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Transmission of the malaria parasite Plasmodium falciparum requires the
formation of specialised sexual cells called gametocytes. A hallmark of P. fal-
ciparum gametocyte development is its long duration, during which the
parasite undergoes dramatic cellular remodelling including morphological,
physiological and metabolic changes which result in the formation of a
transmission ready, stage V gametocyte. Here we show that the PfGID E3
ubiquitin ligase complex regulates critical gametocyte cell fate programmes
through the targeted ubiquitination of key proteins. Deletion of PfGID com-
plex components leads to an arrest in gametocyte development and a loss of
transmission to mosquitoes. PfGID governs gametocyte development by fine-
tuning the protein levels of two substrates: the ZFP36 family RNAbinding
protein GD1, and PfDPL, a cryptochrome-like protein. Our findings reveal that
PfDPL regulates the expression of male-specific proteins early in gametocyte
development that are essential for gametogenesis. In parallel to the PfDPL
controlled cell fate program the RNA binding protein GD1 regulates transcripts
crucial for gametocyte development by holding them in a state of translational
repression. These findings illuminate the intricate molecular choreography
underlying Plasmodium sexual development and provide insights into how
single-celled eukaryotes execute cell-fate programmes to navigate complex
life cycles and adapt to diverse host environments.

Plasmodium falciparum, the causative agent of the most severe formof  called gametocytes. Commitment to gametocytogenesis in Plasmo-
malaria in humans, remains a significant global health challenge, with  dium species is governed by the epigenetic regulation of the tran-
an estimated 282 million cases and 610,000 deaths reported in 2024'.  scription factor AP2-G"2. Post commitment, P. falciparum gametocytes
Transmission of malaria requires the formation of specialised cells develop through 5 distinct morphological stages over approximately
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10-12 days, resulting in the formation of mature male and female
gametocytes which are capable of human to mosquito transmission.
During the long development of P. falciparum gametocytes, the
parasite not only undergoes dramatic morphological rearrangements
characteristic of this species but also undergo dramatic remodelling of
the parasite’s physiology, metabolism and host RBC environment®. The
timed orchestration of these biological programmes allows for the
staged development of P. falciparum gametocytes, with disruption of
any of these programmes resulting in arrested development and an
inability to transmit to mosquitoes. Despite extensive knowledge of
the key regulators of gametocyte commitment?, little is known about
the molecular mechanisms controlling the transcriptional and trans-
lational landscape driving P. falciparum gametocyte development.

Plasmodium falciparum has an expanded repertoire of RNA-
binding proteins (RBPs) with -13% of the genome encoding RBPs,
compared to only 7.5% in humans®. Previous studies have shown an
enrichment of RBPs during Plasmodium sexual development, with
expression of 81 RBP genes being identified by in silico studies®. RBPs
can regulate the translation of mRNA into protein through a process
called translational repression, through the holding and timed release
of transcripts for translation or by targeting transcripts for
degradation’. The DEAD-box DDX6 RNA helicase DOZI (development
of zygote inhibited) is the best characterised translational repressor in
Plasmodium species, with functions in female gametocytes and the
gamete to zygote transition®. In addition to DOZI, several other
canonical RBPs, including CITH (CAR-1 and trailer hitch homologue)’,
PUF1, PUF2 (pumilio-FBF family proteins)®", and members of the
ALBA (acetylation lowers binding affinity)"” protein family, have also
been shown to perform translational repression functions related to
female gametocytes. In contrast, male gametocyte development
depends on mRNA-stabilising deadenylase proteins such as CAF1
(CCR4-associated factor 1) and CCR4-11 (carbon catabolite repression
4-1), which are crucial in regulating mRNA stability and translation™"*.
Recent studies in Plasmodium berghei have revealed multiple sex-
linked proteins bearing zinc finger and Pumilio motifs, features char-
acteristic of RNA-binding proteins involved in regulating translational
repression®.

The role of protein degradation through the ubiquitin-
proteasome system, particularly via E3 ubiquitin ligase complexes',
is a critical regulatory mechanism that has received little attention in
Plasmodium biology. We hypothesised that ubiquitin-mediated pro-
tein degradation might orchestrate gametocyte development, through
the targeted ubiquitination of key protein substrates, which facilitates
the fine-tuning of key biological programmes. We focused on the
glucose-induced degradation deficient (GID)/ C-terminal to LisH
(CTLH) E3 ubiquitin ligase complex, which was discovered as a reg-
ulator of the transition of the closely related parasite Toxoplasma
gondii from its acute tachyzoite form into the latent encysted
bradyzoites".

The GID/CTLH complex plays a central role in protein home-
ostasis and cellular differentiation across eukaryotes®”. In S. cerevi-
siae, its primary function is the signal-dependent ubiquitination of
gluconeogenic enzymes, facilitating their degradation when glucose
becomes available'®. The complex is characterised by a RING (really
interesting new gene) heterodimer and a modular assembly structure.
In S. cerevisiae, three core proteins, GID1, GID5, and GIDS, form a
scaffold that supports the assembly of additional components. The
RING heterodimer consists of GID2 and GID9, working in concert with
an interchangeable substrate receptor (GID4, GID10, or GID11)*. GID7,
once recruited to this assembly, promotes the formation of oligomeric
complexes”*2. MOH]I, also part of the GID complex in S. cerevisiae, has
a human orthologue called YPELS, which modulates the activity of the
human CTLH complex® >,

Here, we characterise the P. falciparum GID complex (PfGID),
showing that it is essential for gametocyte development and thus

transmission. Our findings reveal that the PfGID complex is respon-
sible for the ubiquitination of key proteins involved in gametocyte
development, notably gametocyte development 1 (GD1) and deoxyr-
ibopyrimidine photo-lyase (PfDPL). We show that deletion of the
cryptochrome-like protein PfDPL leads to the dysregulation of male-
specific proteins required for fertilisation, while the RBP GD1 controls a
separate cell fate programme through a translational repression
mechanism. We show that the fine-tuning of PfDPL and GD1 through
PfGID mediated ubiquitination regulates cell fate programmes
underpinning P. falciparum gametocyte development and
transmission.

Results

PfGID complex in P. falciparum

The P. falciparum GID complex components were identified using
BLAST searches of the orthologous Toxoplasma GID/CTLH sequences
against the P. falciparum genome. These searches identified six com-
ponents PfGID1 (PF3D7_1014300), PfGID2 (PF3D7_0728600), PfGID7
(PF3D7_0518600), PfGID8 (PF3D7_1336400), PfGID9 (PF3D7_1330500),
and YPELS (PF3D7_0925600), each showing a high degree of similarity
to those found in yeast, Drosophila and humans (Supplementary
Fig. 1a). Domain profiling of identified proteins revealed canonical
domains typical of the GID/CTLH complex. PfGID1 contained a SPRY
domain, PfGID7 contained a C-terminal WD40 domain and canonical
RING domains were found within PfGID2 and PfGID9. PfGID8 along
with PfGID9, featured CTLH domains found in GID/CTLH complexes.
The identified PFYPELS protein showed similarity to other YPELS pro-
teins and the Drosophila melanogaster Yippee protein®®, belonging to a
conserved family of putative zinc-binding proteins.

To study these newly discovered GID/CTLH components in P.
falciparum we generated cell lines in which the endogenous copy of
the PfGID1, 7 and 8 components were tagged with a 3xHA tag or Flag-
Strepll (in the case of PfGID8) at the C-terminus (Supplementary
Fig. 1b-d). To facilitate investigation of the PfGID complex across both
asexual and sexual blood stages, we made use of the inducible
Gametocyte Producer 2 (iGP2) strain of P. falciparum, which utilises
the conditional overexpression of the gametocyte development pro-
tein 1 (GDV1), for production of higher and more synchronous game-
tocytes compared to its parent strain NF54%. The expression and
localisation of each HA- tagged PfGID component was confirmed by
immunofluorescence assays performed on asexual blood-stage para-
sites and throughout gametocyte development (stage Il, day 3; stage
Ill, day 6; stage 1V, day 9; and stage V 12-day). These experiments
revealed a punctate cytoplasmic distribution of these proteins in
asexual parasites and in gametocytes across all stages of development
(stages I to V), with accumulation around and on the nucleus in late-
stage gametocytes (Fig. 1a and Supplementary Fig. 1).

GID7 is a component of the core eukaryotic GID complex and
proposed to regulate complex structure and stability. Therefore, we
performed an anti-HA immunoprecipitation of PfGID7HA parasite
lysate to confirm the identity of the GID complex in P. falciparum. LC-
MS/MS analysis revealed PfGID7 interacted with PfGID1, PfGID2,
PfGIDS, PfGID9, and YPELS (Fig. 1b and Supplementary Data 1a, b). The
components of the P. falciparum GID complex (PfGID) were validated
using reciprocal immunoprecipitation of PfGID8-Flag-Strepll, which
consistently identified the same complex components confirming the
presence of a conserved GID/CTLH complex in P. falciparum (Sup-
plementary Data 1c). The identification of PfGID1, 2, 7, 8, 9, and PfYPELS
confirmed the presence of a core PfGID complex, orthologous to that
identified in Toxoplasma" .

PfGID is essential for transmission to mosquitoes

To elucidate the function of PfGID in P. falciparum development, we
generated stable knockout lines for each of the genes encoding Pfgid1,
2, 7,8 9 and ypel5 (Supplementary Fig. 2a). Deletion of the Pfgid
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complex components had no impact on the growth of asexual blood-
stage parasites, indicating that the complex was not essential for this
part of the life cycle (Supplementary Fig. 2b and Supplementary
Data 2a). To further confirm this lack of asexual growth phenotypes,
we performed a 5-cycle competition assay (Supplementary Fig. 2c,
Supplementary Data 2b). In this assay APfGID7 parasites were mixed

with an iGP2 parasite constitutively expressing mNeonGreen, and the
composition of the parasite population monitored by flow cytometry.
These experiments show no defect in the growth of the APfGID7
parasite line compared to the parental line.

