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Critical events in the life cycle of malaria-causing parasites depend on cyclic guanosine monophosphate homeo-
stasis by guanylyl cyclases (GCs) and phosphodiesterases, including merozoite egress or invasion of erythro-
cytes and gametocyte activation. These processes rely on a single GCa, but in the absence of known
signaling receptors, how this pathway integrates distinct triggers is unknown. We show that temperature-de-
pendent epistatic interactions between phosphodiesterases counterbalance GCa basal activity preventing ga-
metocyte activation before mosquito blood feed. GCa interacts with two multipass membrane cofactors in
schizonts and gametocytes: UGO (unique GC organizer) and SLF (signaling linking factor). While SLF regulates
GCa basal activity, UGO is essential for GCa up-regulation in response to natural signals inducing merozoite
egress and gametocyte activation. This work identifies a GC membrane receptor platform that senses signals
triggering processes specific to an intracellular parasitic lifestyle, including host cell egress and invasion to
ensure intraerythrocytic amplification and transmission to mosquitoes.

INTRODUCTION

Malaria is caused by vector-borne unicellular parasites of the genus
Plasmodium that cycle between mosquito and vertebrate hosts.
Malaria pathology is linked to the proliferation of asexual blood
stages with waves of fever arising from the synchronized egress of
merozoites from erythrocytes. Transmission from human to the
mosquito is mediated by an obligatory sexual life cycle phase. Dif-
ferentiation from asexually replicating stages into nondividing male
and female gametocytes takes place inside red blood cells (RBCs).
Following a period of maturation, the sexual precursors are ready
to initiate transmission when ingested by a mosquito. Both process-
es are tightly regulated as premature or late egress that lead to non-
invasive merozoites (1), and successful gametogenesis has to rapidly
happen only upon ingestion by a mosquito.

Distinct signals have been associated to merozoite egress and ga-
metocyte activation. Gametocytes differentiate into gametes via at
least three environmental factors upon ingestion by a mosquito. A
drop in temperature is experienced by the parasite as it leaves the
vertebrate blood stream and is essential for gamete formation in
vitro (2). However, efficient activation of gametogenesis in vivo re-
quires xanthurenic acid (XA) (3, 4), a product of the oxidative me-
tabolism of tryptophan that is present in the mosquito midgut (5),
with increasing concentration upon ingestion of a blood meal (6). It
was also shown that a small rise of 0.2 to 0.3 pH units in the blood
meal happens during the first half hour after feeding, which poten-
tiates the effect of XA (7). Signals triggering merozoite egress are
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less well defined and may involve a wide range of cues, possibly in-
cluding parasite or host circadian rhythms (8, 9) that dictate intra-
cellular pathways mediated by protein phosphatase 1 in response to
exposition to cues such as phosphatidylcholine (PC) (10).

Signal perception from the environment and integration to the
interior of a cell is essential for all forms of life. Different cells use
distinct receptors to mediate transmembrane signaling such as
sensor histidine kinases in bacteria (11), G protein—coupled recep-
tors (12) and receptor kinases (13) in animals or yeasts, and specific
receptor kinases in plants (14). Plasmodium, as a member of the
Apicomplexa phylum, is phylogenetically distant from these organ-
isms (15, 16), and these sensors are not found in this parasite. As a
consequence, it remains a mystery how signals triggering egress or
gametogenesis are sensed by Plasmodium.

Merozoite egress and gametocyte activation both require the
mobilization of intracellular calcium following the activation of
the cyclic guanosine monophosphate (cGMP)—dependent protein
kinase (17) by elevation of cGMP levels (18). This indicates that reg-
ulation of cGMP levels by guanylyl cyclases (GCs) and phosphodi-
esterases (PDEs) is key to the integration of external signals to
initiate merozoite egress or activate gametogenesis. In well-
studied eukaryotes such as metazoans, yeasts, and plants, GCs
exist in two main forms. The receptor form displays a single-mem-
brane-spanning domain that binds directly to extracellular ligands
such as peptide hormones, whereas the soluble cytosolic forms are
activated by membrane-soluble nitric oxide (19). Plasmodium par-
asites encode two transmembrane cGMP-producing GCs (GCa and
GCp). Both GCs are atypical compared with other eukaryotic GC
receptors in the sense that they are composed of two GC catalytic
domains fused to a P4—adenosine triphosphatase (ATPase) domain
that may be responsible for phospholipid binding or flipping across
membrane leaflets (20, 21). Disruption of GCP in multiple Plasmo-
dium species did not impair merozoite egress or gametogenesis

10of 19

€202 ‘SZ 8unr Uo psed Jo A1SAIUN Te B10°80Us 105 MMM//:SANY WO | PSP [UMOC


http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adf2161&domain=pdf&date_stamp=2023-06-16

SCIENCE ADVANCES | RESEARCH ARTICLE

(22-24). Instead, GCa was shown to be essential for the elevation of
c¢GMP levels required for merozoite egress in Plasmodium falcipa-
rum (25) and gametocyte activation in Plasmodium yoelii (26). As
both processes are induced by different signals but commonly rely
on cGMP production by GCa, this raises the question as to how dis-
tinct cues regulate the same pathway. This could possibly be ex-
plained by stage-specific cofactors differentially regulating GCa
activity in response to stage-specific cues. For example, the activity
of GCa in gametocytes was shown to require a GCa-interacting
protein named gametogenesis essential protein 1 (GEP1), while
GEP1 was not required for proliferation of asexual blood stages
(26). However, as gepl deletion abolished GCa basal activity in ga-
metocytes, its possible role in signal perception could not be as-
sessed. It thus remains unknown how extracellular signals
modulate the activity of Plasmodium GCs.

Stage-specific regulation of cGMP homoeostasis may also rely on
differential expression or activity of the four cGMP-degrading PDEs
(27, 28). Deletion of PDEa, PDEYy, or PDES did not lead to obvious
phenotypes in the proliferation of asexual blood stages in both P.
falciparum and Plasmodium berghei (29). In contrast, conditional
depletion of PDEP causes a profound reduction in invasion of
erythrocytes and rapid death of those merozoites that invade, but
no obvious egress phenotype was observed (28), suggesting that de-
letion or depletion of a single PDE does not affect natural merozoite
egress in in vitro cultures. However, treatment with zaprinast, a PDE
inhibitor of human PDES5, PDE6, PDE9, and PDEL11, raises cellular
cGMP levels and triggers egress, suggesting that cGMP degradation
is at least important to prevent premature merozoite egress (1). Sim-
ilarly, zaprinast stimulates gametogenesis (30), and deletion of
PDES{ in P. falciparum led to a twofold increase in cellular cGMP
levels in late-stage gametocytes and defective gametogenesis (22),
suggesting that cGMP degradation prevents premature activation
and associated deleterious effects on gamete formation. Deletion
of PDES in P. berghei had no effect on gamete formation, raising
the possibility that another PDE might compensate for its
absence in this species. Deletion of PDEy had no effect on gameto-
genesis, and the requirement for PDE or PDEa during gametogen-
esis has not yet been investigated in detail.

Using gametocytes as a signaling paradigm for cGMP homeosta-
sis, we first revisit the role of temperature by showing that temper-
ature itself does not act as a signal but as a factor necessary for the
developmental changes following activation by XA and pH. We
then show that epistatic interactions between two cGMP-degrading
PDE:s efficiently degrade basal levels of cGMP, thus preventing pre-
mature activation before a mosquito feed. To identify proteins in-
volved in sensing mosquito signals, we then turn our attention to
the regulation of cGMP production by GCa and identify two im-
portant membrane cofactors that are important for either basal ac-
tivity or induced activity in response to environmental signals. We
further show that activity of this GC platform is also induced by dif-
ferent signals to trigger merozoite egress. Last, we provide evidence
that the properties of the membranes hosting this platform may also
contribute to modulate its activity in response to environmen-
tal signals.

Kuehnel et al., Sci. Adv. 9, eadf2161 (2023) 16 June 2023

RESULTS
XA or arise in pH triggers calcium mobilization in P. berghei
gametocytes independently of temperature
XA is known to facilitate initiation of gametogenesis both in vitro
and in vivo at a permissive temperature (3, 31, 32) via the mobiliza-
tion of intracellular calcium following elevation of cGMP levels (33—
35). It is however unknown whether XA is also active at a nonper-
missive temperature. To compare the activity of XA at 37° and 20°C,
P. berghei gametocytes were collected at 37°C and maintained in a
suspended animation (SA) medium that prevents activation at both
37°and 20°C because of a pH of 7.2 and the absence of XA. One-half
of the gametocytes was kept at 37°C, while the other half was cooled
down to 20°C. Following gametocyte purification, we then moni-
tored intracellular calcium upon activation with 100 uM XA or an
increase to pH 7.8 at both temperatures using the Fluo-4 acetoxy-
methyl ester (AM) calcium indicator (Fig. 1, A to C). A similar
calcium response to XA or a rise in pH was observed at 20° and
37°C with no notable change in three of the four quantified param-
eters: the area under the curve (AUC), the maximum response 30 s
postactivation (Yyax), or the intensity 5 min postactivation (Y3o).
However, the time to reach the maximum intensity (Ty.x) was
almost halved for both stimuli at 37°C (fig. S1, A and B), suggestive
of a higher GC activity and/or a lower PDE activity at 37°C (Fig. 1D).
Despite the observed calcium mobilization, gametocytes stimu-
lated at 37°C did not further develop into gametes as opposed to
those maintained at 20°C (Fig. 1E), as previously described (2).
This defect is linked to an early block of DNA replication upon ac-
tivation by XA and a rise in pH to 7.8 at 37°C (Fig. 1F). These results
suggest that a decrease in temperature is important for pathways fol-
lowing calcium mobilization but does not act as a signal to activate
the cGMP/calcium signaling module. To confirm this hypothesis,
we injected 20 pl of 37°C SA (no XA; pH 7.2) containing gameto-
cytes expressing the GFP-aequorin calcium reporter (35) into 20 pl
of SA at 4°C (no XA; pH 7.2), leading to a final temperature of
20.5°C. No calcium mobilization could be observed up to 60 s post-
treatment (Fig. 1G). Exposing gametocytes to 100 uM XA or to a pH
of 7.8 led to calcium mobilization, indicating that gametocytes are
responsive under these experimental conditions. Together, this in-
dicates that XA and elevated pH trigger gametocyte activation at
permissive and nonpermissive temperatures. However, a decrease
in temperature is not sufficient for gametocyte activation in the
absence of XA or a rise in pH but is essential for the formation of
gametes following activation.

