1 dependent increase
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in Ca®* (Sidik et al., 2016). Together this work supports the role of cGMP in activating Ca*

signalling through the action of PKG during egress of Toxoplasma.

Toxoplasma tachyzoites also egress in response to changes in extracellular [K*] and pH, which
may signal immune attack or a dying host cell (Black et al., 2000; Persson et al., 2007; Roiko et al.,
2014). Tﬂ‘ﬂﬁﬁigate the impact of these signals on parasite Ca?* fluxes, the membrane of host cells
was selec@_nermeabilized with saponin (Carruthers and Sibley, 1997). When intracellular
parasite; Ereated with saponin, whilst in a low [K*] buffer, tachyzoites displayed a rise in
cytoplasny " however, as compared to A23187 and BIPPO treated tachyzoites, the increase in
cytoplasm'vj2+ was not uniform across the vacuole,. Rather parasites individually activated Ca?*
responses 3-5 s (Figure 2Di arrows) until all intracellular parasites within the same vacuole
displayed ﬁc#* prior to egress (Figure 2Di,ii). To make sure the saponin was not activating
tachyzoiteglity by directly acting on the parasite in an unknown fashion extracellular
tachyzoit treated with this detergent and GCaMP6s fluorescence measured. Here, Saponin
was un Induce a rise in GCaMP6s fluorescence not induce parasite motility in the presence of
ca* ( ntary figure 1D, E). To define the relationship between extracellular cues,
intracellulgr cGMP and Ca”* during egress under these conditions, we inhibited Toxoplasma PKG
with Cmp fore activating egress with saponin, while monitoring the Ca®* responses. Here, in
direct co;ﬁo activation with BIPPO, saponin treatment induced a rise in Ca?* although parasites

did not

i), 3

Toy and in more detail, the effect of stimuli on Ca®* signalling we interrogated specific

motility or egress, remaining intracellular for the duration of filming (Figure 2Ei,

parameters of the Ca?* response in the different conditions (Figure 2F). In particular we monitored
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Ca”*" homeostasis, time to egress and peak Ca’* responses. To assess the contribution of PKG to
Ca®* homeostasis in intracellular, unstimulated parasites we compared the baseline (basal) Ca®* of
WT and Cmpd1l treated cells and observed no difference in GFP/mCherry ratio (Figure 2G), thus
suggesting that cGMP is not linked to modulations of basal Ca®* levels. Next, we assessed the time
to egress,,whigh we defined as the time-point that the first parasite exited the confines of the
parasitop vacuole. WT parasites rapidly egressed in response to all three agonists (Figure 2H
- grey barsladida-ontrast Cmpd1l treated cells showed defective egress to all stimuli (A23187, BIPPO
and SaporhﬂFigure 2H - purple). To probe the maximal Ca*" responses whilst Cmpd1 inhibited
PKG, we Qrmed side-by-side comparison of the peak Ca®" reached after agonist stimulation.
BIPPO trmt robustly increases cytoplasmic Ca** levels of WT cells (Figure 2I - BIPPO, grey
bar). In contrag, BIPPO failed to induce comparable peak Ca** responses when PKG was inhibited
(Figure ZEPO, purple bar), reflecting the visual observations seen in Fig. 2Ci. This indicates
that cGM pegaignalling acts upstream of Ca®* flux, as PKG activity is required for the cGMP
dependent initiation of Ca®* dynamics and egress. In comparison, Cmpd1 treated tachyzoites
display Ca%=ix in response to saponin and A23187 stimulation, achieving Ca®* amplification
greater than seen in Cmpdl - BIPPO (Figure 2l - saponin, A23187). Importantly, however, these
apparentl)ﬁf‘l'ﬂ'l'l'hal peak Ca?* responses were rarely followed by egress when PKG is inhibited with
Cmpdl (F@ZH, ). This suggests that while Ca** signalling is essential for egress, and can be
stimulat@ultiple pathways (here either BIPPO or saponin), it still requires PKG to activate
motility.‘bVE'l'gll, this work has provided new insights into the hierarchical nature of signal

transductimgesting that cGMP precede Ca’* signalling during activation of egress and motility.

<C
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TgCDPK3 is not involved in steady state or amplification rate of Ca®* during Toxoplasma
egress

Previously, it has been shown that TJCDPK3 is important for A23187-induced egress but
the role of TgCDPK3 can be bypassed by changes in [K'] or activation of cGMP signalling (McCoy
et al., Zwmdo et al., 2012). Whilst T9CDPK3 could be considered an effector of Ca*
signalling ished work suggests that it might act in Ca** homeostasis or contribute to Ca®*
amplifiatiga.da egress (McCoy et al., 2012; Garrison et al., 2012). To investigate the influence of
TgCDPKS%'H'Ba2+ we introduced GCaMP6s/mCherry into ATJCDPK3 tachyzoites. When treated
with AZSQTgCDPK& parasites responded with a uniform increase in cytoplasmic Ca?* but did
not reliabwess, in line with previously published work (Lourido et al. 2012; Garrison et al.
2012; McCoy }t al. 2012) (Figure 3Ai). Ratiometric analysis illustrates the initial peak in Ca®*
signal fol@ by a return to approximate basal levels over the 10 min filming period (Figure
3Aii). Actpugiien of cGMP with BIPPO induced a rapid Ca** amplification and here egress was
seen in Im zoites tested (Figure 3Bi,ii). Similarly, saponin treatment induced a Ca** increase
followed ess (Figure 3Ci,ii). To test whether TJCDPK3 is required to maintain basal Ca**
levels as suggested by Garrison et al. (2012) (Garrison et al., 2012) we compared the basal Ca®*
levels of é&ﬂﬂ'g intracellular ATQCDPK3 tachyzoites to WT. Here, we saw no difference between
ATgCDPI@i WT lines suggesting no role for TYCDPK3 in Ca** homeostasis (Figure 3E).
Further, vihen Ca*" potential was probed via measurement of peak Ca®* levels after stimulation,
ATgCDH‘?ﬂ!hyzoites were able to upregulate Ca** to the same extent as WT cells, ~2-4 fold
increase (E 3F). McCoy et al. (2012) hypothesised that TYCDPK3 could be involved in Ca®*
amplifigge®l by modulating the rate of Ca** release (McCoy et al., 2012). We therefore measured