Next, we investigated if the Pfgid gene knockouts could produce
gametocytes capable of transmission via mosquitoes. Deletion of each
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Fig. 1| Identification of a PfGID complex essential for gametocyte development
in P. falciparum. a Inmunofluorescence analysis of PfGID1-HA, PfGID7-HA, and
PfGID8-HA parasite strains at asexual stages (A.S) and days 3, 6, 9, and 12 of
gametocyte development. Tagged PfGID proteins (green), parasitophorous
vacuole membrane (red), and DNA (blue) were visualised using o-HA, o-PfEXP2
antibodies, and DAPI staining, respectively. Scale bar =2 um. b Volcano plot of LC-
MS/MS analysis comparing iGP2 and PfGID7-HA schizont stage parasite lysates after
o-HA immunoprecipitation. Proteins with a significance cutoff of P-value < 0.05 are
shown, with those enriched in iGP2 or PfGID7-HA pulldown labelled with blue and
pink circles, respectively. PfGID complex components are annotated with protein
names. Data is from n =5 biological replicates. ¢ Day 6 (stage Ill) gametocyte pro-
duction comparing iGP2 and APfGID parasites shows no difference in

differentiation and growth. Data are mean + s.e.m. from n=3 independent
experiments and compared by ordinary one-way ANOVA (Kruskal-Wallis test).

d Mosquito infection prevalence and oocyst intensity following day 12 gametocyte
feed of iGP2, APfGID1, APfGID2, APfGID7, APfGID8, APfGID9, APfYPELS, and PfGID8
complemented parasites. Data are mean + s.e.m. from n =3 independent experi-
ments and compared by ordinary one-way ANOVA (Kruskal-Wallis test) with
adjustment for multiple comparisons. ***P <0.0001, **P = 0.0002, n.s = not sig-
nificant. e Stage distribution of iGP2 and APfGID7 parasites across days 3-12 of
gametocyte development (stage Il to V). Data are mean + s.e.m. from n =3 inde-
pendent experiments. f MDS plot of whole cell transcriptomes of day 3, 6, 9, and 12
gametocytes from iGP2, APfGID1, APfGID2, APfGID7, APfGIDS8, and APfGID9 para-
sites. Data are from n =5 biological replicates.

Pfgid component had no effect on commitment to gametocytes as no
significant difference in the number of stage Ill gametocytes was
observed between AGID and parent lines (Fig. 1c and Supplementary
Data 2¢). We next tested if the APfGID1, 2, 7, 8, 9 and YPELS5 parasite
lines, grown for the full 12 days of gametocytogenesis, were capable of
transmission to mosquitoes, by assessing the number of oocysts in the
knockouts compared to iGP2 control parasites. PfGID-deficient para-
sites, when fed to mosquitoes, were largely unable to generate the
oocyst stage, with APfGID2, APfGID7, APfGIDS, and APfGID9 produ-
cing no oocysts and APfGID1 (12 oocysts/mosquito) and

YPELS5 (2 oocysts/mosquito) knockout parasites producing fewer
oocysts than the parental line (Fig. 1d and Supplementary Data 2d).
Complementation of the APfGID8 parasites by reintroduction of a
functional pfgid8 gene restored transmission to mosquitoes, with no
significant difference when compared to iGP2 parental line (Fig. 1d and
Supplementary Fig. 2d, e).

PfGID is required for differentiation beyond stage III
gametocytes
To define the precise stage of developmental arrest, we analysed
APfGID7 parasites, as GID7 acts as a core scaffold subunit whose loss
destabilises the entire GID complex in other eukaryotes, providing the
most conclusive readout of complex function during gametocyto-
genesis. Parental iGP2 and APfGID7 parasites were induced to form
gametocytes, and the stage distribution assessed daily throughout
development (Fig. 1e and Supplementary Data 2e). While parental
parasites developed normally, producing predominantly stage V
gametocytes by day 12, APfGID7 parasites exhibited a developmental
arrest at the stage IlI-IV transition on day 6-7. A similar accumulation of
stage Ill and IV gametocytes was observed for APfGID], 2, 8 and 9
parasite lines (Supplementary Fig. 2f and Supplementary Data 2f).
We next investigated this developmental block at the transcrip-
tional level. We performed minibulk RNA-seq on iGP2 parental and all
APfGID parasite lines (APfGID1, 2, 7, 8 & 9) at days 3, 6, 9, and 12 of
gametocyte development, corresponding to stages II, III, IV, and V,
respectively. Multi-dimensional scaling (MDS) analysis of the RNA seq
data revealed a clear temporal trajectory in the parental line, with days
3 and 6 clustering closely before diverging sharply at days 9 and 12,
reflecting the transcriptional reprogramming required for gametocyte
maturation (Fig. 1f and Supplementary Data 3a-t). In striking contrast,
all the APfGID mutants (APfGID1, APfGID2, APfGID7, APfGIDS8, and
APfGID9), clustered with the early-stage groups days 3 and 6 but, cri-
tically, their day 9 and 12 profiles co-clustered with the day 6 time-
points (Fig. 1f and Supplementary Fig. 2g-j). These data support our
morphological observations and confirm that the PfGID complex is
essential for gametocyte development past stage Il of development
and their inability to transmit to mosquitoes.

PfGID function is required for male and female gametocyte
differentiation

Previous work has identified a developmental branchpoint at around
day 6 of development, which leads to the differentiation into male and

female gametocytes. To evaluate the role of PfGID in male and female
gamete development, we first analysed male gametogenesis, a process
known as exflagellation. In the absence of PfGID2, 7, 8 and 9 there was a
complete loss of exflagellation, while APfGID1 parasites had reduced
exflagellation rates compared to iGP2 (Supplementary Fig. 3a and
Supplementary Data 2g). This showed that PfGID regulates develop-
mental programmes required for the development of male gametes.

Sex-specific markers were used to further quantify gametocyte
differentiation. To clearly distinguish male gametocytes, we generated
a P. falciparum line expressing GFP under the control of the male-
specific mget promoter and deleted pfgid genes within this back-
ground line (Supplementary Fig. 3b, c). The mget gene
(PF3D7_1469900), which is highly transcribed in male gametocytes,
served as a marker for male stage development®. Female gametocyte
development was assessed by quantifying the expression of the
female-specific protein Pfg377 (PF3D7_1250100) using immuno-
fluorescence with specific antibodies (Supplementary Fig. 3d)**°.

We analysed the percentage of parasites exhibiting high MGET-
GFP fluorescence intensity at day 12 (stage V male gametocytes)
(Supplementary Fig. 3e and Supplementary Data 2h). The MGET
transgenics, expressing either the normal PfGID complex or the com-
plemented APfGID8 parasites, showed approximately 27% and 30%
high-intensity fluorescence, respectively, consistent with normal stage
V male gametocyte development (Supplementary Fig. 3e, f). In con-
trast, APfGID parasite lines (APfGID], 2, 7, 8, and 9) exhibited a sig-
nificant decrease in gametocytes expressing high levels of MGET-GFP.
The APfGIDI line showed a partial phenotype with approximately 18%
of parasites displaying high GFP fluorescence, while APfGID2, 7, 8, and
9 lines showed < 2% (Supplementary Fig. 3e, f).

For female gametocyte differentiation, we quantified Pfg377
fluorescence intensity in the APfGID parasites (Supplementary Fig. 3g).
All APfGID parasites showed significantly lower normalised Pfg377
intensity compared to the parental parasites. To assess overall game-
tocyte maturity, we quantified the expression of PfGAP45
(PF3D7_1222700), a sex-agnostic marker of the inner membrane
complex (IMC)* in gametocytes (Supplementary Fig. 3h)*?2 All
APfGID parasites significantly reduced GAP45 intensity, indicating
defective gametocyte development. Together, these results demon-
strate that the PfGID complex was essential for the differentiation of
both male and female gametocytes from stage Ill to stage V, under-
scoring its crucial role in P. falciparum sexual development.

APfGID gametocytes show aberrant levels of proteins involved
in mRNA processing, translation, and sex specification pathways
To further elucidate the phenotypic consequences of PfGID dysfunc-
tion, we conducted a global proteomic analysis comparing protein
expression in APfGID and iGP2 gametocytes at day 6 and day 12 of
development. We initially evaluated the stability of the PfGID complex
by quantifying protein abundance following targeted deletion of
individual components. Notably, deletion of PfGID1, 7 or 8 led to a
reduction in levels of all PfGID complex components, indicating their
importance in maintaining the core scaffold integrity (Supplementary

Nature Communications | (2026)17:3497


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69183-9

Fig. 4a-c and Supplementary Data 4a-c). In contrast, deletion of the
RING-domain containing subunits PfGID2 or 9 only affected their
respective catalytic partners (Supplementary Fig. 4a-c), consistent
with observations in mammalian GID/CTLH complexes?>****, Based on
these findings, the APfGID7 parasite line was mainly used for sub-
sequent analyses.

To elucidate the broader impact of PfGID complex disruption on
gametocyte development, we investigated the consequences of
PfGID7 knockout on the proteome of day 6, stage Ill gametocytes, a
pivotal timepoint identified in our phenotypic analyses (Fig. 1e)*.
Quantitative proteomics detected 4110 proteins, of which 1541 were
significantly up-regulated and 1092 significantly down-regulated. An
unbiased gene ontology (GO) enrichment analysis was performed and
showed a pronounced downregulation of proteins linked to core cel-
lular processes, including mRNA processing, cytoplasmic translation
and DNA replication, with an upregulation seen in proteins linked to
nucleocytoplasmic transport and ribosome biogenesis. (Fig. 2a and
Supplementary Data 4a, d). STRING cluster analysis of the same
APfGID7 proteome identified perturbations of ribonucleoprotein
complexes assembly, spliceosomal factors, the translational machin-
ery (ribosomal subunits and initiation factors), nuclear transport
components (nucleoporins and importins), proteasome subunits
(both core and regulatory particles) and cytoskeletal elements (dynein
and microtubule-associated proteins) (Fig. 2b and Supplementary
Data 4a, d). These findings suggest that mRNA processing, translation
initiation, proteasome assembly, and RNP complex dynamics are
essential for gametocytes to progress beyond stage Ill. This inter-
pretation is supported by evidence from Drosophila and C. elegans,
where disruption of the GID complex reduces ubiquitination of key
translational repressors, leading to a collapse of developmental tran-
sitions and impaired cellular maturation®?°, This suggests an evolu-
tionarily conserved mechanism whereby GID/CTLH complexes drive
eukaryotic developmental transitions by regulating proteins involved
in mRNA processing, translation initiation, and proteasomal
degradation.