PDEa and PDES$ show temperature-dependent activities in
P. berghei gametocytes

Calcium mobilization requires the rapid elevation of cGMP levels
(18). We thus set out to investigate the relative roles of PDEs in
the timely activation of gametocytes. We first individually
knocked out each of the three genes coding for PDEa, PDEy, and
PDES, which were previously shown to be dispensable for asexual
proliferation in erythrocytes (fig. S2, A and B) (22, 23, 29, 36).
Knockout (KO) clonal lines were obtained, and no defects in exfla-
gellation were observed upon stimulation by XA and pH elevation
(Fig. 2A), suggesting that these PDEs are not directly regulated by
XA or pH. However, the PDE§-KO line showed a significantly dif-
ferent calcium response to XA and pH at 20°C with a slower decay
and alarger AUC (Fig. 2, B to D, and fig. S2C), indicating that PDES
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Fig. 1. XA and arise in extracellular pH activate calcium mobilization at 37° and 20°C in P. berghei gametocytes, while a drop in temperature is essential later for
DNA replication. (A) Fluorescence response kinetics of gametocytes loaded with Fluo-4 AM upon stimulation with 100 uM XA and illustration of the different parameters
used for the quantification of calcium mobilization (SD; n = 3 technical replicates). (B and C) Fluorescence response upon stimulation with 100 uM XA or a rise from pH 7.2
to 7.8 at 20°C (B) and 37°C (C) (SD; n = 3 technical replicates). (D) Relative changes in calcium response at 37°C compared to 20°C upon stimulation with 100 uM XA or rise
from pH 7.2 to 7.8 indicate that the time to reach the maximum calcium response is faster at 37°C (SD; n = 2 biological replicates, unpaired two-tailed t test). (E) Game-
tocyte activation with 100 uM XA or rise from pH 7.2 to 7.8 does not allow microgamete formation at 37°C, whereas the same stimuli at 20°C leads to formation of
microgametes [SD; n = 3 technical replicates, one-way analysis of variance (ANOVA)]. (F) Proportion of haploid or multiploid gametocytes in nonactivated and 8-min
activated gametocytes at 20° or 37°C shows that DNA replication is blocked at 37°C (SD; n = 3 biological replicates, one-way ANOVA). (G) Dilution of gametocytes main-
tained in SA medium (SA) at 37°C into a cold SA medium leading to a rapid decrease to 20.5°C is not sufficient to induce a rapid calcium response. Dilution into the same

SA containing either 100 uM XA or at a pH of 7.8 leads to normal calcium mobilization.

is involved in lowering calcium levels following initial mobilization.
All three lines showed a similar response to the calcium ionophore
A23187, indicating that calcium available for mobilization was not
affected (fig. S2D).

As PDEp was previously shown to be essential for the growth of
asexual blood stages (28), we tagged the endogenous PDEP with
hemagglutinin (HA) epitope tag and an auxin-inducible degron
(AID) (fig. S2E) to degrade the fusion protein in the presence of
auxin in a strain expressing the Tirl protein (37). Western blot anal-
ysis indicated depletion of PDEB-AID/HA upon auxin [or indole
acetic acid (IAA)] treatment (fig. S2F), and yet, PDEB-depleted ga-
metocytes exflagellated upon stimulation by XA and elevated pH
(fig. S2G), suggesting that PDEP is not important to respond to
XA or arise in extracellular pH at a permissive temperature. It is
however possible that lower levels of PDEB-AID/HA may be suffi-
cient to achieve its function in gametocytes.

5-Benzyl-3-isopropyl-1H-pyrazolo[4,3-d]pyrimidin-7(6H)-one
(BIPPO) and zaprinast, two PDE inhibitors, triggered calcium mo-
bilization at 20° and 37°C (Fig. 2, E and F), suggesting that at least
one PDE is active and counteracts basal GC activity to prevent ga-
metocyte activation in absence of XA or pH stimulation at both per-
missive and nonpermissive temperatures. We thus took advantage
of the PDE-KO lines to infer which PDEs are targeted by these mol-
ecules (Fig. 2, G to L, and fig. S2, H and I). PDE§-KO was fourfold

Kuehnel et al., Sci. Adv. 9, eadf2161 (2023) 16 June 2023

less susceptible to 5 uM BIPPO at both 20° and 37°C. This indicates
that PDES is the main target of BIPPO in gametocytes and is active
at both 20° and 37°C. PDEa-KO gametocytes were less susceptible
to zaprinast but only at 37°C, indicating that this inhibitor also
targets PDEa, as previously described (36, 38), and that this
enzyme is more active at 37°C than at 20°C.

Epistatic interactions between PDEa and PDES$ prevent
premature activation of P. berghei gametocytes

As both PDEa and PDES were found to be active at 37°C, we won-
dered whether simultaneous deletion of both enzymes would lead
to premature and abortive activation of gametocytes. A PDEa/§-KO
clonal line (fig. S2A) did not show any obvious growth defect of
asexual blood stages or growth defect in the formation of male
and female gametocytes. However, activation of PDEa/8-KO game-
tocytes with XA at 20°C did not lead to the formation of active ex-
flagellation centers (Fig. 2M), and male gametogenesis was found to
be blocked at an early stage as no DNA replication could be ob-
served upon stimulation with XA and a rise in pH (fig. S2J). At
37°C, reduced calcium responses to zaprinast and BIPPO were
further exacerbated in the PDEa/§-KO line compared with parental
PDEa-KO or PDES-KO gametocytes (Fig. 2, N and O, and fig. S2K).
Parasites still responded to XA and elevated pH but with reduced
and slower calcium mobilization. A similar but less marked
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Fig. 2. PDEa and PDES are active at 37°C in gametocytes and epistatic interactions between both enzymes that prevent premature and abortive activation. (A)
KOs of nonessential PDEs show normal exflagellation rates (SD; n = 3 biological replicates). (B) Comparison of the Ca** response of each PDE-KO to the wild type (WT). A
shift toward the left reflects a decrease at 37°C in the KO compared to the WT. A shift below the horizontal line reflects a decrease at 20°C in the KO compared to the WT.
The parameters used correspond to the parameters described in Fig. 1A (SD; n = 3 or n = 2 biological replicates at 20° and 37°C, respectively). (C) Fluorescence kinetics of
WT and PDES-KO gametocytes upon stimulation with 100 uM XA. (D) A rise to pH 7.8 leads to similar response profiles observed with XA for each PDE-KO line. (E and F)
Fluorescence kinetics of WT gametocytes upon stimulation at 20°C (E) or 37°C (F) (SD; n = 3 biological replicates). (G) Upon stimulation with 5 uM 5-benzyl-3-isopropyl-1H-
pyrazolo[4,3-d]pyrimidin-7(6H)-one (BIPPO), a strong decrease of PDES-KO response is observed. (H and I) Fluorescence kinetics of WT and PDES-KO gametocytes upon
stimulation with 5 uM BIPPO at 20°C (H) and 37°C (I) (SD; n = 3 technical replicates). (J) Upon stimulation with 500 uM zaprinast, a decrease of PDEa-KO response is
observed at 37°C. (K and L) Fluorescence kinetics of WT and PDEa-KO gametocytes upon stimulation with 500 uM zaprinast at 20°C (K) or 37°C (L). (M) The simultaneous
deletions of PDEa and PDES prevent microgametogenesis (SD; n = 3 biological replicates, unpaired two-tailed t test). (N) Comparison of the calcium response of PDEa/§-
KO gametocytes with WT at 37° and 20°C. (O) Summary of assessed PDE phenotypes. ABS, asexual blood stages; red crosses, affected; orange circles, mildly affected; green
circles, not affected. (P) Relative basal and induced cGMP levels in WT and PDEa/8-KO gametocytes (SD; n = 2 biological replicates with technical duplicates each, one-
way ANOVA).
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pattern of altered calcium responses was also observed at 20°C. This
altered calcium mobilization was linked to ~12-fold higher cGMP
levels in nonactivated PDEa/3-KO gametocytes compared to the
wild-type (WT) control line (Fig. 2P).

Together, these results demonstrate that neither PDEa nor PDES
directly contribute to the elevation of cGMP levels in response to
XA or pH. Instead, both enzymes are active at 37°C to prevent pre-
mature activation of gametocytes in the vertebrate host. Simultane-
ous deletion of PDEa and PDES likely leads to prolonged premature
and abortive activation of gametogenesis due to sustained elevated
c¢GMP levels at a nonpermissive temperature that leads to an early
block between calcium mobilization and DNA replication in micro-
gametocytes. This emphasizes an important and unexpected role of
temperature in the efficient progression of DNA replication in
microgametocytes.

GCa is required for calcium mobilization in response to XA
or pH in P. berghei gametocytes

As synthesis of cGMP seems to be a limiting factor in the activation
of gametocytes in response to XA or a rise in pH, we turned our
attention to the two cGMP-producing GCs. GCP was previously
shown to be redundant for gamete formation (22, 23). Analysis of
a GCP-disrupted mutant (23) showed no calcium defect in response
to XA, or PDE inhibitors in gametocytes both at 20° and 37°C (fig.
S3A). Consistent with this observation, knocking down GCa in de-
veloping gametocytes previously revealed the crucial role of this GC
in mediating XA response in P. yoelii (26). To study the role of GCa
in P. berghei gametocytes, an AID/HA tag was added to the GCa C
terminus (fig. S3B), which imposed a fitness cost, with low exflagel-
lation rates even in the absence of auxin. However, a 1-hour treat-
ment with auxin of gametocytes before activation led to a further
significant reduction in exflagellation and calcium mobilization
upon XA, pH, or BIPPO treatments (Fig. 3, A to D, and fig. S3C).
Calcium response to the calcium ionophore A23187 was however
normal, suggesting that the parasite calcium stores are not affected
upon GCa-AID/HA depletion (Fig. 3D and fig. S3C). Together,
these results confirm that, in gametocytes, GCa is the main GC re-
sponsible for basal or induced cGMP synthesis in response to XA or
a rise in extracellular pH.

Coimmunoprecipitations identify a GCa membrane
signaling platform in P. berghei gametocytes

The basal activity of GCa in P. yoelii gametocytes was recently
shown to require a GCa-interacting protein named GEP1 (26). To
look for other GCa partners, we used affinity purification of 3xHA-
tagged GCa (fig. S3B) from nonactivated gametocytes under cross-
linking conditions to identify interacting proteins (Fig. 3E and table
S1). This identified GEP1 and also cell division control 50
(CDC50B) that were recently shown to interact with GCa in P. fal-
ciparum schizonts (39). CDC50 proteins usually act as chaperones
to facilitate activity and/or trafficking of flippases to their final des-
tination (40), suggesting that CDC50B may contribute to the regu-
lation, folding, or trafficking of the predicted flippase domain of
GCa. We also detected four peptides mapping on the unique GC
organizer (UGO; PBANKA_1201400), a multipass membrane
protein we previously identified by immunoprecipitating the
single GC in Toxoplasma gondii and further showed to be essential
for the unique GC activity and localization (41). To confirm the in-
teraction between UGO and GCa in P. berghei gametocytes, UGO

Kuehnel et al., Sci. Adv. 9, eadf2161 (2023) 16 June 2023

was tagged with 3xHA (fig. S3D). Affinity purification of UGO-
3xHA recovered GCa as expected, but neither GEP1 nor
CDC50B. In both GCa-HA and UGO-HA immunoprecipitates,
we additionally detected PBANKA_0306700, the predicted ortho-
log of the signaling linking factor (SLF), another multipass mem-
brane protein that we also previously found enriched in GC
immunoprecipitates from T. gondii tachyzoites (41) and that was
shown to be important for GC activity in T. gondii (42, 43). We ad-
ditionally detected at least two peptides mapping on five other pro-
teins that likely represent nonspecific interactions (Fig. 3E and table
S1). Together, this suggests that GCa is part of a conserved mem-
brane signaling platform in P. berghei gametocytes and that the
identified partners may play a role in regulating the activity of GCa.