the rate of change of Ca?* during the amplification stage (Figure 3G — ACa®*/s). Between WT and
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ATgCDPK3 tachyzoites we did not detect a difference in BIPPO and Saponin induced Ca®*
amplification rates (Figure 3H - BIPPO, Saponin). A23187 stimulation saw Ca”" amplification rates
of ATgCDPKS3 only marginally slower than WT (Figure 3H- A23187) suggesting that ATgCDPK3
largely does not affect the strength or rate in which A23187 induced Ca?* flux occurs. We then
monitore_d.ti_mi to egress of ATgCDPKS3 and noticed that despite there being no difference in
intracellul > Jevels in response to a stimulus, these parasites still had significant delays in
egress. o wamaathis data we can surmise that TJCDPK3 does not have a role in basal Ca** levels or
rate of re%ﬂ'l'lgb to an egress stimuli. Furthermore, our data suggests that whilst stimulation of
cGMP caQrcome the loss of TgCDPK3 it still results in retarded activation of egress and

motility, wting that this kinase activates another unknown process that is required for rapid

egress. 3

TgCDPK; downstream of Ca®* to activate Toxoplasma egress

Previm it has been demonstrated that TQCDPK1 plays a pivotal role in microneme
secretion, s, invasion and motility. Lourido et al. (2010) showed TgCDPKZ1 knock down lines
fail to to A23187 egress stimulation demonstrating a block in Ca** signal transduction
(Lourido galliZOlO). To investigate further the role of T9CDPK1 in the Ca®* signalling hierarchy
we used @P analogue, 3MB-PP1, which specifically targets TgCDPK1y~ during egress and
motilityﬁo et al. 2010). To create a control, a 3MB-PP1-refractory line was made where the
TgCDPKZ gatekeeper amino acid was modified from glycine to methionine (TQCDPK1,,) (Lourido
et al., ZOg\/IB-PPl inhibition of T9CDPK1wr did not alter the Ca®* amplification dynamics
when panﬁwere stimulated to egress with A23187 (Figure 4A - Amplification, Ci) and, as

expected, MMgjtion of TgCDPK1yr prevented egress (Figure 4A - no egress). It is important to
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note that, in these circumstances, egress was scored at the point at which the first egressing parasite
breached the parasitophorous vacuole. While A23187 induced egress was scored for over half the
3MB-PP1 treated tachyzoites, this egress was clearly defective as the majority of parasites were
unable to disseminate away from the parasitophorous vacuole following vacuole breach. A similar
response_&seen when 3MB-PP1 treated parasites were stimulated with BIPPO where
cytoplasn‘Qﬁ+ rapidly increased (Figure 4B - amplification, peak, 4Cii) followed by
parasitophakaus vacuole breach (Figure 4B - *egress, arrows). Parasites could not successfully
engage m&l‘l‘l‘@' or disseminate across host cells and were thus incapable of reinvasion. 3MB-PP1
refractoryQ (TgCDPK1y), demonstrated normal egress, demonstrating the specificity this
compounwgCDPKl in this experimental setup (Figure 4Di-iii). Basal Ca** showed no
differenceszeen 3MB-PP1 treatment of WT and 3MB-PP1 treatment of control line
TgCDPKJ@gure 4E). Ratiometric quantitation of peak Ca®" responses confirmed visual
observati ere T9CDPK 1y inhibition did not alter peak Ca** ratios (Figure 4F). When 3MB-
PP1-treated tachyzoites were able to breach the parasitophorous vacuole, this event was delayed in
comparis ormal egress (Figure 4G). Given that loss of TgCDPK1 cannot be rescued by cGMP
pathway induction nor saponin this data provides further validation of differential roles between

TgCDPKl%I'IH'T gCDPK3 and reinforces the pivotal role of TgCDPKZ1 as an essential effector of

ca®* signa@duction during egress.

TgCDPK} and TgCDPK3 contribute to Ca®* dynamics immediately prior to egress
Itis stm understood how CDPKs function to promote egress and motility. Previous data has
suggest%oth TgCDPK1 and TgCDPK3 function in controlling microneme secretion (Lourido

et al., 2010T™igCoy et al., 2012; Lourido et al., 2012), but whether TJCDPK1 and TgCDPK3 act
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directly to promote secretion of these organelles or whether they work in an upstream signalling
event is unknown. During analysis of CDPK mutants we noticed differences in the decay of the
Ca” response from peak level to egress. We found that after stimulation of egress, intracellular
Ca”" rose to peak levels and then decreased (~25%) before egress begun, suggesting that there may
be feedbaik michanisms to quench Ca** flux required for egress to proceed. To analyse if CDPKs
could be m in the Ca®* decay, and thus potentially explain a function of these kinases, we
probed theakdagtics of Ca** decay during the period between peak Ca?* and egress. Saponin was
used to as%ﬂl'lis as it activates egress in the absence of continued pharmacological pressure (as is
the case V\Q23187 or BIPPO). For further dissection of peak to egress Ca** kinetics, traces were
averaged, %Iised to peak ratio (0) and analysed as a two-step response (Figure 5A - two phase
split at ¥2 @ecay between peak and egress). Where TgCDPK1 is inhibited with 3MB-PP1, and
in control@PKlM lines, the point when the ¥ Ca®* decay was reached was around 10 s post
peak ratiocﬁcontinuation of Ca?* decay rate until egress at around 25 s post peak ratio. In 3MB-
PP1 treated or ATgCDPK3 the halfway point (v2 Ca?* decay) was slightly delayed to between 15
and 20 s (Ge®Te 5B, inset). Here the rate of decay for 3MB-PP1 treated or ATgCDPK3 shows a
distinct change slowing between halfway Ca®* decay to egress. For comparison we generated a
GCaMP6ssH'I'I?Where microneme protein Perforin-Like Protein 1 was knocked out (47¢gPLP1),
which ca@egress defects due to the inability of parasites to enzymatically breakdown
membr@ng escape of parasitophorous vacuoles (Kafsack et al. 2009). Our analysis revealed
normal “eemedllular Ca?* signalling in ATgPLP1 egress, with peak and Ca®* amplification
comparabE\NT (Supp. Figure 2A, B, C). As expected, ATgPLP1 egress was defective in
respons 23187 however ATgPLP1 parasites exhibited delayed egress to BIPPO and Saponin

treatment, most likely due to other means of membrane destruction (Supp. Figure 2Ciii). When
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peak to egress Ca** decay was quantitated for ATgPLP1 decay displays continual rate across the two

phases, in contrast to the changes observed upon 3MB-PP1 treatment or TJCDPKS3 deletion.