Previous work has shown that male and female gametocyte
lineages are derived from a common sex less gametocyte progenitor.
To further investigate if PfGID disruption is linked to male and female
gametocyte development, we mapped previously identified male and
female gametocyte-enriched proteins®® onto our APfGID7 proteome
data (Fig. 2c and Supplementary Data 4a, e). APfGID7 gametocytes
show a strong, sex-specific proteomic shift: 283/446 male enriched
proteins (-63%) are significantly down-regulated (Fisher’s
p=3.7x107%8), compared with 166/469 female-enriched proteins
(-35%) also down-regulated but with a more modest enrichment
(Fisher's p=8x107). In contrast, although 158/469 female proteins
are up regulated, this enrichment was not statistically significant
(Fisher's p=0.08), showing that female factors do not dis-
proportionately gain in abundance (Fig. 2c and Supplementary
Data 44, e). These results align with our phenotypic data showing that
deletion of PfGID complexes affects both male and female gametocyte
development programmes. This data suggests that the PfGID complex
may function by directly regulating proteins to maintain mRNA turn-
over, translation and proteasomal clearance, which are required for
both male and female gametocytes to form and to facilitate progres-
sion beyond stage Ill of development.

The PfGID complex is required for ubiquitination of GD1

and PfDPL

To identify potential ubiquitinated protein substrates of PfGID, we
performed concurrent ubiquitinome and whole cell proteome analysis
on day 12 gametocytes from iGP2, APfGID], 2, and 7 parasite lines
(Supplementary Data 4f, g). We observed decreased ubiquitination
and protein levels of PfGID1, 2, and 7 in a PfGID-dependent manner
(Supplementary Fig. 4d-f). While this pattern is compatible with PfGID

acting as an E3 ubiquitin ligase capable of autoregulation via self-ubi-
quitination, a feature observed in other systems¥, it may also reflect
decreased stability of the remaining complex following subunit loss.

To identify high confidence, PfGID substrates, we selected can-
didates that showed an increase protein abundance but had a sig-
nificant decrease in both the number and abundance of ubiquitinated
peptides in the APfGID1, 2 and 7 parasite lines compared to iGP2
controls (Supplementary Data 4f, g). In addition, we further focused on
substrates that were identified in all three knockouts and had multiple
ubiquitinated peptides. Using these stringent criteria, two potential
PfGID substrates were identified: deoxyribopyrimidine photo-lyase
(PfDPL) (PF3D7_0513600) and gametocyte development 1 (PfGD1,
subsequently referred to as GD1 to prevent confusion with compo-
nents of PfGID (PF3D7_0927200)" (Fig. 2d, Supplementary Fig. 4g, h
and Supplementary Data 4f, g). In the absence of APfGID7 function, we
observed 1.5- and 1.7-fold increases in PfDPL and GD1 protein levels,
respectively. Consistent with both these proteins being PfGID-
dependent substrates, we identified eight ubiquitinated peptides in
PfDPL and three ubiquitinated peptides in GD1 that decreased between
2- and 8-fold within the APfGID7 parasite line (Fig. 2d).

PfDPL exhibits structural characteristics of both photolyase and
cryptochrome proteins, featuring canonical PL/CRY and FAD domains,
along with a C-terminal extension typical of cryptochromes®® (Fig. 2e).
GD1 was previously identified as being essential for gametocyte
development in P. berghei®. GD1 has a CCCH zinc finger protein
domain found in ZFP36 RNA-binding protein (RBP) family members
(Fig. 2 f)". Ubiquitinated peptides for both PfDPL and GD1 mapped to
the intrinsically disordered regions within the proteins away from the
annotated functional domains (Fig. 2e, f, Supplementary Fig. 5a, 6a and
Supplementary Data 4f, g). Importantly, mRNA transcription levels of
both PfDPL and GD1 showed no significant differences between iGP2
and APfGID parasites during gametocytogenesis (Fig. 2g), suggesting
post-translational regulation of these substrates.

To determine the importance of PfDPL and GD1 in gametocyte
development, we generated APfDPL and AGD1 parasite lines (Sup-
plementary Fig. 4i, j). While both lines were able to develop in asexual
stages, both exhibited significant defects in transmission to mos-
quitoes (APfDPL, 8 oocysts/87 mosquitoes; AGD1, 1 oocyst/92 mos-
quitoes) (Fig. 2h and Supplementary Data 2d). These results indicate
that both PfDPL and GD1 are essential for the transmission of sexual
stages between the human and mosquito hosts and consistent
with the phenotypes observed following disruption of the PfGID
complex.

The PfGID complex regulates PfDPL levels and expression of
male gametocyte transmission factors
To investigate the protein expression pattern and localisation of PfDPL
throughout the parasite life cycle, we created a PfDPL-HA tagged line.
Immunoblotting analysis of PfDPL-HA parasites identified protein
expression in asexual blood stage parasites and gametocytes, with
peak expression at day 4 (stage II) of gametocyte development (Sup-
plementary Fig. 5c). Immunofluorescence studies showed PfDPL
localised close to the nucleus in asexual stage parasites but nuclear and
cytoplasmic in sexual stages (Fig. 3a and Supplementary Fig. 5d). PfDPL
contains putative bi-partite nuclear localisation sequences as observed
in mouse, human and Arabidopsis cryptochrome proteins (Supple-
mentary Fig. 5b)****. Consistent with this, at day 4 of gametocyte
development, PfDPL was observed in the nucleus and alongside the
nascent microtubular network (Fig. 3a and Supplementary Fig. 5d).
To understand the function of PfDPL we performed co-
immunoprecipitation experiments on samples collected from PfDPL-
HA and iGP2 parental parasites at day 4 of gametocyte development.
The samples were analysed by mass spectrometry and the protein
significantly enriched in the PfDPL-HA samples interrogated by GO and
pathway enrichment analysis (Fig. 3b and Supplementary Data 1d). This
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revealed a broad spectrum of PfDPL-associated factors: core compo-
nents of the mRNA synthesis and co-transcriptional machinery
(including RNA polymerase Il subunits RPABC1 and RPABC2, spliceo-
somal proteins and RNA-metabolic enzymes), ribosome biogenesis
and translation initiation factors, and multiple ubiquitin- proteasome
proteins indicative of targeted proteostasis. In parallel, PfDPL pulled
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down proteins involved in vesicle-mediated transport, mitochondrial
tricarboxylic acid (TCA)-cycle enzymes and oxidative-phosphorylation
complexes, suggesting a link between PfDPL and the known physio-
logical and metabolic changes known to occur during gametocyte
maturation, however these interactions require further experimental
validation.
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Fig. 2 | APfGID gametocytes show aberrations in proteins involved in mRNA
processing, translation, and sex specification. a Gene Ontology Slim (GO) terms
enrichment of day 6 APfGID7 proteome showing highly significant (< 0.05 FDR)
upregulated (red) and downregulated (blue) pathways. b Volcano plot of whole cell
proteome in day 6 APfGID7 vs iGP2 parasites, with proteins from most significantly
altered STRING clusters mapped. ¢ Volcano plot of whole parasite proteome in day
6 APfGID7 vs iGP2 parasites, with key sex-specific proteins mapped. d Proteins
isolated by anti-diGly antibody enrichment from day 12 APfGID7 and parental iGP2
gametocytes. Proteins with at least a 50% increase and 2-fold decreased ubiquiti-
nated peptides in APfGID7 compared to parental cells are displayed. Individual
proteins are annotated, and each circle corresponds to an individual ubiquitinated

peptide. PfDPL and GD1 peptides are highlighted with green and purple circles,
respectively. e Domain structure of PfDPL with photolyase/cryptochrome and FAD-
binding domains. Ubiquitination sites are marked with red arrows. f Domain
structure of GD1 with N-terminal CCCH Zinc finger domains and ubiquitination sites
marked with red arrows. g mRNA transcription profile of PFDPL and GD1 across days
3,6, 9, and 12 in iGP2 parental and APfGID1-9 gametocytes as identified by RNAseq.
Data is from n = 5 biological replicates. h Mosquito infection prevalence (within the
box) and oocyst intensity following day 12 gametocyte feed of iGP2, APfDPL, and
AGD1 parasites. Data in (b, ¢) are from n=5 independent experiments. Data in (h)
are mean t s.e.m. from n =3 independent experiments and compared by ordinary
one-way ANOVA (Kruskal-Wallis test).

Critically, PfDPL co-purified with a suite of chromatin remodelling
proteins including core histones H2A, H2B and H4; a histone deace-
tylase; nucleosome assembly factors; FACT complex subunits SSRP1
and SPT16; and high-mobility group protein B2 - showing an associa-
tion of DPL with modulators of chromatin, transcription and co-
transcriptional processing*>. The simultaneous association with
nuclear-pore constituents (NUP313, NUP138, NUP637 & NUP176) and
cytoskeletal elements (a-, 3- & y-tubulin) further implies that PfDPL
may participate in nucleocytoplasmic trafficking and spatial organi-
sation of the transcriptional apparatus (Fig. 3b and Supplementary
Data 1d). Together, these data suggest a model in which PfDPL forms
part of a multiprotein complex that integrates chromatin remodelling,
mRNA processing, ubiquitin—-proteasome-mediated proteostasis and
energy metabolism, echoing functional paradigms described for
eukaryotic cryptochromes*.

To test if the presence of PfGID7 could modulate PfDPL expres-
sion, we introduced a APfGID7 deletion into PfDPL-HA parasites. We
demonstrated by immunoblot that throughout gametocyte develop-
ment (days 2, 6, 8 and 12), PfDPL protein levels were consistently
regulated by PfGID (Fig. 3¢, d). We observed at least a 2-fold increase in
PfDPL protein levels in the PfDPL-HA(APfGID?) parasites compared to
PfDPL-HA parental parasite controls at all time points tested. Inter-
estingly, while both PfDPL and PfGID are expressed during asexual
stages, we could not detect PfGID-dependent regulation of PfDPL at
either the trophozoite or schizont stage of growth (Supplementary
Fig. 5e, f).