SLF is a GCa-interacting protein important for its basal
cGMP synthesis in P. berghei gametocytes

To investigate the role of CDC50B in gametocytes, a CDC50B-KO
clonal line was generated (fig. S3E), and no obvious defects in ex-
flagellation (fig. S3F) was observed, suggesting that CDC50B is dis-
pensable for GCa activity. No SLF-KO line could be generated,
suggesting an essential role in asexual blood stages. We therefore
tagged the endogenous sif with an AID/HA epitope tag (fig. S3G)
to degrade the fusion protein in the presence of auxin in a strain
expressing the Tirl protein (37). Following a 1-hour auxin treat-
ment of gametocytes, depletion of SLF-AID/HA was observed by
Western blot (Fig. 3F), associated with a twofold diminution of
the exflagellation rate in response to XA and a rise in pH
(Fig. 3G). Consistent with this observation, a twofold reduction in
calcium mobilization was observed in response to XA, elevated pH,
or BIPPO (Fig. 3H and fig. S3H), as well as lower induced cGMP
levels 20 s following stimulation by XA or BIPPO (Fig. 3I). The
limited signal above the detection level of SLF-AID/HA does not
exclude residual presence of the protein. Nevertheless, these
results showing reduced response to both natural signals and PDE
inhibition point to a role of SLF in maintaining GCa basal activity.
SLF-AID/HA was associated with a significant decrease in calcium
response to A23187 that was not observed for GCa, suggesting an
additional role of SLF in basal calcium homeostasis.

UGO is a GCa-interacting protein essential for its up-
regulation upon stimulation by XA or pH in P. berghei
gametocytes

No UGO-KO line could be generated, and we therefore fused UGO
to an AID/HA tag at the endogenous locus (fig. S3I). Low levels of
UGO-AID/HA did not allow its detection by Western blot or im-
munofluorescence assays to assess degradation of the protein upon
addition of auxin to gametocytes. Addition of the AID/HA tag to
the UGO C terminus also imposed a fitness cost, with low exflagel-
lation rates even in the absence of auxin. However, addition of auxin
for 1 hour before gametocyte activation led to a reduction in the
formation of exflagellation centers (Fig. 3]), suggestive of UGO
down-regulation. Consistent with this observation, induction of
UGO-AID/HA depletion led to a 10-fold reduction in calcium mo-
bilization upon stimulation by XA or a rise in pH (Fig. 3K and fig.
S3J). However, in contrast to GCa, UGO-depleted gametocytes
were still responsive to BIPPO. A similar pattern was observed for
cGMP levels with UGO-depleted parasites showing elevated cGMP
levels 20 s upon treatment with BIPPO but not with XA (Fig. 3L).
These observations are important as they indicate that UGO is not
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Fig. 3. In P. berghei, GCa is part of a signaling platform whose basal and induced activities are differentially regulated by SLF and UGO, respectively. (A) GCa-
AID/HA is not detectable anymore after 1 hour of degradation with auxin. Tir1 is tagged by c-Myc and serves as a loading control. (B) A strong reduction of exflagellation in
response to XA is observed upon GCa-AID/HA degradation (SD; n = 6 biological replicates, unpaired two-tailed t test). (C) Fluorescence kinetics of gametocytes upon GCa-
AID/HA degradation in response to 100 uM XA. (D) The relative AUC of Fluo-4 AM fluorescence upon GCa degradation compared to untreated gametocytes (SD; n = 3
biological replicates, unpaired two-tailed t test). (E) Mass spectrometry identification of proteins immunoprecipitated (IP) from lysates of UGO-HA and GCa-HA game-
tocytes. ND, not detected (n = 2 biological replicates). (F) Depletion of SLF-AID/HA upon auxin treatment (expected size is 144 kDa). (G) A twofold reduction of exfl-
agellation in response to XA is observed upon SLF-AID/HA degradation (SD; n = 3 biological replicates, unpaired two-tailed t test). (H) AUC of the fluorescence response
upon SLF-AID/HA degradation compared to untreated gametocytes (SD; n = 3 biological replicates, unpaired two-tailed t test). (I) Relative basal and induced cGMP levels
upon treatment with XA and BIPPO (Bi) in SLF-AID/HA gametocytes in presence or absence of IAA (SD; n = 3 biological replicates, one-way ANOVA). (J) A strong reduction
of exflagellation in response to XA is observed upon UGO-AID/HA degradation (SD; n = 6 biological replicates, unpaired two-tailed t test). (K) AUC of the fluorescence
response upon UGO degradation compared to untreated gametocytes (SD; n = 3 biological replicates, unpaired two-tailed t test). (L) Relative basal and induced cGMP
levels upon treatment with XA and BIPPO in UGO-AID/HA gametocytes in presence or absence of auxin (SD; n = 2 biological replicates with technical duplicates, one-
way ANOVA).

required for GCa, PDEa, and PDES basal activities but is essential ~ Generation of a marker-free PflUGO-HA:cKO line was achieved

to up-regulate GCa activity in response to XA or pH. using a Cas9-mediated strategy. Briefly, a C-terminal triple HA

tag and two loxP sites (one within the 2loxPint and one downstream
UGO is required for XA-mediated activation of of the HA tag) were introduced to truncate the PfUGO gene upon
gametogenesis in P. falciparum DiCre-mediated recombination (fig. S4A). As in P. berghei gameto-

We then wondered whether UGO is also required to control re-  cytes, the very low levels of protein expression prevented us from
sponse to XA in P. falciparum gametocytes. To address this, we in-  detecting the protein by immunofluorescence and Western blotting
vestigated the phenotypic consequences of PfUGO deletion in dimethyl sulfoxide (DMSO)- or rapamycin-treated schizonts.
(PF3D7_1003000). Because PfUGO was also predicted to be essen- However, immunopurification of PFUGO-HA recovered three pep-
tial in P. falciparum (44), we opted to conditionally delete PAUGO  tides mapping on PfUGO, while no such peptides were detected in
using the rapamycin-inducible DiCre system (fig. S4A) (45). presence of rapamycin (table S2). Three GCa peptides were also
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detected in PFUGO-HA immunoprecipitates only in absence of ra-
pamycin. While it is not possible to assess the statistical significance
of these differences, these observations suggest depletion of
PfUGO-HA in presence of rapamycin as well as a conserved inter-
action between UGO and GCa in P. falciparum gametocytes.

We then monitored the development of PFUGO-HA:cKO game-
tocytes treated with DMSO (control) or rapamycin at the sexual ring
stage. Knocking out PfUGO had no apparent effect on gametocyte
maturation and did not also affect the gametocyte sex ratio, as mon-
itored by the expression of Pfg377 (Fig. 4A and fig. S4B). This
protein is known to be associated with osmiophilic bodies, which
are mainly found in P. falciparum female gametocytes (46). In
control gametocytes, stimulation by XA of stage V PfUGO-HA:
cKO gametocytes led to the activation of female gametocytes, as as-
sessed by surface expression of Pfs25 (Fig. 4B) (47). Similarly, acti-
vation by XA led to the formation of motile flagellated male gametes
as assessed by the formation of exflagellation centers (Fig. 4C).
However, PfUGO deletion led to a complete inhibition of female
and male gametocyte activation (Fig. 4, B and C), confirming the
essential role of PFUGO in the XA-dependent activation of gameto-
genesis in P. falciparum.

UGO and GCa coimmunoprecipitate in P. berghei schizonts
As GCa was previously shown to be essential for merozoite egress in
P. falciparum (25) and for the proliferation of asexual blood stages
in P. berghei (48) and P. yoelii (26), we wondered whether a con-
served set of partners would be required to control its activity at
this stages. To do so, we used affinity purification of 3xHA-tagged
GCa and UGO from in vitro—cultured P. berghei schizonts under
cross-linking conditions and combined label-free semiquantitative
mass spectrometry to identify interacting proteins (Fig. 5A). As in
gametocytes, we identified GCa, CDC50B, UGO, and SLF in both
immunoprecipitates. We additionally detected at least two peptides
mapping on 31 other proteins that correspond to exported or ribo-
somal proteins and likely represent unspecific interactions (table
S1). The identification of GCa, CDC50B, UGO, and SLF in coim-
munoprecipitates from different Plasmodium stages raised the in-
triguing possibility that a conserved signaling platform integrates
different signals across the life cycle of malaria parasites.

PfUGO-HA:cKO PfUGO-HA:CKO + XA
80
100 = 0.2x1073
L
o
g 80 o & n 6q 7
g o0 2 v 404
S a0 8
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Female Male Rapamycin - +
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PDE inhibition induces egress of P. berghei merozoites and
identifies distinct requirements for UGO during schizogony
and egress

Given the fact that, in P. berghei gametocytes, UGO is essential to
up-regulate GCa activity in response to signals that are apparently
specific to the mosquito environment, we wondered whether it
would also be important to regulate GCa activity in P. berghei schiz-
onts. However, P. berghei parasites develop normally into merozo-
ites in in vitro culture but cannot egress from the erythrocyte
without additional mechanical shear stress (49). As the GCa plat-
form is conserved in P. berghei schizonts and artificial elevation
of cGMP levels using PDE inhibition by zaprinast leads to P. falcip-
arum egress, we asked whether PDE inhibition would also induce
egress of P. berghei merozoites. We first monitored calcium mobi-
lization in P. berghei schizonts following zaprinast, BIPPO, and
A23187 treatments at 37°C. To ensure that the observed signals
were not originating from contaminating gametocytes, we used
the non—-gametocyte-producing ANKA 2.33 (NGP) line (50). Re-
sponse to the three molecules were similar to those observed in ga-
metocytes (Fig. 5, B and C), suggesting that GCa also displays a
basal activity that is counterbalanced by PDE activity in P. berghei
schizonts. As zaprinast induced the strongest calcium response
under our experimental conditions, we then counted in vitro—cul-
tured schizonts following 50 min of DMSO or zaprinast treatment.
Zaprinast led to a significant twofold reduction in schizont
numbers (Fig. 5D), suggesting that zaprinast also stimulates the
egress of P. berghei merozoites.