When quantitated as a rate of decay (ACa*/s) from Ca®* peak to ¥ ACa®" decay (1% half decay)
there were comparable rates between all conditions including 3MB-PP1 and ATgCDPK3 (Figure
5C). In ‘E"I'I'I'pa!ison, analysis of the second half of Ca®* dampening before egress (Ca’** decay
halfway Qﬁs) demonstrated a specific and statistically significant defect where -either
TgCDPR@CDPKS were defective (approx. -0.01 ACa?*/s) as compared to WT or TJCDPK 1y
(approx. -@P06%\Ca?*/s), or ATgPLP1 (approx. -0.04 ACa**/s) (Figure 5C). Overall, our data shows

modified mdecay specific to TQCDPK1 and TgCDPK3 suggesting these kinases play roles in

work to re

-
(O

cGMP " signalling are interconnected during Toxoplasma motility.

modulaﬂn§ levels prior to egress and suggest a possible mechanism by which these kinases
e

motility during cell exit.

Upon egress, extracellular tachyzoites require gliding motility for movement across the
extracelluh'_substrate. We sought to understand the Ca®* signalling dynamics during motility
through «@ ations of Ca®* flux using our GCaMP6s approach. Tachyzoites were freshly
harvesteEnger’s medium (with Ca?") and allowed to settle on a substrate surface, before
stimulatw\ motility agonists for a total analysis time of 4 min (2 min pre-stimulation, 2 min
post-stimulatiOy). Pre-stimulation, the majority of tachyzoites exhibit low motility and low Ca*
(Figure &) Where parasites do engage motility there is a coincident increase in Ca®" activity

(Figure 6AI, ®i arrows). To validate the detection of Ca?* signalling in our model, we first
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stimulated these cells with A23187 and detected a rapid increase in tachyzoite movement and Ca?*
signalling (Figure 6Aii, representative 60 s time-lapse). Next, to assess the participation of cGMP
signalling in motility tachyzoites were stimulated with BIPPO. Similar to egress, tachyzoites
rapidly engaged Ca?* signalling and initiated gliding motility in response to BIPPO, indicating a
role for_c%in signalling for movement (Figure 6Bii, representative 60 s time-lapse). During
motility, es display multiple forms of movement defined as productive; helical (corkscrew-
like motio)saiyl circular, or unproductive; twirling and short movements. Quantitation of motility
between k%ﬁ? and BIPPO showed both compounds induced all forms of movement at
comparabuls, with around 70% of tachyzoites exhibiting some form of movement (Figure 6C,
WT- AZSW. BIPPO). To analyse further the role of cGMP signalling in motility we pre-treated
tachyzoites with Cmpd1, inhibiting PKG, before activation with BIPPO. Here, we saw only a small
proportior@chyzoites engage motility, predominantly with non-productive twirling or short
movemen examine the link between Ca** flux and movement seen in our visual data (Figure
6A, B), and to assess the contribution of cGMP signal disruption in Cmpd1 defective motility, we
quantitate tachyzoite population average of the Ca®* signal during motility assays. Prior to
stimulation, WT populations maintained a stable ‘basal’ Ca®* profile, which rapidly increased upon
the additi&'ﬂ'l' agonists A23187 and BIPPO, coincident with movement (Figure 6D, A23187 -
Black Iin@PO - Brown line). In contrast, Cmpd1l pre-treated cells displayed a lowered basal
ca** Iev@minimal increases after A23187 or BIPPO stimulation (Figure 6D Cmpd1, A23187-
Blue Iiné,"SI'P';O-Purple line). This demonstrates that, like signalling pathways in egress (Figure 2),

cGMP sigmg through PKG is an important signalling module driving tachyzoite movement.

<C
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Level of Ca** signalling correlates with the quality of motility in Toxoplasma

Apicomplexan motility can often alternate between bursts of movement and inertness (Munter
et al., 2009; Williams et al., 2015). To determine if modulation of cytoplasmic Ca** levels was
responsible for these motility bursts we tracked the displacement and Ca®* flux of individual
tachyzoﬂd?ﬂ‘g followed productively motile tachyzoites engaged in circular or helical movement
after drug tion and compared these with parasites that remained non-motile throughout the
assay. P.riEtimulation parasites were non-motile travelling no more than 1 um at a time (Figure
7A, B — phinplack lines). During this non-motile period Ca®* flux remained consistently low
(Figure 7% thick grey lines). Upon stimulation with A23187, helical movement drove bursts of
increased displacement with tachyzoites travelling up to 5 um at a time (Figure 7Ai - thin black
line). Heﬁnamic Ca®* flux (rapid, high amplitude Ca*" transients) paralleled tachyzoite
movemenmg circular movements. In the case of the individual tachyzoite plotted, two circular
revolutio completed before a switch to twirling motility (Figure 7Ai thick lines - gold =
circle 13 circle 2, twirling = blue). Displacement versus Ca’* level showed a moderate
correlat = 0.6703 (Figure 7Ai, right plot — correlation quantitation taken from data
highlightegl in grey). A similar moderate correlation between displacement and Ca** was seen for
helical m where Ca®* flux mirrored parasite displacement in bursts of activity (Figure 7Aii -
maroo ). In contrast non-motile parasites, by definition, did not travel more than 1um at a
time, arﬂ'ﬁgh Ca”" release was evident with a slight increase in the Ca®* signal, dynamic Ca®*
flux was n and did not correlate with displacement (Figure Aiii). This indicates that dynamic

and higher am |tude Ca®" fluxes are important for motility and lower amplitude and sustained rises

in cytop * were not sufficient to drive motility. Assessment of BIPPO induced motility
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showed similar results to A23187 treatment, with dynamic Ca®* flux moderately correlated with
displacement in circular and helical movement but not in non-motile parasites (Figure 7Bi-iii).
Quantitative comparison of the motility parameters demonstrated the average parasite velocity of 1-
1.5 um/s for both helical and circular motility in response to A23187 or BIPPO (Figure 7Ci).