To further understand the functional consequences of this PfGID-
mediated regulation and the role of PfDPL in gametocyte develop-
ment, we analysed the total cellular proteomes of iGP2 and APfDPL
parasites at both days 6 and 12 of development. A principal component
analysis (PCA) of these proteomes shows close clustering of both cell
lines at day 6 and separated populations at day 12 (Fig. 3e and Sup-
plementary Data 4h, i). This pattern suggests the loss of PfDPL has a
more pronounced effect on the proteome of late-stage gametocytes.
This observation was consistent with the transmission defect observed
in APfDPL parasites (Fig. 2h).

To better understand this link and the pathways being affected
following PfDPL deletion, GO enrichment analyses of both the day 6
and day 12 data was performed. This identified highly significant
decreases in multiple pathways that govern male gametocyte
development within the APfDPL parasites (Fig. 3f, Supplementary
Fig. 5g and Supplementary Data 4j, k). Specifically, proteins essential
for DNA replication (ORCI1), mitotic cell cycle (CRKS), DNA repair
(RFC1), microtubule function (kinesin8-B) and cell division (EB1) were
significantly decreased at both time points in the APfDPL (Supple-
mentary Fig. 5g). In addition, the GO term ‘reproductive process’
showed significant decreases at day 12 in APfDPL gametocytes
compared to parental controls (Fig. 3f). Consistent with this, we
identified a significant PfDPL-dependent decrease in the protein
levels at day 6 and 12 of PfHAP2 and PfHAP2p proteins which are
essential for male gamete fusion during fertilisation (Supplementary
Fig. 5g). Interrogation of the data, viewed through the lens of known

male and female specific proteins®, showed that half the down
regulated proteins identified in the APfDPL gametocytes were linked
to male development

(224/446 or 50.5% of male-specific proteins) with very few
female proteins being regulated (12/469 or 2.5% of female-specific
proteins) (Fig. 3g). This suggests that PfDPL protein level is critical
for regulating the expression of proteins required for male game-
tocyte development and gamete function. When analysing genes
known to drive P. falciparum male or female lineage*’, APfDPL
gametocytes exhibit at least a 2-fold decrease in protein expression
of 13/14 male driver genes, while only 2/14 female drivers showed a
similar change (Fig. 3h).

The phenotypic appearance of these molecular signatures of
male gametocyte developmental defects was then functionally
investigated using male gametogenesis (exflagellation) assays (Fig. 3i
and Supplementary Data 2g). APfDPL parasites showed a drastic
reduction in their capacity to undergo exflagellation compared to
the parental control, reinforcing the critical role of PfDPL in male
gametocyte development. The findings suggest that the putative
cryptochrome PfDPL plays a crucial role in regulating gene expres-
sion and male cell fate during gametocyte development. The con-
trolled regulation of PfDPL by PfGID throughout gametocytogenesis,
but not in asexual stages, highlights the stage-specific nature of this
regulatory mechanism and its importance in sexual stage develop-
ment and transmission.

GD1 abundance modulates translational repression complex
dynamics

We next interrogated the function of GDI, the second PfGID regulated
protein identified by our ubiquitomics analysis. We endogenously
tagged the C-terminus of GD1 with a 3xHA and mScarlet tag (GD1-HA-
mScarlet) and investigated its expression and location by immuno-
fluorescence assay (IFAs). GD1 could not be detected during the
asexual blood stages of development, but was expressed across
gametocyte development (days 3, 6, 9, & 12), localising into distinct
puncta within the parasite cytoplasm (Fig. 4a and Supplemen-
tary Fig. 6b).

Next, we investigated if the ubiquitination of GD1 by the PfGID
complex regulated protein levels across gametocyte development. To
do this, we deleted PfGID7 in the GD1-HA-mScarlet parasite line and
tracked GDI1-HA-mScarlet protein expression across gametocyte
development using flow cytometry in both parental and APfGID7
parasite backgrounds (Fig. 4b). In parental control parasites, GD1-HA-
mScarlet expression began at day 3, peaked at day

5, and then declined as gametocytes reached maturity at day 12. In
APfGID7 parasites, GDIHA-mScarlet expression followed a similar
initial pattern in the early stage of gametocytogenesis but peaked a day
later (day 6) and showed increased stability for the remainder of
development, with at least a -~ 2-fold increase in expression compared
to parental parasites. These results are consistent with GD1 playing a
role in sexual development regulated by PfGID through ubiquitination
of the C-terminal end of the protein.
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Sex-specificity

To further investigate GD1 function, we performed immunopre-
cipitation experiments on GDIHA-mScarlet gametocytes (and parental
controls) collected at days 3, 6, and 9 of gametocyte development.
Analysis of the immunoprecipitates by LC-MS/MS identified sig-
nificantly enriched proteins and revealed a dynamic network of GD1
interactions, suggesting it may have a role in P-body formation,

-4 2 0
Log2 Fold change ADPLvs IGP2

consistent with GD1 containing a zinc finger RNA-binding domain.
(Fig. 4c and Supplementary Data le-g). P-bodies, or processing bodies,
are cytoplasmic ribonucleoprotein (RNP) granules that control mRNA
decay and translational repression**. At day 6 of gametocytogenesis,
the GD1 interactome incorporates CAF40 and DCP1, suggesting the
formation of a repressive P-body-like structure. CAF40 (CCR4-NOT
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Fig. 3 | The cryptochrome protein DPL regulates the expression of male
gametocyte cell fate. a Localisation of PfDPL-HA at Day 4 of gametocyte devel-
opment. PfDPL, microtubules and DNA levels were visualised with «-HA, a-Tubulin
and DAPI, respectively. b Volcano plot of LC-MS/MS analysis of iGP2 and PfDPL-HA
strain day 4 gametocyte lysate by a-HA immunoprecipitation. Proteins with a sig-
nificance cutoff of P-value < 0.05 and enriched in iGP2 or PfDPL-HA pulldown
labelled with green and red colours, respectively. Proteins only isolated in DPL-HA
IP and iGP2 parasites labelled with red and green stars, respectively. P. falciparum
proteins homologous to known functional interactors of cryptochromes are
highlighted. ¢ Western blot of PFDPL-HA expression gametocyte stage of PfDPL-HA
(parental) and PfDPL-HA (4gid?) strains. PfDPL was detected using a-HA antibodies,
with a-HSP70 was used as a loading control. d Bar graph shows quantification of

data with mean + s.e.m. from n =3 independent experiments. e Principal Compo-
nent Analysis (PCA) plot of day 6 and day 12 APfDPL and iGP2 parasites upon
analysis of the total cellular proteome. Data are from n =4 biological replicates.

f Selected Gene Ontology (GO) terms showing highly significant male gametocyte
development pathways of down regulated proteins at day 12 APfDPL upon analysis
of total cellular proteome. g Appearance of proteins decreased in levels for day 12
APfDPL parasites within identified male and female specific proteins. h Heatmap of
the expression of key male and female lineage driver genes at day 12 APfDPL vs iGP2
parasites as identified by mass spectrometric analysis of total cellular proteome.

i Analysis of the exflagellation rate of day 12 gametocytes of APfDPL and iGP2 strain
parasites. Data are mean + s.e.m. from n =3 independent experiments and com-
pared by unpaired two-sided t-test analysis. **P = 0.0043.

complex subunit 7) is a core component of the CCR4-NOT deadenylase
complex, essential for mRNA decay and translational repression in
P-bodies***¢. DCP1 (decapping enzyme 1) is a critical factor in mRNA
decapping, another key process in P-body-mediated mRNA
degradation*. The presence of these proteins in the GD1 complex
strongly indicates the formation of functional P-bodies at this stage of
gametocyte development. By day 9, the repressive capacity of the
P-body diminished, which coincided with the concomitant PfGID-
dependent degradation of GD1. This dynamic regulation of P-body
components is consistent with observations in other eukaryotic sys-
tems, where P-body assembly and disassembly are tightly controlled
processes that respond to cellular needs for mRNA storage or
degradation*s.

To functionally test the role of GD1 in gametocyte development,
we performed stage distribution assays as described above. AGD1
parasites underwent arrest in development as early as day 4, during the
stage II-ll transition (Fig. 4d, Supplementary Fig. 6¢ and Supplemen-
tary Data 2e). As the level of RNA binding protein is critical for func-
tional P-body formation** we created an additional transgenic parasite
line overexpressing GD1 (GD1-OE) under the control of the strong
sexual stage-specific promoter Pfs16* (Supplementary Fig. 6d). We
hypothesised that GD1 overexpression by means of a second protein
copy, should phenocopy APfGID7 parasites, whereby a lack of ubi-
quitination leads to increased GD1 abundance, and lead to disrupted
P-body dynamics and gametocyte developmental arrest. To test this,
we initiated gametocyte assays in the GD1-OE parasites and assessed
the stage distribution across development (Fig. 4d). Analysis of the
data shows a striking arrest of parasites at around day 5 of develop-
ment, which is consistent with our previous results showing that
APfGID7 parasites with increased GD1 abundance arrest by day 7 of
development (Figs. 1e, 4d and Supplementary Data 2e). These results
demonstrate that either insufficient (AGD1) or excessive levels of GD1
(APfGID7 and GD1-OE) impair gametocyte development, confirming
that precise regulation of GDI1 levels are essential for normal gameto-
cyte progression. Interestingly, immunofluorescence microscopy
revealed that increased levels of GD1 in either APfGID7 or GD1-OE lines
did not affect GD1’s ability to form cytoplasmic puncta within game-
tocytes, suggesting that GD1 levels do not regulate P-body formation
and instead may regulate P-body protein composition (Supplemen-
tary Fig. 6f).