The possibility to induce P. berghei merozoite egress with zapri-
nast opened the possibility to investigate the role of UGO in zapri-
nast-induced egress. Addition of auxin at the onset of the schizont
culture led to a significant 1.7-fold reduction in schizont numbers
50 min after zaprinast treatment. In contrast, addition of auxin to
segmented UGO-AID/HA schizonts for 1 hour did not affect zap-
rinast-induced egress. These results suggest that UGO plays a role
both to activate GCa basal activity during schizogony and to
enhance its activity just before egress (Fig. 5E). However, the asyn-
chronous in vivo growth of P. berghei asexual blood stages together
with the absence of merozoite natural egress in vitro prevented us to
further study the role of UGO in naturally induced egress in
P. berghei.
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Fig. 4. UGO is essential for XA-dependent activation of gametogenesis in P. falciparum. Conditional deletion of PAUGO in sexual ring stages does not affect the sex
ratio (A) but significantly affects female gametogenesis (B) and male gametogenesis (C) [SD; n =3 (A) and n =5 (B) and (C) biological replicates, unpaired two-tailed t test].
In (B), representative images from the fluorescence microscopy—based female gamete activation assay are shown. DMSO (top)- or rapamycin (bottom)-treated game-
tocytes were stained with SYBR Green and a-Pfs25 antibodies. Activated females form clusters of cells and are Pfs25-positives. Scale bars, 30 um, insets 2 um.
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Fig. 5. UGO interacts with GCa in P. berghei schizonts and shows differential requirement for zaprinast-induced egress. (A) Mass spectrometric identification of
proteins immunoprecipitated from lysates of UGO-HA and GCa-HA P. berghei schizonts (n = 2 biological replicates). (B) Fluorescence response kinetics of schizonts of the
non—-gametocyte-producing ANKA 2.33 (NGP) line loaded with Fluo-4 AM. Cells are stimulated with zaprinast, BIPPO, or A23187. (C) The relative AUC of Fluo-4 AM
fluorescence upon stimulation. Error bars show SD from the mean from three independent infections. (D) Change in the numbers of schizonts, as assessed by
Giemsa staining, following 50 min of treatment of cells with DMSO or zaprinast (SD; n = 5 independent inductions from two biological replicates, unpaired two-
tailed t test). (E) Change in the numbers of schizonts, as assessed by Giemsa staining, following 50 min of treatment of cells with zaprinast upon UGO-AID/HA degradation
at the onset of the culture (16 hours) or 1 hour before treatment (1 hour) [SD; n = 5 independent inductions from four biological replicates (16 hours) and two biological

replicates (1 hour), unpaired two-tailed t test).

UGO is essential for natural egress and invasion but can be
bypassed by PDE inhibition in P. falciparum

To further investigate the role of UGO in natural merozoite egress,
we characterized the phenotypic consequences of UGO deletion
during P. falciparum schizogony. PfUGO was conditionally
deleted by adding rapamycin 2 hours after invasion on PfUGO-
HA:cKO ring stages. As in P. berghei gametocytes and schizonts,
the very low levels of protein expression prevented us from detect-
ing the protein by immunofluorescence and Western blotting in
DMSO- or rapamycin-treated schizonts. However, monitoring of
DMSO- and rapamycin-treated PfUGO-HA:cKO parasites under
shaking conditions showed no increase in parasitemia in the rapa-
mycin-treated cultures (Fig. 6A). Rapamycin-treated parasites
formed morphologically normal mature schizonts at the end of
the erythrocytic cycle of treatment (cycle 0) as shown by fluores-
cence or electron microscopy (Fig. 6, B and C), indicating no detect-
able effects on intracellular development. However, very few
schizonts from the rapamycin-treated cultures underwent egress
(Fig. 6D and fig. S5A), resulting in a significant reduction in
newly invaded rings (Fig. 6E), indicating that UGO is essential for
natural egress of P. falciparum schizonts.

We then investigated whether PfUGO-deleted merozoites were
capable of reinvasion following physical disruption of the blocked
schizonts. To do so, segmented schizonts were agitated at 1500 rpm,
and the number of schizonts, merozoites attached to a naive eryth-
rocyte, and ring stages were determined after 2 hours with the Im-
ageStream system (Fig. 6F and fig. S5B). Agitation allowed to
rupture 40 and 15% of PfUGO-HA:cKO schizonts in the absence
or presence of rapamycin, respectively. In sister cultures that were
not agitated, 20% of schizonts egressed in the absence of rapamycin,
while no egress was observed for rapamycin-treated parasites
(Fig. 6G). Under this experimental setup, conditional deletion of
PfUGO led to a 25-fold decrease in the number of ring parasites
per ruptured schizont (Fig. 6H), indicating that UGO is also re-
quired for merozoite invasion of erythrocytes.

Kuehnel et al., Sci. Adv. 9, eadf2161 (2023) 16 June 2023

We then set out to determine whether UGO is required for
induced egress. It was previously shown that merozoite egress
could be stimulated by PC in a protein phosphatase 1 (PP1)-depen-
dent manner (10). However, PC did not induce merozoite egress in
the presence or absence of UGO under our experimental settings
(Fig. 61 and fig. S5C). We then tested whether PfUGO deletion
could be bypassed in P. falciparum schizonts by artificial elevation
of cGMP levels using PDE inhibition by zaprinast or BIPPO. We
found 500 uM zaprinast to be more efficient than 5 uM BIPPO to
activate calcium mobilization in WT schizonts (fig. S5D) and per-
formed subsequent experiments with zaprinast only. PfUGO-null
parasites exposed to 500 uM zaprinast egressed, as well as nonex-
cised schizonts (Fig. 6]). PfUGO-null schizonts also mobilized
calcium in response to zaprinast (Fig. 6K). They however showed
a slower mobilization of calcium compared with nontreated para-
sites. Following zaprinast-induced egress, resulting merozoites
were able to reinvade naive erythrocytes 15 min posttreatment
(Fig. 6L). We also noticed a significant increase in ring formation
following rapamycin treatment, which we attribute to a better syn-
chronicity of induced egress in the absence of PfUGO. Together,
these results suggest that, in P. falciparum, UGO is essential for
natural merozoite egress and reinvasion by up-regulating the
cGMP/Ca*" pathway in response to currently unknown signals.

A decrease in the membrane tension of gametocytes

correlates with UGO-dependent up-regulation of GCa

As UGO seems to be equally important to up-regulate GCa activity
in P. berghei gametocytes and P. falciparum schizonts, we reasoned
that XA could also stimulate egress in P. falciparum schizonts.
However, exposure of segmented schizonts to 100 uM XA did not
induce any significant increase of egress of P. falciparum merozoites
nor calcium mobilization in P. berghei and P. falciparum schizonts
compared to nontreated parasites (Fig. 61 and fig. S5D). We thus
wondered how UGO could differentially integrate signals of
various natures at a given stage or across stages. It is plausible that
our interactome analysis may have missed stage- or signal-specific
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Fig. 6. UGO is essential for P. falciparum merozoite egress and invasion but can be bypassed by PDE inhibition. (A) Replication of DMSO- and rapamycin-treated
PfUGO-HA:cKO parasites (SD; n = 3 independent infections). (B and C) PAUGO-deleted parasites reach late schizogony as observed by electron microscopy (B). Scale bars, 1
um (left) and 200 nm (right). AMA1 and MSP1 localization by immunofluorescence (C). Scale bars, 2 um. (D) Conditional deletion of PfUGO leads to the accumulation of
schizonts (left: data from two sister cultures; right: replicates from six independent cultures; unpaired two-tailed t test). (E) Conditional deletion of PFUGO leads to a
diminution of ring stage formation (left: duplicates from two sister cultures; right: replicates from five independent cultures; two-tailed t test). (F) Representative
images used to quantify schizonts, attached merozoites, and ring stages. Bright-field and SYBR Green (green) channels are shown. Scale bar, 7 um. (G) Agitation
leads to the rupture of 19% of UGO-blocked schizonts (n = 4 biological replicates, unpaired two-tailed t test). (H) PFUGO conditional deletion reduces merozoite attach-
ment and ring formation following mechanical disruption of schizonts (n = 4 biological replicates, unpaired two-tailed t test). (I) Treatment of P. falciparum-segmented
schizonts with 100 uM XA or 50 uM PC treatments does not induce egress. (J) Treatment of segmented schizonts with the PDE inhibitor zaprinast bypasses the require-
ment of PfUGO for egress (left: data from two sister cultures; right: replicates from six independent cultures; unpaired two-tailed t test). (K) PFUGO-deleted schizonts are
responsive to zaprinast (SD; left: n = 3 technical replicates; right: n = 3 biological replicates; unpaired two-tailed t test). (L) Invasion following zaprinast-induced egress is
not affected (SD; n = 3 biological replicates with technical duplicates; one-way ANOVA).
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protein components of the GCa platform. Alternatively, given that
all identified components of the GCa platform are multipass mem-
brane proteins, we hypothesized that intramembrane sensing could,
in conjunction with stage-specific platform partners, be key to in-
tegrate various signals regulating GCa in a UGO-dependent
manner. To test this hypothesis, we took advantage of the
Flipper-TR fluorescent probe that specifically targets cell mem-
branes and reports membrane tension changes through its fluores-
cence lifetime changes (51). This provided a unique opportunity to
assess the general membrane tension of intracellular parasites in re-
sponse to activating signals (Fig. 7, A and B). To allow imaging of a
large number of cells in response to signals stimulating gametogen-
esis, we imaged the Flipper-TR probe in P,,,,;JICM1 gametocytes
that showed similar membrane tension compared with WT para-
sites (fig. S6). Pumqa;JCM1 gametocytes are responsive to XA but
blocked downstream of cGMP (52), allowing long-term imaging
of membrane tension upon activation. XA or a rise in pH led to a
significant decrease in the fluorescence lifetime of the probe, indic-
ative of a decrease of membrane tension. Exposure of gametocytes
to kynurenic acid, a XA-related metabolite lacking the hydroxyl
group at the eight position of the quinoline ring, or the PDE inhib-
itor BIPPO did not lead to changes in the fluorescence lifetime of
the Flipper-TR probe. Unexpectedly, XA and a rise in pH also sig-
nificantly decreased the membrane tension of infected erythrocytes
(Fig. 7C), while noninfected erythrocytes were not affected by these
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two factors (Fig. 7D). Lysis of the host erythrocyte membranes with
saponin, as measured by the absorbance of hemoglobin at 414 nm
(Fig. 7E) (53), did not differentially affect calcium response to XA
compared to treatments with BIPPO or A23187 (Fig. 7F), suggest-
ing that the plasma membrane of the infected erythrocyte is not es-
sential to mediate XA stimulation. It was previously reported that
approximately 70% of lipid classes exhibit a significant difference
in abundance between P. falciparum asexual blood stages and game-
tocytes (54). We thus wondered whether these differences could
possibly explain the differential sensing of XA by schizonts and ga-
metocytes. In accordance with this hypothesis, we found that XA
did not affect membrane tension of P. falciparum merozoites
(Fig. 7, G and H). Together, these results provide preliminary evi-
dence that changes in the tension of gametocyte membranes may be
involved in the up-regulation of GCa in a UGO-dependent manner.