Parasites irave”ed an average of 8 um over an average of 8 s between Ca”" peaks in helical

profiles OQmotile cells pre-treated with Cmpd1. Similar to WT, a slight rise in Ca** was seen
but neithe(ﬂlation nor significant Ca?* flux was evident in response to either A23187 or BIPPO

stimulation (Fyure 7Di, ii). Here, we see that Ca®* flux did not occur in the absence of PKG

5

activity o@g a similar signalling hierarchy between motility and egress where cGMP precedes

Ca**

Author Ma
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4.2 Discussion

In this work we investigate the interactions between signal transduction pathways that drive
egress and motility in Toxoplasma. Using the Ca?* biosensor GCaMP6s we confirm and extend
previous work on Ca?* signalling in Toxoplasma and other apicomplexan parasites (Lovett, 2003;
Brochet et al., 2014; Carey et al., 2014; Brown et al., 2016; Sidik et al., 2016). Key parameters of
cytosolic MXes, such as signal amplitude, frequency and decay, were monitored, which in
other systeEas«ean determine the type of cellular response that is invoked by these signalling events.
Furthermo#@,'Wé use specific inhibitors and activators as well as several mutants known to play a
role in CaQnalling to determine the hierarchy of events that take place that ultimately leads to

egress anwity — a key event in the pathogenicity of all apicomplexan parasites.

Our Wajggests that cGMP and the activity of PKG acts upstream of Ca?* release to activate
Toxoplaertility. This work builds on recent findings in P. berghei ookinetes where Brochet et
al. (2014@ified a potential link between cGMP and Ca”* signal transduction (Brochet et al.,
2014). §study they identify PKG-dependent phosphorylation of components involved in
phosph selc metabolism, a pathway that in mammalian systems leads to the production of the
second mgs.inger IP; which in turn activates Ca®* release channels at the ER (Berridge et al.,
2003). Fu@ore, two very recent studies have shown that cGMP and Ca®* signalling are also
linked in T, asma. In this regard our work corroborates these similar findings but uses the more
potent dﬂﬁ

exan-specific PDE inhibitor BIPPO (Howard et al., 2015). Overall, this combined

work nowﬂwgly supports a mechanism where Ca** and cGMP pathways are linked across

apicomplexan ioecies.
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This work also highlights the complexities and redundancies of signal transduction networks in
apicomplexan species. We show that a rise in intracellular Ca®*, but not egress, can occur
independently of cGMP signalling through TgPKG. This is demonstrated by altering host cell and
vacuolar milieus (i.e [K'] and pH levels) with saponin treatment showing that this causes a rapid
inductio&.ﬁa“ signalling independent of TgPKG activity. This suggests the presence of
redundant@ism(s) complementary to the cGMP/PKG activation that can also feed into a rise
in Ca** sigmalling for subsequent motility and egress. One such candidate for alternate activation of
Cca** sign&'l'l'l'g' is CAMP, which we show is produced when BIPPO is administered. Other
possibilitinude CADPR signal transduction pathway (Chini et al., 2005) and Abscisic Acid
driven pa (Nagamune et al., 2008). However, there is little understood about these pathways
and no specEgenes nor inhibitors are known, so assessing their interaction with Ca®* signalling is
currently @nging. What is clear, as presented in this study and in support of the current
Iiterature,'cﬂl intracellular tachyzoites can sense and respond to multiple stimuli (Moudy et al.,
2001; Persson et al., 2007; Niedelman et al., 2013; Roiko et al., 2014; Borges-Pereira et al., 2015).
What is , IS the identity of physiological stimulators of egress and motility. Brown et al.
recently shown that serum albumin can stimulate microneme secretion in a Ca®* independent

fashion bl}ﬂ'ﬂ'ﬂther natural triggers are known (Brown et al., 2016).

In othﬁems, mechanisms of cytosolic Ca?* concentration are controlled by Ca®* pumps and

channels, in turn alter the frequency, location and amplitude of Ca*" transients to drive

-+

distinct bi ical functions (Berridge et al., 2003). Here, we identified amplification and

dynamics in Toxoplasma where, prior to egress cytoplasmic Ca®" release is

dampening C
followedzo s period of Ca** decay. This data showed that while TgCDPK1 and TgCDPK3
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are not required for Ca®* peak levels, their attenuation slowed Ca?* decay immediately prior to
egress. Whilst the importance or function of this Ca’* dampening is unknown the fact that
TgCDPK1 or TgCDPK3 mutants show this Ca®" attenuation, and do not egress efficiently, suggests
that these kinases may hold some important role during this process. What is clear from this
analysis ig that,Ca®* fluctuations are dynamic and must require mechanisms for both Ca®* release
and re-up \1to an internal store or efflux to the extracellular environment. In Toxoplasma, a
thapsigargiasansitive sarcoplasmic-ER Ca”* ATPase (SERCA) is present at the ER while a
Ca2+/H+-A§P$b (TgAl) at the acidocalcisome is required for Ca** homeostasis (Luo et al., 2004;
NagamunQ., 2007). However to date, the identity and regulation of Ca** release channels, nor

the contrim of TgAl1 and TgSERCA in egress and motility has not been described.

Our daagnws that each Ca* oscillation is accompanied by approximately 8 um of tachyzoite
movemengn that Toxoplasma tachyzoites are ~7 um in length this suggests that each Ca** flux
event allmr parasites to move one body length. Similarly, in P. berghei sporozoites weak
correlati ere observed between Ca®* flux and sporozoite speed, although quantitation of
distanc d per Ca?* peaks were not performed (Carey et al., 2014). Indeed, the current model
of motilitwests that adhesins released from the micronemes link host substrate to the parasite
glideosorr@ action of the motor pulls adhesins rearward to drive for forward movement (Munter
et al., ZCEEntzelman, 2015). Data presented here therefore suggests that Ca** flux may induce
a wave ofladhssins to be secreted from the micronemes onto the surface, which then engage with
the glideogand drive another parasite length of motility before another Ca?* dependent release
IS require%‘eed, Toxoplasma is able to secrete successive rounds of micronemal proteins upon

stimulation er adding weight to this hypothesis (Bullen et al., 2016).
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Overall, this work aims to incorporate apicomplexan signalling pathways as a unified - albeit
complex - network, to produce a hierarchical model of pathway activation from external stimuli to
internal signal transduction pathways. Importantly, we have built on work defining a link between
cGMP and Ca?* signalling pathways while also detecting potential feedback mechanisms between
CDPKs Eid—ci2+' Further, we show a correlation between Ca”* flux and parasite movement that
strengthermment model for Ca’*-mediated, adhesin-based gliding motility. This work also
highlighisdaatility of biosensor technology in dissecting components of signal transduction and
demonstra&l‘l‘l‘e potential of this application for further analysis of Ca®* dynamics in Toxoplasma.
Oof particuuerest would be the targeting of biosensors to subcellular domains to identify more

subtle, Iom instances of signal initiation or transduction.