To gain further insight into this mechanism, we performed pro-
teomic analysis of AGD1 parasites (day 5), GD1-OE (day 5), and APfGID7
(day 6), at which stage GD1 levels were 0.05, 2.45 and 1.65-fold com-
pared to GD1 in parental controls (Supplementary Fig. 6f and Sup-
plementary Data 41, m). To gain further insight into this mechanism of
GD1-mediated parasite arrest, we then investigated the homeostasis of
P-body proteins within these variant cell lines. Surprisingly, we found
that changes in GD1 levels, either by deletion or accumulation, resulted
in the downregulation of translational repression proteins, including
core repressive components DDX6, CAF40, and PUF1 (Fig. 4e). DDX6,
along with its partner protein TRAIL (also known as DOZI and CITH

respectively in Plasmodium species) is a key helicase involved in
P-body formation and function®*"*,

These results identify GD1 plays a critical role in the dynamic
assembly of a protein complex, enriched in components of P-bodies
and translational repression, suggesting that GD1 is likely functioning
in a P-body controlling translation of mRNAs vital for gametocyte
development and transmission.

GD1 controls gametocyte cell fate through translational
repression in gametocytes

Our analysis has shown that GD1 as a component of P-body complexes,
interacting with the CCR4-NOT complex, DOZI (DDX6), LSM-14 (trailer
hitch), PUF1, mRNA de-capping enzymes, and other classical P-body
components (Fig. 4c). This is supported by data from P. berghei con-
firming these interactions®. To define the mRNA cargo associated with
the GD1 P-body complex, we performed RNA immunoprecipitation
sequencing (RIP-Seq) on GDI1-HA pulldowns collected at day 5 of
gametocyte development, a stage when GDl-mediated translational
repression is expected to be active. The RIP-seq revealed 489 tran-
scripts that were significantly enriched relative to the input control
after Gaussian mixture modelling of enrichment ratios (LOD >0)
(Fig. 5a and Supplementary Data 3u). In these analyses, transcripts with
LOD >0 is considered significantly enriched with the RNA binding
protein®’. DBSCAN clustering of GD1-bound transcripts showed sig-
nificant enrichment of functional classes related to RNA metabolism,
protein metabolism, translational factors, and ribosomes (Supple-
mentary Fig. 7a, b and Supplementary Data 3u). In addition, mRNAs of
several proteins previously shown to be crucial for gametocyte
development and transmission were enriched, including g27/25, md3,
AP2-domain regulators, chromatin regulators, protein translation and
mitochondrial energetics transcripts (Supplementary Fig. 7b and
Supplementary Data 3u).

To identify GD1-associated transcripts undergoing translational
repression, we searched transcriptomic and proteomic datasets from
day 6 parental and APfGID7 gametocytes. Among the 489 GDI-
associated transcripts, 320 (-~65%) were significantly differentially
transcribed between day 6 and day 3 (Fig. 5b-d and Supplementary
Fig. 7c¢). Notably, 16 of these showed no significant change at the
transcript level between day 6 parent and APfGID7 parasites but were
upregulated at the protein level in APfGID1, 2 and 7 parasites com-
pared to parent, indicating a defect in translational repression
and aberrant protein expression (Fig. 5b-f and Supplementary
Fig. 7c-g).

Given that APfGID7, AGD1 and GD1 overexpression parasites all
displayed markedly reduced levels of DDX6 (Fig. 4e)—an RNA helicase
implicated in the translational repression of gametocyte transcripts in
Plasmodium?® identified in our study as a robust GD1 interactor (Fig. 4¢)
—we systematically assessed the consequences of PfGID7 depletion on
the expression of canonical DDX6-associated, translationally repres-
sed transcripts. We found 475 transcripts from previously published
DDX6 RIP-Seq data®® upregulated within APfGID7 parasites, including
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female development factors, AP2 transcription factors, and other cell
fate regulators (Supplementary Fig. 7h). These findings indicate that
GD1 exerts broad posttranscriptional control during gametocytogen-
esis by interacting with P-body components and mRNAs, consistent
with P-body-driven regulatory mechanisms in model organisms®.
Collectively, our data show that the PfGID complex maintains GD1 at a
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precise “Goldilocks” concentration via ubiquitination, controlling the
repression and release of GD1-bound transcripts. The loss of PfGID
complex (and targeted ubiquitination) disrupts GD1-mediated RNA
repression, leading to premature release and expression of cell-fate
transcripts, stalling gametocyte progression by misaligning key
developmental events.
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Fig. 4 | GD1 is an integral component of a dynamic translational repression
complex. a Localisation of GD1-HA-mScarlet in days 3, 6, 9 and 12 of gametocytes.
GD1, parasitophorous vacuole membrane (PVM) integrity, and DNA levels were
visualised with a-HA, o-PfEXP2, and DAPI, respectively. b Mean Fluorescent Inten-
sity of mScarlet expression during gametocyte development of GD1-HA-mScarlet in
iGP2 parental and APfGID7 parasites. ¢ GD1-HA-mScarlet immunoprecipitation
from day 3 (left), day 6 (middle), and day 9 (right) gametocytes. All significantly
enriched proteins at each day are displayed in a network analysis map. P. falciparum

proteins homologous to known eukaryotic translational repression components
and ribosomal proteins are highlighted. d Stage distribution of AGD1 and GD1
increased expression (OE) parasites across days 3-12 of gametocyte development.
e Heatmap of the expression of selected key translational repression proteins
identified by GD1-HA immunoprecipitation as observed in Day 5 total proteomes of
APfGD1 and GD1-OE and day 6 of APfGID7 parasites compared to iGP2 control cells.
Data in ¢ and e are mean +s.e.m. from n =5 independent experiments.

Discussion

P. falciparum relies on a precisely orchestrated life cycle to ensure
transmission across its two hosts and therefore spread and multi-
plication. A critical juncture in this cycle is the development of the
mature sexual stage gametocytes, which are the only stage capable of
transmission from the human host to the mosquito host. Gametocyte
development in P. falciparum is unique, with the parasite undergoing
dramatic changes to its morphology, physiology and metabolome
over ~12 days of development*. Despite significant progress, the reg-
ulatory mechanisms controlling the transcription and translation of
key genes and proteins that drive these unique biological programmes
remain poorly defined and represent a critical gap in our under-
standing. Our analyses were conducted in the GDVI-inducible
iGP2 system?”, which enables synchronous gametocyte production
but may not fully recapitulate natural commitment, and future studies
will be needed to evaluate PfGID function in a wild-type setting.

Our study reveals that the PfGID complex, while not being
essential for asexual stage growth and gametocyte commitment, reg-
ulates biological pathways during gametocyte development through
the targeted ubiquitination of key substrate proteins. This adds to the
growing evidence highlighting the importance of E3 ubiquitin ligases
in controlling cell fate across eukaryotes. In addition, our analyses
revealed PF3D7_1033900 as a strong candidate for the cognate E2
ligase of the PfGID complex. Its conservation with the UBE2H/UbcH2
family—well-established E2 ligases of GID/CTLH complexes in other
eukaryotes—suggests that PfGID likely employs a similarly conserved
ubiquitination mechanism. Our findings parallel observations in
diverse organisms, including Drosophila, humans, yeast, and T. gondi",
demonstrating the pivotal and evolutionarily conserved role of the GID
complex in orchestrating cellular differentiation®’. In the context of
Apicomplexan parasites, this regulatory mechanism is crucial to
coordinate the complex developmental transitions required as the
parasites move from rapidly dividing (asexual stages and tachyzoites)
to latent forms (gametocyte and bradyzoite) in the life cycle.

Our study has identified two key protein substrates, PfDPL and
GD1 that control separate biological programmes essential for game-
tocyte development and transmission (Fig. 6). The posttranslational
regulation of these substrates by the PfGID E3 ubiquitin ligase complex
allows for rapid and precise control of protein levels during develop-
mental transitions, such as those required during P. falciparum
gametocyte development. PfDPL has homology to cryptochrome/
photolyase DNA-binding proteins. Consistent with this, PfDPL has a
nucleocytoplasmic localisation and interacts with chromatin-
associated proteins suggest a complex regulatory mechanism
(Fig. 6). Several of the key PfDPL protein interactors include the his-
tone proteins, histone deacetylase, nucleosome assembly proteins,
FACT complex components and co-transcriptional machinery. These
proteins, along with PfDPL, are specific interactors with the chromatin
remodelling protein PfSnf2L, which organises a just-in time transcrip-
tional programme for stage-specific genes*’. This conservation of the
interactome allows us to propose PfDPL as a putative chromatin
remodeller, initially organising male-specific genes into a common
nuclear domain®~¢ (Fig. 6). As gametocytes mature and PfDPL levels
decrease due to PfGID-mediated ubiquitination, this spatial clustering
may prime these genes for coordinated activation (Fig. 6). This

hypothesis aligns with emerging concepts in spatial genome
organisation®” and suggests a sophisticated mechanism for temporal
and spatial control of gene expression during gametocytogen-
esis (Fig. 6).

In this work, we show that deletion of PfDPL leads to a reduction
of proteins required for male gametocyte development and micro-
gamete formation and function™?, Surprisingly, it appears that this
biological programme is being regulated early in gametocyte devel-
opment. While the exact function of PfDPL remains to be elucidated,
its similarity to cryptochromes suggests a potential role in response to
environmental stimuli*®, This isimportant in the context of gametocyte
development, which must be precisely timed for successful transmis-
sion. Early-stage gametocytes circulate in the blood stream, while stage
II-IV gametocytes are sequestered in the spleen and bone marrow, it is
plausible that PfDPL may set the rhythm of cellular development early
in development, allowing for the timed release of sex ready stage V
gametocytes (Fig. 6). The regulation of PfDPL by PfGID could represent
a mechanism for finetuning the parasite’s responsiveness to environ-
mental signals throughout its developmental cycle. Strikingly, the
strong homology between PfGID7 and the Drosophila E3 ligase Ram-
shackle/BRWD3, which orchestrates cryptochrome ubiquitination to
maintain circadian periodicity*® points to an evolutionarily conserved
role for GID-mediated proteostasis in temporal regulation. These
findings strongly suggest that P. falciparum may deploy ubiquitin—-
proteasome-driven oscillatory programmes to coordinate key devel-
opmental transitions, including gametocytogenesis. Elucidating such
regulatory networks could reveal an entirely new layer of temporal
control in parasite biology and open avenues for chronotherapeutic
intervention.