DISCUSSION

Malaria parasites show a remarkable life cycle with multiple cellular
differentiation events that require tight regulation. For example,
control over gametocyte activation or merozoite egress is crucial
to avoid premature and abortive development. In vivo, efficient ga-
metogenesis relies on a rise in pH and presence of XA at a permis-
sive temperature (55). These environmental factors encountered in
the mosquito midgut lead to elevated cGMP levels in the parasite
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Fig. 7. XA and a rise in extracellular pH similarly lower membrane tension in gametocytes but not in schizonts. (A) Lifetime fluorescence in nanoseconds of the
Flipper-TR probe in membranes of a P. berghei gametocyte in an erythrocyte. Dashed lines illustrate the regions of interest analyzed. Scale bar, 1 um. (B to D) Lifetime
fluorescence quantification of P,,,,;/ICM1 gametocytes (B), infected erythrocytes (C), and noninfected erythrocytes (D) in presence of SA (pH 7.2), XA (pH 7.2), SA (pH 7.8),
KA (pH 7.2), and BIPPO [(Bi), pH 7.2]. Circles represent values from single cells from at least three independent infections; one-way ANOVA. (E) Hemoglobin release upon
exposure of a P. berghei-infected RBC to increasing concentration of saponin as measured by absorbance at 414 nm (SD; n = 3 biological replicates). (F) No difference in
maximum calcium mobilization (Yj,,) is observed upon treatment with XA, BIPPO, and A23187 at a given saponin concentration (SD; n = 3 biological replicates). (G)
Lifetime fluorescence in nanoseconds of the Flipper-TR probe in membranes of a P. falciparum schizont in an erythrocyte and an extracellular merozoite (white arrow).
Dashed lines illustrate the regions of interest analyzed. Scale bar, 1 um. (H) Lifetime fluorescence quantification of P. falciparum schizonts in the absence or presence of XA.
Circles represent values from singles cells from at least three independent infections.
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that activate multiple calcium-dependent signaling pathways re-
quired for Plasmodium gametogenesis (34). However, the exact
role of each GC and PDE in integrating the three known factors re-
quired for gametogenesis remained poorly understood (33).

Here, we first showed that a drop in temperature is not essential
for gametocyte activation, as assessed by calcium mobilization, but
is necessary to trigger DNA replication that is initiated by the
calcium-dependent protein kinase 4 within seconds of calcium mo-
bilization (35, 56). Such a strong block in DNA replication at 37°C is
unexpected given that Plasmodium parasites are well adapted to rep-
licate DNA at 37°C in their vertebrate host. The factor(s) limiting
DNA replication at 37°C in gametocytes thus remain unknown.
PDEa showed a relative decrease in activity at 20°C but is comple-
mented by PDES that shows activity at both 37° and 20°C. It is thus
possible that in vivo, a decrease in temperature may synergize with
XA and pH to activate gametocytes. However, as deletion or inhi-
bition of PDEs does not affect gametogenesis, this confirms that
their main role in gametocytes is to prevent premature activation
at 37°C in the mammalian host but not to respond to XA or
pH (Fig. 8).

We thus turned our attention to the regulation of gametocyte ac-
tivation by cGMP synthesis in response to XA and pH. GCa-deplet-
ed gametocytes were unresponsive to PDE inhibitors, indicating
that GCa is the main active GC in gametocytes. The identification
of GEP1 as a GCa interactor necessary for its basal cGMP synthesis
activity in P. yoelii gametocytes (26) suggested that GCa is part of a
signaling platform where GC activity may depend on cofactors, as
previously shown in T. gondii (41). Here, we show that GCa inter-
acts at least with three other multipass membrane proteins in Plas-
modium gametocytes and schizonts: CDC50B, SLF, and UGO.
Deletion of CDC50B does not impair asexual blood stages or game-
togenesis. However, two other CDC50 proteins are encoded by Plas-
modium, and it is possible that deletion of CDC50B is
complemented by another CDC50 protein as suggested in (39). In

Gametocytes Schizonts

Induced XA Induced

Unknown
signals

Steady-state Steady-state . /_\
T v GTP Ca*
GTP P (D) = o o v\_c/GMP =P ca
GMP v\_/
T~ T AN
Zaprinast BIPPO BIPPO Zaprinast

Fig. 8. Current model showing how cGMP homeostasis is regulated in P.
berghei gametocytes and P. falciparum schizonts. In gametocytes (left), cGMP
synthesis depends on GCa whose steady-state activity requires GEP1 and SLF. UGO
induces GCa activity in response to XA or a rise in extracellular pH (pHe,) possibly
via lowered membrane tension. In nonactivated gametocytes, cGMP hydrolysis
depends at least on PDEa and PDES that are both active at 37°C. PDES is also
active at 20°C and dampens the induced signal. PDEa is targeted by zaprinast,
and PDES is the main target of BIPPO in gametocytes. In schizonts (right), the
same architecture is conserved, where UGO also induces GCa activity in response
to unknown signals. Unidentified zaprinast- and BIPPO-sensitive PDEs prevent pre-
mature egress.
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support of this hypothesis, it was recently shown in T. gondii that
multiple CDC50 proteins interact with the same P4-ATPase (57).
We also showed that SLF is essential for growth of asexual blood
stages and important for gametogenesis. This requirement is
likely explained by SLF-dependent regulation of GCa basal activity.
The depletion of SLF also affected calcium response to A23187, as
previously observed in T. gondii (42, 43), suggesting that SLF may
also be more directly involved in the regulation of calcium
homeostasis.

We found that conditional deletion of PfUGO and conditional
depletion of UGO-AID/HA in P. berghei parasites blocked activa-
tion of naturally induced egress and gametogenesis. However, these
phenotypes could be bypassed by artificial elevation of cGMP levels
using PDE inhibitors. These results indicate that UGO is not re-
quired to maintain GCa basal activity but essential for induced
GCa activity both in P. falciparum gametocytes and schizonts and
in P. berghei gametocytes. In P. berghei schizonts, conditional deple-
tion of UGO-AID/HA however led to distinct phenotypes: Early de-
pletion led to a reduction in zaprinast-induced egress, while a late
depletion had no significant effect. This suggests that the timing of
UGO depletion or deletion highlights different requirements of
UGO for GCa basal or induced activity. Consistent with this possi-
bility, we previously showed that, in T. gondii, TgUGO also interacts
with the unique TgGC and depletion of TgUGO-AID/HA over
multiple rounds of parasite replication impaired TgGC basal activ-
ity. These observations suggest that UGO may have a dual function
with requirement both for the activation of GCa basal activity via
possibly its cellular trafficking or folding and for the GCa up-regu-
lation in response to natural signals triggering merozoite egress and
gametogenesis. Together, the conserved interaction between UGO,
SLF, and GC in Toxoplasma tachyzoites and in Plasmodium schiz-
onts and gametocytes suggests that the same membrane signaling
platform is at play to regulate GC activity across the phylum of Api-
complexa. This casts a new light on how the regulation of this family
of atypical GCs in response to multiple environmental signals re-
quires a panel of cofactors.

The presence of a conserved CDC50/GC/UGO/SLF signaling
platform across these three different forms of parasites suggests
that UGO is not a direct sensor of both XA and pH. XA is not
known to be involved in tachyzoite or merozoite egress, which we
confirm here. However, acidification of the parasitophorous vacuole
was previously shown to induce tachyzoite egress (58). It thus
remains uncertain whether stage-specific components of the
CDC50/GCa/UGO/SLEF platform may be at play to integrate differ-
ent signals across different parasites. Another GCa-interacting
protein, GEP1, was previously shown to be only expressed in Plas-
modium gametocyte and deletion of its coding gene was associated
with the abolition of GCa basal activity (26). It was recently predict-
ed that GEP1 may interact with XA and could represent the elusive
XA sensor (59). However, the physiological relevance of this predic-
tion in the activation of Plasmodium gametogenesis remains to ex-
perimentally established. Similarly, how elevation of the
extracellular pH affects the activity of the CDC50/GEP1/GCa/
UGO/SLF platform in gametocytes remains elusive. Here, we
found that XA and pH lower membrane tension of P. berghei game-
tocytes, suggesting that the stage specificity of XA may be linked not
only to the expression of a receptor in gametocytes but also to the
specific properties of the membranes hosting the CDC50/GCa/
UGO/SLF signaling platform. Consistent with this hypothesis, in
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T. gondii tachyzoites, induction of GC-dependent egress requires
production of phosphatidic acid in the external leaflet of the
plasma membrane hosting TgGC (41). So far, we have not been
able to confidently localize UGO in gametocytes and merozoites.
Previous reports have indicated that GCa localizes to cytoplasmic
vesicular structures in newly formed merozoites (25) and to cyto-
plasmic puncta in P. yoelii gametocytes (26). It is thus possible
that UGO shows a similar localization in both stages, but more
work will be required to define the exact membrane structure(s)
hosting this signaling platform in Plasmodium and whether their
lipid composition affects its regulation.

Together, our work and previous results highlight that a Plasmo-
dium GCa membrane receptor platform integrates signals that are
critical for natural merozoite egress, merozoite invasion, and game-
tocyte activation (Fig. 8). CDC50B is likely involved in GCa folding
or trafficking during both stages but its deletion is possibly comple-
mented by another CDC50 protein (39). GEP1 is only expressed in
gametocytes where it is essential for GCa basal activity (26). SLF
interacts with GCa in both schizonts and gametocytes, where it is
important for its basal activity. Last, UGO is essential to enhance
GCa activity in both schizonts and gametocytes. In schizonts, the
natural signals inducing UGO-dependent activation of GCa
remain to be identified. In gametocytes, we showed that UGO trans-
duces XA and a rise in extracellular pH, two distinct signals that
similarly reduce the membrane tension of gametocytes. As XA
does not induce merozoite egress or decrease in schizont membrane
tension, this highlights the membrane as a possible key player in
GCa- and UGO-dependent sensing of signals inducing merozoite
egress and gametocyte activation.

METHODS

Ethics statement

All animal experiments performed in Switzerland were conducted
with authorization numbers GE/82/15 and GE/201/17, according to
the guidelines and regulations issued by the Swiss Federal Veteri-
nary Office.

Generation of DNA-targeting constructs

The oligonucleotides used to generate and genotype the mutant
parasite lines are in table S3.

Restriction/ligation cloning, P. berghei

The gene deletion—targeting vector for pdea was constructed using
the pAB022 plasmid, which contains polylinker sites flanking an
hdhfr expression cassette conferring resistance to pyrimethamine.
Polymerase chain reaction (PCR) primers MB763 and MB764
were used to generate a fragment of pdea 5 upstream sequence
from genomic DNA, which was inserted into Hind III and Pst I re-
striction sites upstream of the hdhfr cassette. A fragment generated
with primers MB765 and MB766 from the 3' flanking region of pdea
was then inserted downstream of the hdhfr cassette using Kpn I and
Not I restriction sites. The linear targeting sequence was released
using Hind IIT and Not I, and the construct was transfected into
the ANKA line 2.34 or PDES-KO. A schematic representation of
the endogenous pdea, the constructs, and the recombined locus is
in figs. S2 and S3.

PlasmoGEM vectors

3xHA, KO, or AID/HA tagging of GCa, UGO, and PDEy was gen-
erated using phage recombineering in Escherichia coli TSA strain
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with PlasmoGEM vectors (https://plasmogem.umu.se/pbgem/).
For final targeting vectors not available in the PlasmoGEM reposi-
tory, generation of KO and tagging constructs was performed using
sequential recombineering and gateway steps as previously de-
scribed (60, 61). For each gene of interest (goi), the Zeocin resis-
tance/Phe  sensitivity  cassette ~was introduced using
oligonucleotides goi HA-F x goi HA-R and goi KO-F x goi KO-R
for 3xHA, AID/HA tagging, and KO targeting vectors. Insertion of
the gateway (GW) cassette following gateway reaction was con-
firmed using primer pairs GW1 x goi QCR1 and GW2 x goi
QCR2. The modified library inserts were then released from the
plasmid backbone using Not I. The UGO-AID/HA and GCa-
AID/HA targeting vectors were transfected into the 615 parasite
line (37), and the PDEy-KO, UGO-3xHA, and GCa-3xHA
vectors into the 2.34 line. Schematic representations of the targeting
constructs as well as WT and recombined loci are shown in figs. S1
to S6.