Author Manu
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Materials and Methods

Parasite culture and harvest

Primary human foreskin fibroblasts (HFFs) cells were maintained in culture at 37°C/10%CO,
with DMEM supplemented with 10% cosmic calf serum. Prior to inoculation HFFs were refreshed
with Dl‘-"EM'EM supplemented with 1% FCS and 1% Glutamax™ (Invitrogen). Parasites were

inoculate Fs and maintained at 37°C/10%CO..

Generationy oftransgenic parasites

pGP-CQGCaMPGs was a gift from Douglas Kim (Addgene plasmid #40753). For our work
GCaMPGs@amplified and Gibson assembled with mCherry, driven by TgTUB1 and TgGRA1
promotersEctively. Plasmids were transfected for homologous recombination into the uprt

locus usingg FUDR selection, which was subsequently confirmed by fluorescent microscopy.

Tachyzoit@aration for analysis

Ca* s0 assessment: Fresh tachyzoites were harvested and inoculated onto confluent host

cells and grown for 24-30 h in D1. Wells were washed once with PBS before addition of modified
Ringer’s LEGIA Buffer (155 mM NaCl, 3 mM KCI, 5 mM MgCl,, 3 mM NaH,PO, 10 mM
HEPES, @/I glucose, 0.1 mM EGTA)(Lovett, 2003). Tachyzoites were harvested prior to

vacuole Eand analysed as per motility (see below).

Egresg. Fresh tachyzoites were harvested and inoculated onto confluent host cells grown on
IBIDI tiss:at 8-well chamber slides and allowed to grow for 24-30 h in D1. Ringer’s media
(155 m@ 3 mM KCI, 2 mM CaCl; 1 mM MgCl, 3 mM NaH,PO, 10 mM HEPES, 10 mM

glucose) replaced D1 prior to imaging. Where applicable inhibitor drug treatments (Cmpd1- 5 uM,
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>25 min @37°C. 3MB-PP1- 5 uM, >20 min @37°C) were performed in Ringer’s media prior to
egress analysis. Imaging was restricted to vacuoles containing 8-16 tachyzoites where host cells
were only infected with a single vacuole. Agonist drugs (A23187 — 4 nM, BIPPO — 55 uM, saponin
- 0.05% wi/v) were added into chamber via catheter tubing 15 s after initiation of image acquisition.

>8 Vacuolis wgge analysed for each condition.

M& tachyzoites were harvested and inoculated onto confluent host cells and grown
for 24-3-0ED1. Where applicable wells were pre-treated with inhibitors. Wells were washed
once witr@er’s media and tachyzoites were harvested prior to vacuole rupture via scraping,
needle pa?ijathrough 27-guage needle and filtration of cell debris (3 pum filter). IBIDI 8-well
chambers glides were pre-treated with Poly-L-Lysine for 20 min at RT and allowed to dry. Free
tachyzoiteﬁe inoculated onto Poly-L-Lysine surface and allowed to settle for 3 min. Tachyzoite
motility V\G)tured for 2 min prior to addition of compounds (A23187 and BIPPO) via catheter
tubing fo@tal of 4 min image acquisition. Assays were performed in duplicate. Parasite

movemEscored by eye from acquired videos in with ~100 parasites analysed per repeat, n =

3.

Imaging ;hﬂ'ﬂ!m, acquisition settings and analysis

Eg@s@ging was performed on the Leica SP8 Confocal system, 60x/1.4 NA Oil immersion
objectivgﬂumidified environmental chamber with temperature maintained at 37°C. Image
capture Wlﬁl'l'!naged by Leica software with acquisition across 5 x 1.25 um Z-stacks, 1 frame/3 s
until egreQ detected or up to a maximum of 10 min. Image analysis was performed using FIJI
softwar Macros designed by Dr. Lachlan Whitehead specifically for use during this project

(available upon request). Fluorescent readout was converted from a visual to digital signal for both

This article is protected by copyright. All rights reserved.



mCherry (control) and Ca®* sensitive GCaMP6s signals. Signal was normalised to 0 (zero)

GCaMP6s/mCherry ratio att = 0 s on the y axis using '/, Ca®* Max:

(Ratiopeak' RatiOBasal).
2

Egresiis dsﬁned as first instance of parasite movement from the vacuole (pinching through host
membran@_movement away from vacuole). Peak Ca** represents the maximum

GCaMR&sdmGherry ratio reached per vacuole (n = 8-13 vacuoles, mean +/- s.e.m.). Rate increase

was deterr%'l'f!ﬂ' as:
w (RatiOpeak- Ratiogasal)

Tpeak-T29s

where RatioJk is the peak GCaMP6s/mCherry ratio per vacuole, Ratiogsy IS the
GCaMPG@erry ratio averaged across time-points prior to Ca®* induction, teea is time peak ratio

reached (smz% is first instance of Ca®* induction above 2% peak Ca’* (s).

ForErease from peak analysis plots were normalised so 0 = tpeak (X) and Ratiopeak (Y).