In contrast to PfDPL, the second substrate protein GDI1 is an RNA-
binding protein that locates to P-body structures and regulates
translational repression processes, facilitating gametocyte develop-
ment (Fig. 6). GD1 emerges as a central regulator of P-body dynamics,
with both increased and decreased levels leading to alterations in key
P-body components. This bidirectional sensitivity highlights the role of
GD1 as a molecular rheostat, fine-tuning the composition and function
of these mRNA regulatory hubs (Fig. 6). In addition to binding tran-
scripts related to ribosomal subunits and mitochondrial function, GD1
also controls the expression of key cell fate transcripts, including
pfe25/27°° and md3", as evidenced by our RIP-seq analysis. The for-
mation of GDl-mediated P-bodies correlates with the reduction of
Pfg25/27 and MD3 proteins, suggesting that specific translational
repression of these transcripts at day 6 permits gametocyte matura-
tion. This day 6 checkpoint likely commits immature parasites towards
sexual specification, with the PfGID-GD1 axis orchestrating a tempo-
rally coordinated programme of translational repression and mRNA
storage (Fig. 6).

The presence of ubiquitination within the intrinsically disordered
regions (IDRs) of both GD1 and PfDPL provides insight into the mole-
cular mechanisms underlying their regulation by the PfGID complex.
IDRs can serve as flexible platforms for protein-protein interactions
and posttranslational modifications, allowing for rapid and reversible
regulation of protein function® . Importantly, IDRs play a crucial role
in driving the formation of biomolecular condensates, including
P-bodies in the cytoplasm and nucleosomes in the nucleus through a
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process called liquid-liquid phase separation®’. In GD1, the IDRs may
facilitate its dynamic interactions with mRNA and other P-body com-
ponents, enabling swift assembly and disassembly of these regulatory
hubs in response to cellular needs. This property could be crucial for
forming and regulating P-bodies, which are membrane-less organelles
that concentrate mRNAs and regulatory proteins. For PfDPL, the IDRs

Log2 Fold change

could mediate its association with nuclear condensates, promoting
interactions with chromatin and co-transcriptional machinery, poten-
tially allowing for quick changes in gene expression patterns during
male gametocyte development. The targeted ubiquitination of these
IDRs by PfGID represents a sophisticated mechanism for fine-tuning
the levels and activities of these key regulatory proteins, potentially
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Fig. 5 | The PfGID-GD1 axis controls the translational repression of key cell-fate
molecules in gametocytes. a Log-transformed enrichment ratios of transcripts
detected in GD1-HA day 6 gametocytes, modelled using two Gaussian distributions:
broad non/moderate interaction group (black) and a highly enriched subset
(orange). b UpSet plot showing the intersection of three defined transcript/protein
sets:(i) GD1-bound transcripts identified by RIP-seq enrichment (LOD > 0); (ii)
transcripts upregulated at day 6 relative to day 3, measured by RNA-seq; (iii) pro-
teins upregulated in APfGID parasites (APfGID1, APfGID2, or APfGID7) at day 6
compared with parental controls. The red bar highlights the “potentially repressed”
class: mRNAs that are bound by GD1 and whose protein products increase in
abundance upon PfGID loss, consistent with translational de-repression in the
absence of PfGID c¢ Relative mRNA abundance in GD1-HA immunoprecipitates vs.
input, with enrichment defined by the log of the odds (LOD) ratio from (Fig. 5a).
Transcripts with LOD > 0 were considered highly enriched (green), while grey
represents all others. Dark green colour and annotation highlight selective

candidates linked to cell fate and gene regulation. d Representative transcripts
showing varying enrichment levels after PFGD1-HA immunoprecipitation. Profiles
depict total read counts per nucleotide in input (grey) and IP-enriched (green)
samples, with paired tracks plotted on the same scale (denoted in brackets) for
pfg25/27 (top), ap2-04 (middle) and md3 (bottom). e Volcano plot of day 6 vs. day 3
gametocytes iGP2 transcriptome identified by RNAseq. The distribution of GD1RIP-
Seq transcripts highlighted and potentially repressed proteins in black were ana-
lysed using two-sided ¢ tests and adjusted with Benjamini-Hochberg FDR with p-
value < 0.05, log2FC > O (increased) or < O (decreased). Data is from n = 3 biological
replicates. f Volcano plot of differentially expressed proteins in APfGID7 proteomes
(day 6) vs. parental, with RIP-Seq transcript products highlighted and potentially
repressed proteins in black. n =3 per condition, Data analysed using two-sided ¢
tests and adjusted with Benjamini-Hochberg FDR with p-value < 0.05, log2FC >0
(upregulated) or <0 (downregulated).
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Fig. 6 | The E3 ubiquitin ligase PfGID regulates PfDPL and GD1 levels, con-
trolling male and female gametocyte differentiation in P. falciparum. This
model illustrates the function of the PfGID complex in regulating gametocyte
development through the ubiquitination of PfDPL and GD1. The figure is divided
into three panels. Top panel: Depicts gametocytogenesis from stage I to V, high-
lighting the sexual bifurcation into male and female gametocytes at stage IV. Middle
panel: lllustrates the proposed function of PfDPL as a potential organiser of chro-
matin remodelling, facilitating the spatial organisation of gametocyte-specific
genes at transcription sites. PfGID regulates PfDPL levels through ubiquitination,

thereby controlling the activation of key genes essential for male gametocyte
development. Bottom panel: Shows the role of GD1 in P-body formation and
translational repression. PfGID modulates GD1 levels via ubiquitination, fine-tuning
translational repression programmes crucial for gametocyte development. As GD1
levels decrease, P-body composition changes, leading to the release of transcripts
for active translation, which drives the differentiation of gametocytes to stage V.
This regulatory system, orchestrated by PfGID, ensures the precise temporal con-
trol of gene expression and protein levels required for successful gametocyte
maturation and sexual stage progression in P. falciparum.

modulating their ability to form or participate in biomolecular con-
densates. This precise control may be crucial for the parasite’s ability
to coordinate the complex process of gametocytogenesis. Further-
more, the regulation of IDR-containing proteins by PfGID highlights
the parasite’s adaptation of a conserved eukaryotic regulatory strategy
to meet the unique demands of its life cycle®. Future structural and
functional studies of these IDRs could provide valuable insights into
the specificity of PfGID-substrate interactions and the dynamics of
P-body formation in P. falciparum.

Our data suggest that the PfGID complex, GD1, and PfDPL play
recurring roles throughout P. falciparum development, with tran-
scripts detected at multiple life cycle stages®® %, This multi-layered,

temporally controlled regulation is reminiscent of developmental
checkpoints in other eukaryotes®” and may represent a conserved
strategy for ensuring proper cellular differentiation across the
parasite life cycle. The evolutionary conservation of the GID/CTLH
complex not only underscores the importance of this regulatory
mechanism but also provides insights into the molecular adapta-
tions that have enabled Apicomplexan parasites to evolve and
maintaintheir complexlife cycles. Thisconserved regulatory system
may have provided early branching eukaryotes with the flexibility to
navigate diverse hostenvironments and optimise their transmission
strategies response to environmental cues and developmental
signals®.
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In conclusion, our findings synergise with a recent study in T.
gondii and supports an emerging model of GID-mediated cell fate
regulation in Apicomplexan parasites. We present evidence of a
parasite-expressed component potentially linked to circadian rhythm
governing male gametocyte development and an RNA-binding protein
controlling P-body assembly and translational repression. Our data
reveal a multi-dimensional understanding of malaria parasite devel-
opment, integrating gene transcription control, translational repres-
sion, and ubiquitination. These insights not only advance our
understanding of parasite biology but also open new avenues for tar-
geted interventions in the ongoing fight against malaria.

Methods

Methods ethics statement

Use of human blood and serum was approved by the Walter and Eliza
Hall Institute of Medical Research Human Ethics Committee under
approval numbers 19-05VIC-13 and HREC21/6. All animal procedures
were approved by the Walter and Eliza Hall Institute of Medical
Research Animal Ethics Committee under approval numbers 2017.014
and 2019.013.

Parasite culture and transfection

Asexual blood stage cultures of P. falciparum were grown in O* ery-
throcytes (Lifeblood Australia) and maintained in Roswell Park Mem-
orial Institute (RPMI) RPMI 1640 medium, Glutamax, HEPES
(ThermoFisher) supplemented with 50 pg/ml hypoxanthine, 20 pg/ml
gentamicin, 0.25% (w/v) Albumax II™ (ThermoFisher), and 5% (v/v)
heat-inactivated human serum (Lifeblood, Australia. Agreement num-
ber 21-06VIC-01). The parasite cultures were maintained in micro-
isolator boxes gassed with malaria gas mix (94% N,, 1% O, and 5% CO,)
and grown at 37 °C. In this study, the inducible gametocyte producing
(iGP2) parasite line was used as the parental line. To stop commitment
to gametocyte production, the parasites were cultured in the presence
of 2.5 mM D-(+)-glucosamine hydrochloride. Parasite lines containing
the human dihydrofolate reductase (hdhfr) gene were maintained on
media containing 5nM WR99210 (WR) or blasticidin deaminase on
11 uM blasticidin S HCI (BSD). The parasitemia of the cultures were
monitored by Giemsa-stained thin blood smears, viewed on a micro-
scope at 1000 x magpnification. Transfections were performed on late
stage segmented schizonts”®. The Lonza Amaxa Basic Parasite
Nucleofector Kit 2 and Amaxa Nucleofector device was used for tran-
fections, using programme U-33. A full list of the cell lines generated in
this study is shown in the Reagents and Resources table. If cell lines
were shown to be non-clonal when generated, they were cloned by
limiting dilution and individual clones were selected and verified.