Restriction/ligation cloning, P. falciparum

The endogenous PfUGO locus in the p230p DiCre-expressing P. fal-
ciparum clone was modified using Cas9-mediated genome editing
to generate the PFUGO-HA:cKO p230p DiCre parasite line using the
plasmid pUC57 vector containing the following: (i) a 5" homology
region 1 (HR1) of 412 base pairs (bp) and (ii) a recodonized PFUGO
sequence with a loxpint module fused to a triple HA epitope fol-
lowed by a second loxp site that was synthesized. A 3' HR2 of 624
bp amplified with primers pfugo HR2 forward and pfugo HR2
reverse was further cloned following Xho I digestion (data S1).
The final targeting plasmid was linearized with Nco I-HF and
Xho I overnight before transfection. To target the PfUGO locus,
two guide RNA-encoding sequences were independently inserted
into the pDC2-Cas9-hDHFR (human dihydrofolate reductase)/
yFCU (yeast cytosine deaminase/uridyl phosphoribosyl transfer-
ase—containing plasmid) (62) using primer pairs pfugo grna F1/2
x pfugo grna R1/2. Constructs were transfected into the P. falcipa-
rum 3D7 p230pDiCre II-3 line (62).

P. berghei maintenance and transfection

P. berghei ANKA strain (63)—derived clones 2.34 (35) and 615 (37),
together with derived transgenic lines, were grown and maintained
in CD1 outbred mice. Six- to 10-week-old mice were obtained from
Charles River Laboratories, and females were used for all experi-
ments. Mice were specific pathogen—free (including Mycoplasma
pulmonis) and subjected to regular pathogen monitoring by sentinel
screening. They were housed in individually ventilated cages fur-
nished with a cardboard mouse house and Nestlet, maintained at
21° + 2°Cunder a 12-hour light/12-hour dark cycle, and given com-
mercially prepared autoclaved dry rodent diet and water ad libitum.
The parasitemia of infected animals was determined by microscopy
of methanol-fixed and Giemsa-stained thin blood smears.

For gametocyte production, parasites were grown in mice that
had been phenyl hydrazine—treated 3 days before infection. One
day after infection by 0.5 x 107 to 1.5 x 107 parasites, sulfadiazine
(20 mg/liter) was added in the drinking water to eliminate asexually
replicating parasites. Microgametocyte exflagellation was measured
3 or 4 days after infection by adding 4 pl of blood from a superficial
tail vein to 70 pl of exflagellation medium [RPMI 1640 containing
25 mM Hepes, 4 mM sodium bicarbonate, 5% fetal calf serum
(FCS), and 100 uM XA (pH 7.4)]. To calculate the number of exfla-
gellation centers per 100 microgametocytes, the percentage of RBCs
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infected with microgametocytes was assessed on Giemsa-stained
smears. For gametocyte purification, parasites were harvested in
SA medium [RPMI 1640 containing 25 mM Hepes, 5% FCS, and
4 mM sodium bicarbonate (pH 7.20)] and separated from uninfect-
ed erythrocytes on a Histodenz cushion made from 48% Histodenz
stock [27.6% (w/v) Histodenz (Sigma-Aldrich) in 5.0 mM tris-HCI,
3.0 mM KCl, and 0.3 mM EDTA (pH 7.20)] and 52% SA, with a final
pH of 7.2. Gametocytes were harvested from the interface. To
induce degradation of AID/HA-tagged proteins, 1 mM auxin dis-
solved in ethanol (0.2% final concentration) was added to parasites
for 1 hour before activation.

Schizonts for transfection were purified from overnight in vitro
culture on a Histodenz cushion made from 55% Histodenz stock
and 45% phosphate-buffered saline (PBS). Parasites were harvested
from the interface and collected by centrifugation at 500g for 3 min,
resuspended in 25 pl of the Amaxa Basic Parasite Nucleofector sol-
ution (Lonza), and added to 10 to 20 ug of DNA dissolved in 10 pl of
H,O. Cells were electroporated using the FI-115 program of the
Amaxa Nucleofector 4D. Transfected parasites were resuspended
in 200 pl of fresh RBCs and injected intraperitoneally into mice.
Parasite selection with pyrimethamine (0.07 mg/ml; Sigma-
Aldrich) in the drinking water (pH ~ 4.5) was initiated 1 day after
infection. Each mutant parasite was genotyped by PCR using three
combinations of primers, specific for either the WT or the modified
locus on both sides of the targeted region (experimental designs are
shown in figs. S1 to S6). For allelic replacements, sequences were
confirmed by Sanger sequencing using the indicated primers. Con-
trols using WT DNA were included in each genotyping experiment;
parasite lines were cloned when indicated.

Zaprinast-induced egress of P. berghei schizonts

Schizonts were cultured in vitro overnight as described above. For
egress assays using the UGO-AID/HA line, cultures were divided
into two, and 1 mM auxin or 0.2% ethanol was added to the
culture medium 16 or 1 hour before start of the egress assay, respec-
tively. For each biological replicate, 500-ul samples of each culture
were transferred into five microfuge tubes for each tested condition
and incubated with 500 uM zaprinast or 4% DMSO for 50 min at
37°C for 600 rpm. Egress efficiency was assessed from methanol-
fixed and Giemsa-stained thin blood smears by determining
numbers of schizonts per numbers of RBCs in a blinded manner.

Flow cytometry analysis of P. berghei gametocyte

DNA content

DNA content of microgametocytes was determined by flow cytom-
etry measurement of fluorescence intensity of cells stained with
Vybrant dye cycle violet (Life Technologies) as previously described
(56). Gametocytes were purified and resuspended in 100 ul of SA.
Activation was induced by adding 100 pl of modified exflagellation
medium [RPMI 1640 containing 25 mM Hepes, 4 mM sodium bi-
carbonate, 5% FCS, and 200 uM XA (final pH 7.8)]. To rapidly block
gametogony, 800 pl of ice-cold PBS was added and cells were stained
for 30 min at 4°C with Vybrant dye cycle violet and analyzed using a
Beckman Coulter Gallios 4. Gating was performed on both micro-
and macrogametocytes, and cell ploidy was expressed as a percent-
age of all gametocytes. For each sample, >5000 cells were analyzed.

Kuehnel et al., Sci. Adv. 9, eadf2161 (2023) 16 June 2023

Measurement of intracellular cGMP levels

To measure relative intracellular cGMP levels, P. berghei gameto-
cytes were purified as described above and, for AID/HA lines, incu-
bated with auxin or DMSO for 1 hour at 37°C. Samples were then
treated with XA or BIPPO for 20 s and flash-frozen in liquid nitro-
gen before thawing on ice and lysis in presence of 200 pl of 0.1 M
HCI for 10 to 20 million parasites per sample. Samples were then
frozen and thawed two more times with intermittent vortexing. In-
tracellular cGMP levels were measured using the Direct cGMP
enzyme-linked immunosorbent assay kit (Enzo Life Sciences)
using the acetylation protocol to increase sensitivity. Standards
were fitted to a sigmoidal curve and used to determine cGMP con-
centrations in the samples.

P. falciparum maintenance, synchronization, and
transfection

Lines were maintained at 37°C in human RBCs in complete RPMI
1640 (Gibco, lot 2436708) containing 10% human ammonium bi-
carbonate (AB) serum (Macopharma, MDV 7000LA). Cultures
were routinely microscopically examined using Giemsa-stained
thin blood films. To obtain highly synchronized parasites, mature
schizonts were isolated by centrifugation over 70% (v/v) isotonic
Percoll (GE Healthcare, Life Sciences) cushions and cultured in
fresh RBCs for 2 hours to allow rupture and reinvasion before
removal of unruptured schizonts using 5% p-sorbitol for 8 min at
37°C (Sigma-Aldrich, #SLBJ4425V).

For transfection, purified schizonts were electroporated with 40
ug of circular plasmid DNA using the Amaxa Nucleofactor 4D
(Lonza) and Nucleofector Kits for Parasites (Lonza). Parasites con-
taining the integrated plasmid were selected by drug cycling in the
presence of 2.5 nM WR99210 (Jacobus Pharmaceuticals, Princeton,
NJ, USA) and then cloned by limiting dilution. Clonal transgenic
lines were obtained by serial limiting dilution in flat-bottomed
96-well plates followed by selection of single plaques. For parasite
genomic DNA extraction, the QTAGEN DNeasy Blood and Tissue
kit was used. Genotype analysis PCR was done using the GoTaq
(Promega) DNA master mix. DiCre activity was induced by rapa-
mycin treatment of early rings (2 to 3 hours after invasion) as pre-
viously described (64). Samples for excision PCRs were collected 24
hours after rapamycin treatment.

Synchronous ring-stage parasites (2 to 3 hours postinvasion) at
0.1% parasitemia in 5% hematocrit were dispensed in triplicates
into a six-well plate. DiCre-mediated excision of DNA was
induced by transient rapamycin treatment. Five microliters from
each well was sampled at 0, 2, 4, and 6 days and microscopically ex-
amined using Giemsa-stained thin blood films. Parasitemia was cal-
culated at each time point by choosing randomly 10 to 12
microscopic fields as follows: number of infected RBCs/total
number of RBCs x 100.

P. falciparum induction of gametocytogenesis and
gametocyte culture

Parasites were cultured in complete media [25 mM Hepes (pH
6.72), 100 mM hypoxanthine, 24 mM sodium bicarbonate 0.5%
Albumax II, 2 mM choline chloride, and neomycin (0.1 g/liter)]
and synchronized as rings with sorbitol as described above for
three consecutive days, reaching a final parasitemia between 1 and
3% in 5% hematocrit. Old rings/young trophozoites were induced
using minimal fatty acid medium [RMPI/Hepes complemented
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with 3.6% NaHCO;, 100 mM hypoxanthine, bovine serum albumin
(BSA; 390 mg/100 ml), 30 uM oleic acid, and 30 pM palmitic acid].
One day after induction, schizonts/young ring parasites were fed
with serum medium [25 mM Hepes, 100 mM hypoxanthine, 24
mM sodium bicarbonate, 10% human AB serum, and neomycin
(0.1 g/liter)] and treated with rapamycin (0.1 uM) or DMSO for
48 hours. Twenty-four hours later [gametocyte day 1 (Gamdayl)],
parasites were fed with serum/N-acetylglucosamine (GlucNac)
medium (serum medium complemented with 50 mM GlucNac)
for seven consecutive days to eliminate asexual parasites (65). Par-
asites were cultured in a heating plate from Gamday6 onward to
ensure the maintenance of 37°C. On day 8, parasites were fed
with serum medium and kept until day 13 (gametocyte stage V)
when exflagellation and female activation assays were performed.