Vacuol ces were averaged. 50% Ca** decay from peak to egress was plotted as:

RatiOPeak-RatiOEareSS

= 2 x = tfrom peak (s)

from peak to egress was plotted as:

= Ratiopeak-RatiOggress x=t from peak (s)

Author

Rate decay from peak to egress was determined as:
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Ratiosoy caz+ decay Ratio1009 caz+ decay = Rati0509 caz+ decay

st . nd .
1> Half: t50% Ca2+ decay—tpeak2 Half: thO% Ca2+ decay'tSO% Ca2+ decay

Motility: Imaging was performed as per egress with a 40x/0.8 1.4NA Oil immersion objective,
acquisitw!ass 3 x 1.25 um in z direction, 1 frame/2 s. Whole population changes were
determine@.ﬂ]l intensity plot feature and normalised to 0 (zero) GCaMP6s/mCherry ratio
where 0- mage of WT population over 60 s of non-stimulated parasite filming. Tracking of
individual@ites was performed using FIJI software with Macros designed by Dr. Lachlan
Whiteheamifically for motility and Ca?* tracking during motility within this project - adapted
from Trac plugin. Data was processed in Excel. Types of movement for individual parasites
were scorﬁ eye and aligned with ratiometric readouts. For each parasite, Ca** was internally
normalisecero based on the average of a period of immobility extended across 60s. Parasites
were sele{eU)r individual tracking if they displayed predominant helical or circular movement,

were in or both non-motile and motile periods and did not cross paths with other tachyzoites.

Repres s | 0ts shown are derived from independent experiments, n =5 — 8.

Motilib-pqrameters: Ca®* and displacement traces from above were analysed to determine

velocity: istance travelled (um) / time (S); Flux distance: average distance travelled for each
ca® peasln an individual parasite, one point = one parasite track (multiple Ca®* peaks); Time
betweenwdpese® average time between each Ca** peak for an individual parasite, one point = one

parasite track ;iwltiple Ca®" peaks). n = 8-20 parasites for each condition and movement type.

Compo@hesis
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Compound 1 and 3MBP-PP1 were prepared according to literature procedures (Biftu et al.,

2005; Lourido et al., 2010; Towle et al., 2013)

LC-MS analysis of cyclic nucleotide levels

Intracellu@\‘zoites were recovered from host cells by needle passage and filtering through a
0.45um'n@ane. Purified tachyzoites (3x10%) were resuspended in DME supplemented with
10mM HEfi)pH 7.2, prior to the addition of either BIPPO (1uM) or A23187 (2uM). Tachyzoite
suspension re incubated for 1 min in a 37°C water bath, then rapidly transferred to ice cold PBS
to quenchgné)olism and centrifuged (20,000rpm, 5min). Tachyzoite cell pellets were extracted in
10-v0|um;ch cold acetonitrile containing 2uM **C,*>N-AMP and **C,”°N-UMP and extracts
vortex mE(l min), then sonicated in an ice-water bath (5 mins), before centrifugation
(20,000rp€U0 mins, 4°C). The supernatants were transferred into HPLC vials, and cyclic
nucleoti cted using LC-QTOF as previously described Hortle et al 2016 with the following
modifichrtle et al., 2016). LC analysis was performed on an Agilent 1260 HPLC system
using a ZI@HILIC column ((5 pum particle size, 150 x 4.6 mm, Merck SeQuant®), a 23 minute
gradient ( ining a 6 min washout and equilibration) with mobile phases A (20mM ammonium
carbonatem and B (100% acetonitrile) eluted at a constant flow rate of 300 pL/min (25°C) and
a samplag)n of 5 pL. MS was performed on an Agilent 6545 QTOF instrument and ionisation
promoteF‘vEl capillary voltage of 2.5kV, drying gas flow of 10.0 L/min (N;) and temperature of
225°C, nQ:r pressure of 20 psi, fragmentor and skimmer cap voltage of -125V and -45V,

respecti@ons were analysed in negative mode with a full scan range of 85 to 1200 m/z at a rate

of 0.8 spectra/sec and peaks identified using MassHunter Quantitative Analysis B.07.00 (Agilent).
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Metabolite identification of purines of interest (ATP, GTP and cAMP) was based on accurate mass,
predicted retention time and authentic chemical standards (level 1 standard of identification
according to the Metabolomics Standards Initiative). cGMP was identified based on accurate mass
and predicted retention time (level 2 standard of identification). All samples were randomized prior
to analysiiidfooled biological quality control samples (pbQCs) were prepared by pooling 10ul of

all sample@and run every 5 samples to monitor instrument reproducibility

Author Manuscr
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Figure legends

Figure 1. GCaMPS6s can detect changes in intracellular Ca** of Toxoplasma.

(A) Genetic strategy for expression GCaMP6s/mCherry integrated as a single copy
into uprt of tachyzoites. (B) GCaMP6s and mCherry are expressed and localised to
th‘e'-ﬁghyzoite cytoplasm in extracellular and intracellular tachyzoites.
G green, mCherry = red. (C) Validation of GCaMP6s for monitoring
r;I@f intracellular Ca** stores. Tachyzoites were harvested in modified Ringer’s
bu@O.l mM EGTA) to remove external Ca®* sources and then stimulated with
Azm Ca”" response false coloured where blue = low Ca®** and red = high Ca*".
Sc = 10 um here and throughout. (D) Tracking of Ca?* response before and
after A23187 addition shows a 2-3 fold change in Ca?* signalling as determined by
rati;ic analysis of ACa®* (GCaMP6s/mCherry, normalised to 0). (E) Motility
chmccompanying Ca”" responses in absence of environmental Ca** shows an
a of 60% of tachyzoites engaging motility after A23187 stimulation -/+s.e.m,

mmp=") Basal intracellular tachyzoites maintain low Ca?* levels. A23187 treatment

stillulates amplification of the Ca®* signal, peaking prior to parasite egress as detected

wit@GCaM P6s approach.

Fiqure 2. Protein Kinase G is required for Ca®" signalling and egress in

i

A&ve levels of (i) cGMP and (ii) CAMP upon 1uM BIPPO and 2uM of A23187.