Construction of the MGET-GFP reporter plasmid
To generate the MGET-GFP reporter line, we amplified the promoter
region of the mget by PCR (PF3D7_1469900) from NF54 gDNA using
the SL316/ SL317 oligonucleotides and cloned this fragment into the
Notl/Nhel restriction sites of the pkiwi003-p230p-bsfGFP plasmid”
(Supplementary Data 1). The resulting pkiwi-p230p-mget proGFP
plasmid was designed to be integrated into the p230p locus in the
genome (PF3D7_0208900). As p230p is required for male gameto-
cytes, we replaced the 5’ and 3’ homology sequences of p230p with
sequences from the non-essential pfs47 gene (PF3D7_1346800). The 5
and 3’ homology arms of Pfs47 were amplified from NF54 gDNA by PCR
using the oligonucleotides SL360/ SL361 and SL362/ SL363, respec-
tively and cloned sequentially into the Xhol/ Hindlll and Sacl/ Notl
restriction sites of the pkiwi-p230pmget pro-GFP plasmid. The final
plasmid pkiwi-Pfs47-mget pro-GFP does not contain a drug selection
cassette, allowing for marker-free cell lines.

Appropriate CRISPR-Cas9 guide sequences were selected using
the online software CHOPCHOP”. To generate the CRISPR-Cas9 guide
plasmid for targeting the Pfs47 locus, the complementary guide

oligonucleotides (SL364/ SL365) were annealed and Infusion cloned
(Takara) into the pDC2-DHFR-Cas9-P230p plasmid, generating the
pDC2-DHFR-Cas9-Pfs47. The dhfr coding sequence was replaced with
the blasticidin S deaminase gene (bsd) to produce pDC2-BSD-Cas9-
Pfs47 for use in cell lines that already had plasmids containing the
hdhfr resistance cassette.

Integration of the repair templates into the Pfs47 locus was ver-
ified by PCR using the SL 367/ SL346 and SL366/SL347 primers to test
for integration and SL 366 and SL367 to test for the presence of
wildtype locus. All oligonucleotide and plasmid sequences are detailed
in Supplementary Table S1A, B.

All oligonucleotides used are listed in Supplementary Data 5.

Construction of the gene knockout plasmids

The APfGID1, APfGID2, APfGID7, APfGIDS8, APfGID9, APfYPELS, AGD1,
and APfDPL gene knockout plasmids were created by modifying the
p1.2-RON3-HA-mNeonGreen plasmid. The 5" and 3’ homology regions
(HR) were PCR amplified from NF54 gDNA using the oligonucleotides
outlined in Supplementary Table S1A, and the fragments sequentially
cloned into the Notl/ Xmal (5 HR) and EcoRl/ Kasl (3’'HR) restriction
enzyme sites of the p1.2-RON3-HAmNeonGreen plasmid. The resulting
gene KO plasmids were linearised and ready for transfection. This
plasmid has a hdhfr drug selection cassette. A full list of the gene KO
plasmids and sequences are shown in Supplementary Table S1B.

The CRISPR-Cas9 guide sequences were selected, annealed and
inserted into the BtgZl digested pUF1-Cas9G plasmid using InFusion
cloning (Takara). The guide sequences used for each gene can be
found in Supplementary Table S1 A. The full list of the KO cell lines
generated, including the parent line used, is shown in the Reagent and
Resource table. The deletion of the target locus was confirmed by PCR
using gene and vector specific primers Supplementary Table S1 A.

All oligonucleotides used are list in Supplementary Data 5.

Construction of the epitope tagging plasmids

The PfGID1-HA, PfGID7-HA, PfGID8-HA, PfGID8-Flag-Strepll, PfGD1-HA-
mScarlet and PfDPL-HA targeting plasmids were created by modifying
the p1.2-RON3-HA-mNeonGreen plasmid. A synthetic gene sequence
was designed that contained a region of homology followed by the
remaining downstream coding sequence that had been recodoned
(Genscript). This 5" HR recdoned sequence was cloned into the Notl/
Xmal restriction enzyme sites of the p1.2RON3-HA-mNeonGreen plas-
mid. The 3’ homology regions for each construct were amplified by
PCR from 3D7 gDNA and cloned in EcoRI/ Kasl sites of the plasmids.
The pl.2 GID8Flag-Strepll and pl.2- GD1-HA-mScarlet plasmids were
created by replacing the HAmNeonGreen and mNeonGreen sequence
in the plasmid with synthesised sequences encoding for Flag-Strepll
and mScarlet, respectively. The p1.2-GID8-HA, PfGID8-Flag-Strepll and
GDI1-HA-mScarlet vectors were further modified by replacement of the
dhfr coding sequence with the blasticidin S deaminase gene (bsd).
Gene-specific guides were cloned into the pUFICas9G as
described above.

For the creation of the GDI1-overexpression plasmid, a synthetic
gene consisting of recodoned full-length GD1-3xHA (Genscript) was
cloned into the Nhel/ Pstl sites of the pkiwi-Pfs47mget pro-GFP plasmid
described above. Next, the promoter sequence of the sexual stage-
specific gene Pfs16 (PF3D7_0406200) was amplified by PCR (oligonu-
cleotides SL506/ SL508) and cloned into the Sacll/ Nhel enzyme sites
to create the pkiwi-Pfs47-Pfs16 proGD1-3xHA plasmid.

The full list of oligonucleotides, and plasmid constructs can be
found in Supplementary Data 5.

Gametocyte cultures and stage distribution assays

Cultures containing a majority ring stage iGP2 asexual parasites were
sorbitol synchronised and returned to the culture at 3% parasitemia
without glucosamine in the media to trigger gametocyte conversion
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(day 2). The next day (day 1), the culture contained trophozoite and
schizont stage parasites. The culture media was replaced with fresh
media that did not contain glucosamine and placed in a shaking
incubator set at 40 rpm overnight to reduce multiple infections in the
culture. On day 0, gametocyte rings and asexual rings will be present.
To remove asexual stage parasites, the culture media was supple-
mented with 62 mM N-acetyl-D glucosamine (NAG) for the remaining
12 days of development. Gametocyte development was monitored
using microscopy of Giemsa-stained thin blood smears. Gametocyte
morphology was visually scored based on previous criteria.

Stage distribution assays were established as described above,
and smears were taken daily for the 12 days of the assay. Gametocyte
stage was assessed from day 3 onwards by visually scoring the stage of
50-100 gametocytes chosen at random. The percentage of each life-
cycle stage was then calculated, and the mean and standard error of
the mean from three experiments were plotted.

Gametocyte parasitemia was assessed on day 6. The mean and the
standard error of the mean from three experiments was plotted and
significance tested by performing an ordinary one-way ANOVA test
(Kruskal-Wallis test) in Graphpad Prism.

Gametocyte culture for transmission

Gametocyte cultures for transmission were initiated as described
above and grown in RPMI 1640 medium, Glutamax, HEPES (Thermo-
Fisher), supplemented with 50 pg/mL hypoxanthine and 10% (v/v)
heat-inactivated human serum (Lifeblood, Australia). A total of 45 mL
of culture was used and divided equally into each well of a six-well
plate. The media was replaced daily from day 2 until day 12 using a slide
warmer set to 37 °C to ensure the gametocytes remained warm. On day
12 of the gametocyte culture, the stage V gametocyte numbers were
counted.

Exflagellation assays

A 50 pL sample of culture containing day 12 gametocytes was har-
vested and transferred to a 1.5mL microcentrifuge tube. The micro-
centrifuge tube was kept at 37 °C to prevent premature activation. A
50 pL aliquot of pre-warmed ookinete medium (in RPMI 1640 medium,
Glutamax, HEPES (ThermoFisher) supplemented with, 50 pg/mL
hypoxanthine, 10% (v/v) heat-inactivated human serum (Lifeblood,
Australia) and 100 pM xanthurenic acid) was then added to the
microcentrifuge tube and mixed well with a pipette. The mixture was
left at room temperature for 15min and then transferred to the
hemocytometer. The number of exflagellation centres and the number
of red blood cells in the sample were then counted and expressed as a
percentage of exflagellation centres”. Graphpad Prism was used to
perform an ordinary one-way ANOVA test (Kruskal-Wallis test to
determine significance).

Standard membrane feeding assays

Day 3 post-emergent female Anopheles stephensi mosquitoes were
glucose starved for 2-3h prior to performing standard membrane
feeding assays. Between 30-40 mosquitoes were used for each cell line
per experiment. Standard membrane feeding assays (SMFAs) were
performed using glass water jacket feeders, with pre-stretched paraf-
ilm (Sigma-Aldrich) stretched across the large opening in the feeder.
The feeder was plumbed into a circulating water bath set to 38 °C via
plastic tubing, mounted on top of the mosquito cages and allowed to
reach temperature.

While the feeder was warming, the blood meal was prepared by
diluting the day 12 stage V gametocytes with uninfected red blood cells
to obtain a 500 pL sample at 0.4% parasitemia. This infected red blood
cells sample is then mixed with 500 pL of heat-inactivated human
serum to obtain a 50% haematocrit solution. All steps are performed,
ensuring the temperature of the blood meal does not drop below
37 °C. Immediately, the prepared blood meal was transferred into the

glass feeder, and mosquitoes were allowed to feed for 45 minutes. The
mosquitoes were left to rest after feeding for another 20-30 minutes.
The mosquitoes were then knocked-down with CO,, and the fully
engorged mosquitoes were sorted into a clean container.

Midgut dissections and oocyst counts

Seven days post-bloodmeal, infected mosquitoes were anaesthetised
by placing mosquitoes at 20 °C for 5 min and transferred into a Petri
dish containing 80% ethanol. Mosquito midguts were dissected from
each group and stained with 0.1% mercurochrome for 15 min before
being mounted on a glass slide, and the oocysts per midgut were
counted by microscopy. Experiments were performed three times. The
number of oocysts per midgut and the percentage of midguts con-
taining oocysts (prevalence) was recorded. The mean and standard
error of the mean are plotted. Statistical significance was determined
by performing an ordinary one-way ANOVA test (Kruskal-Wallis test) in
Graphpad Prism.