Sex ratio determination by immunofluorescence
microscopy of P. falciparum gametocytes

Exflagellation assays were performed as described previously (66)
with minor modifications. Thin smears were made by harvesting
500 pl of gametocyte cultures (Gamday10), spinning them down
(400g, 1 min), and washing them with PBS 1x. Immunofluores-
cence assay (IFA) slides were fixed with 60% methanol/40%
acetone (at —20°C) for 3 min. Slides were stored at —80°C until
the next day. Slides were air-dried and wells were marked with a hy-
drophobic pen. Cells were hydrated with PBS 1x and blocked with
3% BSA in PBS 1x for 1 hour. Primary antibodies were added
(1:1000; rabbit anti-Pfg377) (67) and incubated for 1 hour. After
washing six times with PBS 1x, secondary (1:250; anti-rabbit 568)
antibodies were incubated for 1 hour in the dark. Washes were per-
formed as before. The antifade agent (Vectashield) supplemented
with the fluorescent DNA stain 4',6-diamidino-2-phenylindole
(DAPI) (1 pg/ml) was added to each well, and the slides were
sealed. Analyses were performed using a fluorescence microscope
Leica DM 5000B using the x40 objective. Around 200 to 300
DAPI-positive cells were counted per condition.

P. falciparum exflagellation assays

Giemsa smears of gametocyte day 13 cultures were made to deter-
mine the gametocytemia: 500 ul of each culture was taken and cen-
trifuged 300g for 30 s, and 2 pl of the pellet was resuspended in 50 pl
of 1x exflagellation medium (serum medium containing 100 uM
XA). The activation mix was incubated in a Neubauer chamber in
the dark in a humid chamber for 15 min. Exflagellation centers were
counted, as well as the cell density. The percentage of exflagellating
gametocytes was calculated as follows

average of exflagellation centers

p — x 100
gametocyteamia x cell density

P. falciparum female gamete activation assay

Female activation assays were performed as described previously
(68). Briefly, 250 ul of gametocyte culture was taken and centrifuged
300g for 30 s. The pellet of infected RBCs was resuspended in an
activation medium containing 100 uM XA, mouse anti-PfS25
(1:2000) primary antibodies (47), and anti-mouse Alexa Fluor 594
(1:250) secondary antibodies. Samples were incubated overnight,
under rotation, in the dark at room temperature. SYBR Green
(1:10,000) was added and incubated at room temperature for 30
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min in the dark. After spinning down and washing with PBS 1x,
the samples were resuspended in 250 pl of PBS 1x. Parasites were
plated in a black Greiner-CELLSTAR 96-well plate (Greiner,
655090; poly-p-lysine, flat pClear bottom) to get 0.05% hematocrit
in each well. The plates were analyzed using an ImageXpress Micro
wide-field high-content screening system (Molecular Devices) in
combination with the MetaXpress software (version 6.5.4.532; Mo-
lecular Devices) equipped with a Sola SE solid-state white light
engine (Lumencor), in combination with the MetaXpress software
(version 6.5.4.532; Molecular Devices). Filter sets for SYBR Green
[excitation (Ex): 472/30 nm, emission (Em): 520/35 nm] and Alexa
Fluor 594 (Ex: 562/40 nm, Em: 624/40 nm) were used with exposure
times of 40 and 50 ms, respectively; 121 sites per well were imaged
using a Plan-Apochromat x40 objective (Molecular Devices, catalog
no. 1-6300-0412). Automated image analysis was performed as de-
scribed in table S4.

Immunofluorescence assays

Following schizont purification, parasites were fixed in 4% parafor-
maldehyde and washed. After letting samples to adhere in a poly-p-
lysine—covered slide, cells were permeabilized with 0.2% Triton X-
100, followed by washes with PBS 1x, and incubation with a 2% BSA
blocking solution in 1x PBS for 30 min. Samples were incubated
with anti-AMA1 monoclonal antibody (mAb) (1:50; rabbit) and
anti-MSP1.19 mAb (1:1000; mouse) overnight at 4°C, following in-
cubation with secondary antibodies anti-rabbit 594 and anti-mouse
488 (1:1000). Slides are mounted in mounting media containing
DAPI (Vectashield with DAPI, reference H-1200).

Electron microscopy

Sample preparation and imaging were performed as previously de-
scribed (69). RBCs infected with P. falciparum schizonts were fixed
with 2.5% glutaraldehyde (Electron Microscopy Sciences) and 2.0%
paraformaldehyde (Electron Microscopy Sciences) in 10 mM PBS
(pH 7.4) for 1 hour at room temperature. Pelleted cells were embed-
ded in 3% low melted agarose (Eurobio) in 10 mM PBS and dissect-
ed in small pieces for easier handling and to prevent loss of cells
during subsequent processing steps. After extensive washing (5 x
5 min) in 0.1 M sodium cacodylate buffer (pH 7.4) (Sigma-
Aldrich), samples were postfixed with 1% osmium tetroxide (Elec-
tron Microscopy Sciences) reduced with 1.5% ferrocyanide (Sigma-
Aldrich) in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 hour at
room temperature, followed by postfixation with 1% osmium te-
troxide alone (Electron Microscopy Sciences) in 0.1 M sodium ca-
codylate buffer (pH 7.4) for 1 hour at room temperature. After
washing with double distilled water (2 x 5 min), samples were en
block poststained with 1% aqueous uranyl acetate (Electron Micros-
copy Sciences) for 1 hour at room temperature. Samples were then
washed with double distilled water for 5 min and dehydrated in
graded ethanol series (2 x 50%, 1 x 70%, 1 x 90%, 1 x 95%, and 2
% 100% for 3 min each wash). Samples were then infiltrated at room
temperature with Durcupan resin (Sigma-Aldrich) mixed 100%
ethanol at 1:2, 1:1, and 2:1 for 30 min each step, followed by fresh
pure Durcupan resin for 2 x 30 min and transferred into fresh pure
Durcupan resin for 2 hours. Last, samples were embedded in fresh
Durcupan resin filled small thin-wall PCR tubes and polymerized
and cured at 60°C for 24 hours. Ultrathin sections (60 nm) were
cut with a Leica Ultracut UCT microtome (Leica Microsystems)
and diamond knife (DiIATOME) and collected onto 2-mm single-
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slot copper grids (Electron Microscopy Sciences) coated with 1%
Pioloform plastic support film. Sections were then examined, and
transmission electron microscopy (TEM) images were collected
using a Tecnai 20 TEM (FEI) electron microscope operating at 80
kV and equipped with a side-mounted MegaView III charge-
coupled device camera (Olympus Soft-Imaging Systems) controlled
by iTEM acquisition software (Olympus Soft-Imaging Systems).

P. falciparum egress time course assays

Cultures of highly synchronous early ring-stage parasites (2 to 3
hours postinvasion) at 2% parasitemia in 5% hematocrit were cul-
tured and split in two subcultures, one of each was treated with ra-
pamycin, allowing the DiCre-mediated excision of DNA, while the
other was treated with the rapamycin vehicle (0.1% DMSO). After
reaching late schizogony, Percoll-enriched schizonts were resus-
pended in 500 pl of complete RPMI. After adding 5 pl of blood,
the resuspended cultures were plated in a 96-well plate in triplicates
(4x10° parasites per well) and challenged with either DMSO (1:33),
zaprinast (500 M), XA (100 uM), PC (50 uM) or PC solvent (water:
ethanol:methanol; 1:1:2) for 0, 15, and 50 min at 37°C. Samples were
collected and washed with PBS and fixed in 4% paraformaldehyde
(AppliChem, A3813, 1000) and 0.0065% glutaraldehyde (Sigma-
Aldrich, G5882) for 30 min at room temperature under rotation.
After fixation, samples were washed twice with PBS and resuspend-
ed in PBS. Samples were stained with SYBR Green I nucleic acid gel
stain (Thermo Fisher Scientific, catalog no. S7563) (diluted
1:20,000) and analyzed by with a Attune NxT flow cytometer
using the Attune TM NxT Software; 15,000 events were recorded
per sample. All flow cytometry data were analyzed with Flow]Jo soft-
ware. To assess egress, we calculated the binary logarithm of the
ratio of the percentage of schizonts from time #n to 0 min: log,

(t,/10)-

Multispectral imaging flow cytometry (ImageStreamX)
analysis

Samples were run in a two-camera, 12-channel ImageStreamX mul-
tispectral imaging flow cytometer (Luminex Corporation) at low
speed and highest magnification (x60). Instrument setup and per-
formance tracking were performed daily using the Amnis Speed-
Bead Kit (Luminex Corporation) for verifying optimal instrument
performance. Cells were excited using a 488-nm laser (15 mW) and
a 785-nm side scatter (SSC) laser (1.5 mW). Only events with a
bright-field (BF) area greater than 1 pm2 (to exclude cell debris)
and nonsaturating pixels were collected. Data were acquired for
50,000 events per sample. Panel experimental samples contained
images and data for BF (channels 1 and 9), SYBR Green (channel
2; 480 to 560 nm), and SSC (channel 12; 745 to 800 nm). Data anal-
ysis was done using IDEAS software (version 6.2; Luminex). Cells
were gated for the gradient RMS (root mean square) of the BF
channel to exclude the out-of-focus events. Single cells are then
located by plotting the area of the BF image versus the aspect
ratio (the ratio of the width and height of the object, i.e., the
shape) of the BF channel (channel 1). A region larger than 1 pmz
of BF area was created to include free parasites. Events with lower
aspect ratio and area larger than 90 um® were excluded (doublets
and aggregates). By plotting the intensity of SSC (X axis) versus
the intensity of the SYBR Green (Y axis), five populations were ob-
tained: schizonts, free merozoites, RBCs infected with one parasite,
RBCs infected with two or more parasites, and uninfected RBCs.
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Because the RBCs infected with one parasite population is of inter-
est for this study, this population was gated using the area of the BF
channel versus the aspect ratio of the BF channel to exclude other
cell debris. The bright spots of parasites were detected by plotting
the intensity and the max pixel of the SYBR Green channel. Inter-
nalization was then measured by a score, which is defined by the
ratio of the SYBR Green intensity inside the cell compared to the
intensity of the entire cell (defined as the BF image). Cells with in-
ternalized objects have positive scores, while cells with no internal-
ization are negative.