N=2-%mmg/+s.e.m  (Bi) Induction of cGMP signalling using BIPPO activates
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cytoplasmic Ca”* signalling within Toxoplasma prior to egress. (Bii) Ratiometric
analysis of Ca*" responses to BIPPO confirms rapid amplification of Ca®* levels
before peaking prior to egress. Here and throughout ratiometric analysis is displayed
as: one line = one vacuole, analysis ceases at point of egress, x axis = ACa®*" as
Gms/mCherry normalised to half max Ca*, y axis = normalised to
G Cherry = tp. n = 12 vacuoles. (Ci) PKG inhibition by Cmpdl blocks
c.GP_signaI transduction preventing BIPPO induced Ca®* response and egress of
intgicellylar tachyzoites. (Cii) Ratiometric analysis confirms inability of Cmpdl
tremlls to engage Ca”* signalling in response to BIPPO. n = 12, filmed up to 10
mi i Host cell permeabilisation with saponin leads to a rise in intracellular Ca?*
and activation of egress. Ca”" activation is not uniform across tachyzoites within
indgl vacuoles displaying differential Ca?* amplification before reaching peak
Ca@wed by egress (amplification, arrows). (Dii) Ratiometric analysis shows
ra plification of Ca* signalling in response to saponin treatment, reaching a

re a short period of Ca** dampening preceding egress. (Ei) Inhibition of
PKﬂCmpdl prevents saponin-induced egress but tachyzoites still show variable
Ca@onses indicating alternate Ca** activation mechanisms independent of PKG
sigpakliag. (Eii) Ratiometric analysis demonstrates initial peak of Ca®* levels
follpwegq by dynamic Ca®* response to saponin in Cmpd1 treated cells, but egress
dog occur. (F) Schematic of Ca** metrics investigated by ratiometric analysis;
bﬁ”, time to egress and peak Ca®" ratio. (G) Basal Ca?" levels of resting

intr lar vacuoles assessed as GCaMP6s/mCherry ratio, measured over 15 s,
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normalised to 1 = WT average. No difference was detected between basal Ca®* of WT
and Cmpd1 treated tachyzoites. n = 12, -/+ s.e.m. (H) WT parasites egressed within
100 s of BIPPO, Saponin or A23187 stimulation. Cmpdl treated tachyzoites show

defective activation with no egress seen for BIPPO and Saponin stimulation. (1)

[+

defgct in Ca?* induction with BIPPO stimulation of Cmpd1 treated cells. Although

An fSIS of Peak Ca’' ratio derived from ratiometric analysis compared across -

timulated with BIPPO, Saponin and A23187. Quantitation demonstrates a

Pe@+ is retained in Cmpd1 treated cells activated with Saponin and A23187 this

Camalling is not sufficient for egress without cGMP signalling through PKG. n

= Sﬁcuoles, -/+s.e.m.

ﬂ‘g ATgCDPKS egress defects can be overcome with activation of cGMP
pams.
( poral analysis of egress and Ca?* signalling in ATJCDPK3 parasites shows
nduces Ca?* amplification but not egress. (Aii) Ratiometric tracking of Ca**
resm demonstrates Ca®* peak prior to slow decline of Ca?* levels over 10 min of
fiIr@oarasites do not egress. n = 11 vacuoles. (B) Visual (i) and ratiometric (ii)
traciaiagmof BIPPO induced Ca?* induction leading to egress of ATJCDPK3. n = 10
va_c&i (C) Visual (i) and ratiometric (ii) tracking of Saponin induced Ca®*
indjx leading to egress of ATJCDPKS3. n = 11 vacuoles. (E) Comparison of basal
ca** resting intracellular tachyzoites shows no difference between WT v.
L

A K3 indicating no role for TYCDPK3 in Ca’* homeostasis. (F) Quantitation of
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Peak Ca®* in ATgCDPK3 when stimulated with A23187, BIPPO or Saponin show
comparable peak Ca®* levels of ~3 fold change indicating no role of TgCDPK3 in
Ca”" release potentials. (G) Schematic outlining assessment of rate of change of Ca**
during amplification period. (H) Comparison of WT and ATgCDPK3 amplification
cmm response to A23187, BIPPO and saponin. A moderate amplification defect
is TgCDPK3 stimulated with A23187; p=0.029, unpaired student t-test -/+
S..em.__Ampliﬁcation rates are comparable between WT and ATgCDPK3 for BIPPO
an@nin treatment. (1) Egress analysis confirms activation of BIPPO and Saponin
trengCDPKS cells, but not with A23187. BIPPO and Saponin egress is

sigmiliagntly delayed in comparison to WT lines (p<0.0001, unpaired student t-test). n

= 10-14 vacuoles, -/+ s.e.m.

E& TgCDPK1 is required downstream of Ca** signalling during

Tomma egress

poral analysis of 3MB-PP1-treated tachyzoites shows intact Ca** responses
t 7 stimulation but egress does not occur within a 10 min timeframe. (B)
Bllfo_induction of Ca?* signalling for 3MB-PP1 pre-treated parasites. Tachyzoites
do @e with parasitophorous membranes (arrows) although do not disseminate
aw. m vacuoles productively. First instances of parasite interaction with
parasitoghorous membranes is scored as faulty egress (*egress). (C) Ratiometric
tracSof Ca®* dynamics shows normal amplification and peak Ca?* of 3MB-PP1
treatedddnes for stimulation with A23187 (i), BIPPO (ii), and Saponin (iii) n = 8-13
=

V. (D) A point mutation of the gatekeeper residue at the opening of the
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nucleotide-binding pocket (Gly to Met) renders TQCDPK1y, resistant to 3MB-PP1
inhibition. TQCDPK1y parasites pre-treated with 3MB-PP1 respond to A23187 (i),
BIPPO (ii) and Saponin (iii) similar to WT showing no obvious defects in Ca?* or
egress responses. (E) Intracellular Ca®* ratios are comparable between 3MB-PP1
sm and resistant (TgCDPK1y,) lines, assessed as GCaMP6s/mCherry ratio,
me ver 15 s, normilised to 1 = CDPK1y +3MB-PP1 average. (F) Both 3MB-
P.P@itive and resistant (TJCDPK1y,) lines induced similar Ca** peak ratios prior
to @SS for A23187, BIPPO and Saponin stimulation. (G) Egress was
moc;ﬁgically abnormal and delayed in all 3MB-PP1 sensitive *egress

sti gons. TgCDPK1y 3MB-PP1 resistance retains normal kinetics with egress

occurrin? within 100 s for all conditions. -/+s.e.m. unpaired student t-test.

F_icm; TgCDPK1 and TgCDPK3 play a role in Ca®* dampening prior to egress
( ematic outlining ratiometric analysis of Ca?* sequestration immediately prior
t ' denoted as rate decrease. Analysis was performed in two phases; Ca?* decay

peﬂhalfway and Ca?* decay halfway to egress. Halfway is defined as point at
wh@:a2+ is 50 % of Ca™ peak - Ca” egress. (B) Analysis of saponin traces reveals
di s between WT (black), ATgCDPK3 (green) and 3MB-PP1 (blue) treated
ta_cwes in the peak to egress phase. Rate of decrease was assessed with Peak Ca**
norjd to 0. Kinetics of Ca®* sequestration in the peak to halfway phase shows

simil tes of Ca** decrease in all cell lines (inset). Halfway to egress analysis
st

S dramatic decrease in Ca** decay and delay to initiation of egress for

This article is protected by copyright. All rights reserved.



ATgCDPK3 and 3MB-PP1 treated WT tachyzoites (light blue). Deletion of
microneme protein TgPLP causes delayed saponin induced egress with a Ca** decay
rate distinct from that of CDPK mutants. (C) Quantitation of Ca®* rate decrease
shows comparable rates between all lines for peak to halfway Ca** decay phase. WT
Iiﬁ!s_mgintain the rate of decay in the hallway to egress phase. ATgCDPK3 and
3 iphasic response shows clear, significant decreases in Ca** decay rate in
t;emay to egress phase that is no present in WT, CDPK1y or egress defective
AT@tachyzoites. Student t-test -/+ s.e.m. n = 7-13 vacuoles.
)

Fi . cGMP and Ca?* signalling are interconnected during Toxoplasma
motility.

(Ai¢Extracellular tachyzoites settled onto substrate maintain low Ca®* and low
mo%re-stimulation, time-lapse projection over 60 s. False coloured Ca®* reads,
blthessJow Ca?*, red = high Ca?*. Where parasites are motile in these conditions Ca**
S is also evident (arrows). A23187 (Aii) or BIPPO (Bii) activates Ca’*
sigﬂg and motility in extracellular tachyzoites, time lapse projection over 60 s.
(C@yzoite movement classification where >80% of WT parasite are non-motile
pregabkiaaklation but show ~80% induction of either circular, helical, twirling or short
mofjility after A23187 or BIPPO stimulation. Cmpd1 pre-treatment prevents motility
actw with ~80% of parasites remaining non-motile after BIPPO stimulation. (D)
P%n averages of Ca** responses over time demonstrate gross Ca>* induction of

the C™wigg population. Cmpd1 inhibition sees tachyzoite populations maintain a lower
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resting GCaMP6s/mCherry ratio that fails to induce robust Ca** changes after A23187
or BIPPO activation (purple line). Normalised average WT GFP/mCHERRY over an

unstimulated 60 s period. WT; n =6, Cmpdl; n =5, -/+s.e.m.

Fidure 7. Level of Ca*" signalling correlates with the quality of motility in
To a
I;@ll motility profiles tracking parasites in response to A23187 (A) and BIPPO
(B@Iation. In all cases, prior to stimulation displacement remains <1 um (non-
moc'knthick grey line, pum = thin black line). Circular (Ai, Bi) and helical (Aii, Bii)
Mmokkkidageshow a moderate correlation between displacement and Ca?* flux where
bursts of motility are paralleled with Ca** peaks (circles = coloured lines, helical =
ma;twirling = blue). Parasites that remain non-motile post stimulation do not
shmamic Ca®* flux or correlation between Ca?* and displacement (Aiii, Biii)
( out zone represents data incorporated into correlation assessment).
ion of motility parameters velocity (Ci), flux distance — distance travelled
betgveen Ca?* peaks (Cii), and time elapsed between Ca** peaks (Ciii). n = 8-20
ind@l parasites tracked for each condition, displayed as points, -/+ s.e.m. (Di, ii)

C re-treated parasites are not motile and do not display Ca** flux when

actpvated with A23187 or BIPPO.

Supple:entary information
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Drug autofluorescence: Fluorescent measurements of GCaMP6s and mCherry

(arbitrary units A.U) were measured in regions devoid of parasites before and after
the addition of drugs used in this study in increasing concentrations. Measurements
were averaged from 15seconds of filming, n=2.

Sel€clive permeabilisation of membranes using saponin: Fresh tachyzoites were

han ay from host cells in Ringer’s medium (containing Ca?*) and settled onto
L |

Pol!—L-Iysine coated glass slide. Tachyzoite movement and Ca?* response was
recfrdedbefore and after addition of saponin.

N

Fi gends

Supplementary Figure 1.
(1A¢0re3cent intensity of media and drugs was measured for regions of host cells

de\ciUf tachyzoites. GCaMP and mCherry fluorescence were measured (arbitrary
u U) before and after addition of a titration of the drugs A23187 (1Ai), BIPPO
Saponin (1Ci) with concentrations as indicated. No appreciable change in
fluwnce was detected. GCaMP6s/mCherry ratio was also determined (1Aii-Cii)
wh@» appreciable change was seen before and after addition of drugs. Green =
GC s, red = mCherry, grey = ratio, -/+ s.e.m.
(D), Selective permeabilisation of saponin was determined using extracellular
taclBes settled onto Poly-L-lysine coated slides (Di). Addition of saponin alone,
withoygechanges in pH or [K'], did not activate parasite motility or Ca®* signalling

erage fluorescent intensity was measured for two fields of view (FOV),
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FOV1: pre- and post- saponin addition, FOV2: post — saponin addition. Green =

GCaMP6s, red = mCherry, grey = ratio.

Supplementary Figure 2.

Mi protein PLP does not attenuate Ca®* metrics during egress

n —

AigFollowing BIPPO stimulation APLP parasites rapidly engage Ca®*, amplifying
cytffSolly Ca®* from basal levels to peak levels prior to intravacuole movement
chmistic of APLP. Egress proceeds peak Ca®* intravacuole movement, possibly
du chanical disruption of membranes in the absence of enzymatic of PLP. Aii.
Saponin treatment similarly stimulates rapid amplification of Ca* before
in‘ugolar movement and egress of APLP parasites. Bi-Biii. Ratiometric analysis
of Gg response to egress agonists confirms visual assessment with rapid
ammification of Ca®* prior to egress. C. Side by side comparison of egress agonists
r o defect for Peak Ca?* (Ci), or rate of Ca** amplification (Cii) in APLP
parssilt_es. As expected A23187 stimulated egress was defective in APLP parasites
(CiOZ3187). APLP had delayed time to egress when stimulated with BIPPO and

Stn comparison to WT lines (Ciii — BIPPO, Saponin).
e —
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