Calcium measurements

P. berghei and P. falciparum Fluo-4 AM calcium assays

To measure changes in calcium level, P. berghei gametocytes were
harvested in coelenterazine loading buffer [CLB; PBS containing 20
mM Hepes, 20 mM glucose, 4 mM NaHCO;, 1 mM EDTA, and
0.1% BSA (pH 7.2) (35). P. berghei gametocytes and schizonts
and P. falciparum schizonts were purified as described above and
resuspended in 1 ml and 500 pl of CLB, respectively, as well as
loaded with 5 pM of Fluo-4 AM for an hour. The parasites were
then washed twice with CLB and resuspended in 500 and 20 pl of
this suspension that were added per well in a 96-well plate. Com-
pound dispensing and simultaneous fluorescence reading were per-
formed using FDSS uCELL (Hamamatsu Photonics) for a period of
5 min. The fluorescence value of each time point was first normal-
ized to the initial fluorescence value at 0 s (F,_,,/F,—o) and then by the
vehicle control: (F,_,/F.)/(Fvehicle,_,/Fvehicle,_,). As the relative
fluorescence values vary from day to day, each experiment was nor-
malized to a control (WT or noninduced) prepared on the same day.
P. berghei GFPaequorin calcium assays

Aequorin reconstitution and luminometric Ca** detection from pu-
rified P. berghei gametocytes were performed as previously de-
scribed (35) with some modifications. First, purified gametocytes
were washed three times in CLB [PBS, 20 mM Hepes, 20 mM
glucose, 4 mM sodium bicarbonate, 1 mM EGTA, and 0.1% (w/v)
BSA (pH 7.2)]. Reconstitution was then achieved by shaking ~10°
gametocytes in 0.5 ml of CLB, supplemented with 5 uM coelenter-
azine for 30 min at 19°C. Loaded gametocytes were washed twice in
CLB and were then suspended in 10 ml of RPMI 1640, 5% FBS, and
4 mM sodium bicarbonate (pH 7.2). For luminescence measure-
ments, 10 ul of the gametocyte suspension were injected into 20
ul of SA or complemented with 150 pM XA or buffered at pH 7.8
(all at 4°C) in a 384-well assay plate of a FDSS uCELL (Hamamatsu
Photonics) for a period of 5 min. The luminescence value of each
time point was normalized to the initial luminescence value at 0 s
(Lt:n/Lt:0)~

Fluorescence lifetime imaging microscopy

P. berghei gametocytes and P. falciparum schizonts were purified as
described above, and for each condition, 1 to 3 million parasites
were resuspended in 500 pl of SA and incubated with 1 uM
Flipper-TR for 15 min at 37°C. The parasites were washed twice
with SA and resuspended in 500 pl of SA containing 16.2 uM
Hoechst 33342 dye at pH 7.2. To test different conditions, 100
puM XA, 100 uM KA, or 5 uM BIPPO was added or the SA pH
was increased to 7.8. The parasites were then centrifuged for 3
min at 600g at room temperature, and the pellet was resuspended
in 5 to 10 pl of the individual SA medium, mounted on coverslips,
and sealed.
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Fluorescence lifetime imaging microscopy (FLIM) imaging was
performed using a Leica TCS SP8 microscope fitted with a HC PL
Apo 100x/1.40 numerical aperture oil CS2 objective and piloted
with LAS X FLIM software (Leica Microsystems CMS GmbH).
Samples were illuminated using a pulsed white laser at 488 nm
for Flipper-TR and a ultraviolet laser line at 405 nm for Hoechst.
Emission was collected with a hybrid detector for single-molecule
detection (Leica HyD SMD) at 520 to 715 nm and 415 to 455 nm,
respectively. Images were analyzed using the Leica LAS X FLIM
software to fit acquired data from the regions of interest to a dual
exponential model.

Protein immunoprecipitation and identification
Sample preparation
Co-immunoprecipitations (co-IPs) of PbGCa-3xHA and PbUGO-
3xHA were performed with purified and nonactivated gametocytes.
Samples were fixed for 10 min with 1% formaldehyde. IPs of
PfUGO-HA:cKO were performed with saponin-lysed and nonacti-
vated stage V gametocytes from cultures treated with DMSO or ra-
pamycin. Parasites were lysed in radioimmunoprecipitation assay
buffer [50 mM tris-HCI (pH 8), 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS], and the supernatant was sub-
jected to affinity purification with anti-HA antibody (Sigma-
Aldrich) conjugated to magnetics beads. Beads were resuspended
in 100 pl of 6 M urea in 50 mM AB. Two microliters of 50 mM di-
thioerythritol was added and the reduction was carried out at 37°C
for 1 hour. Alkylation was performed by adding 2 pl of 400 mM
iodoacetamide for 1 hour at room temperature in the dark. Urea
was reduced to 1 M by addition of 500 pl of AB, and overnight di-
gestion was performed at 37°C with 5 ul of freshly prepared trypsin
(0.2 pg/pl; Promega) in AB. Supernatants were collected and
completely dried under speed vacuum. Samples were then desalted
with a C18 microspin column (Harvard Apparatus) according to
the manufacturer’s instructions, completely dried under speed
vacuum, and stored at —20°C.
Liquid chromatography electrospray ionization tandem mass
spectrometry
Samples were diluted in 20 pl of loading buffer [5% acetonitrile
(CH;CN) and 0.1% formic acid (FA)] and 2 ul was injected onto
the column. Liquid chromatography electrospray ionization
tandem mass spectrometry was performed either on a Q-Exactive
Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific) equipped with an Easy nLC 1000 liquid chroma-
tography system (Thermo Fisher Scientific) or an Orbitrap Fusion
Lumos Tribrid mass spectrometer (Thermo Fisher Scientific)
equipped with an Easy nLC 1200 liquid chromatography system
(Thermo Fisher Scientific). Peptides were trapped on an Acclaim
PepMap 100, 3 pm of C18, and 75-um by 20-mm Nano-Trap
column (Thermo Fisher Scientific) and separated on a 75-um by
250-mm Q-Exactive or 500-mm Orbitrap Fusion Lumos, 2 pm of
C18, and 100 A of Easy-Spray column (Thermo Fisher Scientific).
The analytical separation used a gradient of H,0/0.1% FA (solvent
A) and CH3CN/0.1% FA (solvent B). The gradient was run as
follows: 95% A and 5% B for 0 to 5 min, then to 65% A and 35%
B for 60 min, then to 10% A and 90% B for 10 min, and finally 10%
A and 90% B for 15 min. The flow rate was 250 nl/min for a total run
time of 90 min.

Data-dependent analysis (DDA) was performed on the Q-Exac-
tive Plus with MS1 full scan at a resolution of 70,000 full width at
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half maximum (FWHM) followed by MS2 scans on up to 15 select-
ed precursors. MS1 was performed with an automatic gain control
(AGC) target of 3 x 10°, a maximum injection time of 100 ms, and a
scan range from 400 to 2000 mass/charge ratio (m/z). MS2 was per-
formed at a resolution of 17,500 FWHM with an AGC target at 1 x
10° and a maximum injection time of 50 ms. Isolation window was
set at 1.6 m/z, and 27% normalized collision energy was used for
higher-energy collisional dissociation (HCD). DDA was performed
on the Orbitrap Fusion Lumos with MS1 full scan at a resolution of
120,000 FWHM followed by as many subsequent MS2 scans on se-
lected precursors as possible within a 3-s maximum cycle time. MS1
was performed in the Orbitrap with an AGC target of 4 x 10°, a
maximum injection time of 50 ms, and a scan range from 400 to
2000 m/z. MS2 was performed in the ion trap with a rapid scan
rate, an AGC target of 1 x 10% and a maximum injection time of
35 ms. The isolation window was set at 1.2 m/z, and 30% normalized
collision energy was used for HCD.

Database searches

Peak lists (MGF file format) were generated from raw data using the
MS Convert conversion tool from ProteoWizard. The peak list files
were searched against the PlasmoDB_P.berghei ANKA database
(PlasmoDB.org; release 38, 5076 entries) combined with an in-
house database of common contaminants using Mascot (Matrix
Science, London, UK; version 2.5.1). Trypsin was selected as the
enzyme, with one potential missed cleavage. Precursor ion toler-
ance was set to 10 parts per million and fragment ion tolerance to
0.02 Da for Q-Exactive Plus data and to 0.6 for Lumos data. The
variable amino acid modifications were oxidized methionine and
deamination (Asn and Gln) as well as phosphorylated serine, thre-
onine, and tyrosine. The fixed amino acid modification was carba-
midomethyl cysteine. The Mascot search was validated using
Scaffold 4.8.4 (Proteome Software) with 1% of protein false discov-
ery rate (FDR) and at least two unique peptides per protein with a
0.1% peptide FDR.

Label-free comparison of peptide and phosphopeptides in
GCa or UGO immunoprecipitates

Label-free comparison of peptide and phosphopeptides in GCa or
UGO immunoprecipitates during the first minute of gametogony
was determined using Proteome Discoverer 2.2 (Thermo Fisher Sci-
entific). Peptide-spectrum matches were validated using the Perco-
lator validator node with a target FDR of 0.01 and a Delta Cn of 0.5.
For label-free quantification, features and chromatographic peaks
were detected using the “Minora Feature Detector” node with the
default parameters. Peptide-spectrum match (PSM) and peptides
were filtered with an FDR of 1% and then grouped to proteins
again with an FDR of 1% and using only peptides with high confi-
dence level. Both unique and razor peptides were used for quanti-
tation, and protein abundances are calculated by summing sample
abundances of the connected peptide group. The abundances were
normalized on the "Total Peptide Amount” and then “The pairwise
Ratio Based” option was selected for protein ratio calculation, and
associated P values were calculated with an analysis of variance
(ANOVA) test based on background.

Reagents and antibodies

Rapamycin (LC Laboratories) was prepared in DMSO aliquots
stored at —20°C (stock solution 20 uM) and used at 20 nM. The anti-
folate drug WR99210 was from Jacobus Pharmaceuticals (NJ, USA).
Calcium ionophore A23187 (#C7522) and zaprinast (#Z0878), each
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prepared in DMSO, were both from Sigma-Aldrich and used at 3
and 500 pM, respectively. BIPPO from Tonkin's laboratory (The
University of Melbourne, Victoria, Australia) was used at 5 uM.
XA from Sigma-Aldrich (#D120804) was prepared in 0.1 NaOH
in water and used at 100 uM. PC (Avanti, catalog no. 850457) was
solubilized at 5 mM in water:ethanol:methanol (1:1:2). Fluo-4 AM
cell permeant was from Thermo Fisher Scientific. Flipper-TR was
from Spirochrome.com, stock solution at 1 mM (catalog no.
020_21.02). SYBR Green I nucleic acid gel stain was from
Thermo Fisher Scientific (catalog no. S7563). Oleic acid (Sigma-
Aldrich, O1383) and palmitic acid (Sigma-Aldrich, P5585) were
solved in 100% ethanol (stocks 30 mM). Aliquots were stored at
—20°C and used at 30 pM. NaHCO; was from Sigma-Aldrich
(31437-500G). BSA came from Sigma-Aldrich (A7906-100G).
GlucNac came from (Sigma-Aldrich, A3286-100G/lot SLBX1976).
Albumax medium was from GIBCO/Invitrogen (#11021-037). Hy-
poxanthine was from Sigma-Aldrich (#H9377), Hepes came from
Sigma-Aldrich (# H4034), RPMI (+L-glutamine/—~NaHCO;) was
from Thermo Fisher Scientific (#51800043), and neomycin
powder was from Sigma-Aldrich (N6386-100G).

Dilutions and sources for antibodies for immunoblot or immu-
nofluorescence analysis are as follows: anti-AMA1 (1:1000; rabbit;
homemade), mouse anti-MSP1.19 mAb (1:1000; gift from
M. Blackman, Francis Crick Institute, London, UK), and secondary
antibodies goat anti-rabbit 594 (1:1000; Thermo Fisher Scientific,
reference A11012) and goat anti-mouse 488 (1:1000; Thermo
Fisher Scientific, reference A11001). Mouse anti-PfS25 (1:2000;
Bei Resources, MRA-28), rabbit anti-g377 (1:1000; gift from
P. Alano, National Institute of Health, Italy) (67), anti-mouse
Alexa Fluor 594 (1:250; secondary; Invitrogen, A11032), and anti-
rabbit 568 (1:250; Invitrogen, A11011).
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