Generation of Pfg377 antibodies

The sequence corresponding to amino acids 666 to 1146 of Pfg377*
was subcloned into the pET-28a(+)-TEV plasmid to express an
N-terminal His-tag followed by a TEV protease cleavage site. Pfg377
was expressed in E. coli BL21 (DE3) cells as an inclusion body and
solubilised in 50 mM Tris pH 8, 6 M guanidine HCI. Pfg377 was pur-
ified via NiNTA agarose (Qiagen) resin, eluted in 10 mM Tris pH 4.5,
100 mM NaH,PO,4, 8 M urea and then dialysed against 20 mM Tris pH
8,20 mM NaCl. Soluble Pfg377 was further purified via a1 mL HiTrap
Q HP column (Cytiva) followed by size exclusion chromatography
(S200 Increase 10/300 GL, Cytiva) pre-equilibrated in PBS. Polyclonal
antibodies against Pfg377 (R2313) were generated in a rabbit at the
WEHI Antibody Facility through three rounds of immunisation with
recombinant Pfg377. All procedures were approved by the Walter
and Eliza Hall Institute of Medical Research Animal Ethics
Committee.

Fluorescence activated cell sorting (FACS) analysis assays
500ul of infected red blood cells (iRBC) were harvested by cen-
trifugation at 500 x g, and the supernatant was discarded. The iRBC
pellet was resuspended in 1:10000 Hoechst 33342 (ThermoFisher
Scientific) in IXDPBS. The sample was incubated in the dark at 37 °C for
30 min. The sample was centrifuged at 500 x g, the supernatant dis-
carded, and the sample washed three times in 1 ml of DPBS. The
samples were resuspended in 1 ml of DBPS and analysed for the pre-
sence of parasites using an LSR Il Flow cytometer (Becton Dickinson).
The (FACS) gating strategy is shown in Supplementary Fig. 8.

Immunofluorescence assays

Infected red blood cells (iRBC) were harvested by centrifugation at
500xg, and the supernatant was discarded. The iRBC pellet was
washed once in at least 10 volumes of 1x DPBS, before being fixed in
DPBS containing 4% (v/v) paraformaldehyde and 0.0075% (v/v) glu-
taraldehyde for 30 min at room temperature. The sample was cen-
trifuged at 500 x g, the supernatant discarded, and the fixed iRBCs
washed once in 5 volumes of DPBS. The fixed iRBCs were then per-
meabilised with 0.1% TX100 (v/v) in DPBS for 15 minutes and again
centrifuged and washed. All antibody incubation steps were per-
formed in 3% (w/v) BSA in DPBS. Rat a-HA (3F10), 1:300, Merck), rabbit
a-Pfg377 (1:1000), rabbit a-GAP45 (R728, 1:1000)"* and rabbit a-EXP2
(1:1000)” primary antibodies were incubated with the sample for1-2 h
at room temperature, washed as described above and the secondary
antibodies added to the iRBC and incubated for 1 hour. The native GFP
and mScarlet fluorescence were visualised directly, without antibody
labelling. goat a-rabbit IgG-conjugated Alexa fluor 488 or 594 (Ther-
moFisher) antibodies were used. After the secondary antibodies, the
samples were stained with 2 pg/mL DAPI in PBS (ThermoFisher) for
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10 min and washed a final time before a small sample of the iRBC pellet
was placed on a glass slide and mounted under a coverslip and sealed
with nail polish before proceeding to imaging.

A Leica Stellaris 8 confocal microscope equipped with a white
light laser (WLL) and 405 nm diode laser was used to image the sam-
ples. DAPI was excited with the 405 nm diode laser, and wavelengths of
499nm and 590 nm were selected to excite GFP and Alexa594,
respectively. All images were acquired using a 1.4 NA 63x HC PL APO
CS2 oil immersion objective. A consistent pixel size of 58 nm was set
for all images to satisfy the optimal sampling. DAPI signal was collected
on a HyD X detector over a range of 430-494 nm, GFP was collected on
a HyD S over a range of 510 - 583 nm, and Alexa594 was collected on a
HyD X over a range of 600-750 nm. Both HyD X detectors were
operated in digital mode with a gain of 10 V, and the HyD S operated in
analogue mode with a gain of 2.5V. Z-stacks were set to capture a full
parasite infected RBC with a system optimised sampling frequency.
Between 40-50 parasites were imaged for each biological replicate,
with single parasites imaged where possible to simplify the down-
stream analysis.

Image analysis

All images were analysed using a custom-written Fiji’® macro to seg-
ment and quantify the mean fluorescence intensity in individual
parasites. For all data with GAP45 labelling, the GAP45 channel was
used for the mask creation for segmentation. For Pfg377 data, the mask
was created using a summed image of both Pfg377 and MGET-GFP
signals. For all data the masked channel was projected via a maximum
intensity projection then had a gaussian blur, of radius 2, applied. This
image was then auto-thresholded using a Li thresholding method
before being converted to a mask. A fill holes binary operation was
applied followed by three times erosion to account for uneven label-
ling across different parasites. Finally, a watershed separation was used
to separate touching parasites. This mask was then used to measure
the mean intensities of MGET-GFP, Pfg377 or GAP45 within the masked
areas between the autothreshold values. Data were plotted for all
conditions, normalised to the mean intensity for MGET-GFP parasites.
All data were plotted using a web app for quantitative comparison of
unpaired data”’.

Western blotting

Parasite cultures were harvested at the desired lifecycle stage, cen-
trifuged at 500 xg and the supernatant discarded. Infected RBC
pellets were then lysed with 5 pellet volumes of 0.03% saponin and
incubated on ice for 15min. The samples were centrifuged at
16,000 x g, the supernatants discarded, and the pellets washed 3
time with 1xPBS. The pellets were then resuspended in PBS con-
taining Bolt LDS sample buffer and Bolt sample reducing agent
(ThermoFisher). The samples were heated at 95°C for 10 min and
separated on 4-12% Bis-Tris gels (ThermoFisher) using 1x MOPS
buffer for 30 minutes. Gels were transferred to nitrocellulose mem-
branes using the iBLOT 2 platform. Membranes were blocked in 3%
skim milk (w/v) PBS for a minimum of 1 h prior to the addition of
antibodies. Primary and secondary antibody dilutions were made in
3% (w/v) skim milk/PBS. Primary antibody incubations were per-
formed either overnight at 4 °C or at room temperature for 1h all
secondary incubations were performed at room temperature for 1 h.
The membranes were washed three times, 10 min each with PBS-
Tween (PBS/0.05% (v/v) Tween 20) after antibody incubations. The
following HRP-conjugated primary antibodies were used: mouse o-
FlagM2-HRP conjugate (1:500, Merck) Rat oa-HA-HRP conjugate
(3F10, 1:300, Merck). A rabbit a -HSP 70 antibody (1:1000)”® was used
as a loading control and was detected using goat a-rabbit antibodies
conjugated to HRP (1:1000, Merck). Blots were incubated with Biorad
Clarity Western ECL substrate (Bio-Rad) for 5 minutes before being
imaged on a ChemiDoc (Bio-Rad).

RNA sequencing

RNA was isolated from the PfGID1, 2, 7, 8 and 9 knockouts and parental
iGP2 parasites at day 3, 6, 9 and 12 of gametocyte (five biological
replicates for each cell line and time point were performed) develop-
ment using the Isolate Il RNA mini kit (Bioline). The RNA concentration
of each sample was calculated using the QuantiFluor RNA system
(Promega), and RNA quality was determined using high-sensitivity
RNA screen tape analysis (Agilent). The RNA concentrations were then
normalised to 1ng/uL by dilution with the FlexDrop automated dis-
penser (Revvity), and then re-quantified. 1.1 ng of total RNA was reverse
transcribed using SuperScript II (Invitrogen) and processed using an
adapted CelSeq2 protocol. Briefly, barcoded samples with unique
molecular identifiers (UMIs) were pooled after first- strand cDNA
synthesis and second-strand synthesis performed using the MEGA-
script T7 transcription kit (ThermoFisher). Amplified RNA was reverse
transcribed using a tagged random hexamer without fragmentation,
followed by sequencing on a NextSeq 2000 P3 flow cell (Illumina).
Technical replicates were performed for each RNA sample.

RNA-seq analysis

RNA-seq reads were mapped to the P. falciparum reference genome (P.
falciparum 3D7, PlasmoDB v66) and ERCC spike-in sequences using
the Subread aligner (v2.16.0)** and assigned to genes using scPipe
(v2.2.0)” with gene annotations also taken from the 3D7 P. falciparum
reference genome (PlasmoDB v66). Gene counts were exported as
UMI-level and read-level count matrices by scPipe. Following com-
parisons of the UMI-level and read-level data, the read-level data was
used for subsequent analysis. All analyses were performed in R
(v4.3.3)% using Bioconductor (v3.18), with differential expression
analyse using edgeR (v4.0.1)* and limma (v3.58.1). Technical replicates
with small library sizes were excluded (17 / 240 technical replicates
with library size < 303,590 reads, corresponding to 3 median absolute
deviations below the median on a log scale). Data from the remaining
technical replicates were aggregated by summing the read-level
counts to form n=116 biological replicates with a median of
5,456,385 reads/sample. The ‘filterByExpr’ function from edgeR®’ was
applied to determine which genes had sufficiently large counts to be
retained in a differential expression analysis (5313 / 5687 genes), and
library sizes were normalised using the trimmed mean of M-values
(TMM) method was applied to determine which genes had sufficiently
large counts to be retained in a differential expression analysis (5313 /
5687 genes), and library sizes were normalised using the trimmed
mean of M-values (TMM) method®.

The initial differential expression analyses used a design matrix
consisted of a single factor specifying the ‘cell line’-‘timepoint’ com-
bination of each sample. The ‘voomLmFit’ function from edgeR®*** was
used to transform count data to log2-counts per million (logCPM),
estimate voom precision weights, estimate sample weights, and fit
limma linear models while allowing for loss of residual degrees of
freedom due to exact zeros. Samples were blocked by ‘cell line repli-
cate’ to account for any correlation of the gene expression measure-
ments taken from the same replicate over time, although the average
correlation was low (0.02)%. Analysis conducted included compar-
isons of the same cell line between different days and different cell
lines on the same day as required. In all comparisons, differentially
expressed genes (DEGs) were defined as those with a Benjamini-
Hochberg adjusted P-value <0.05%. The results of the DE analyses
were interactively explored using Glimma (v2.12.0)*® and visualised as
heatmaps using the pheatmap package (v1.0.12). The DEG lists and
their gene ontology information are available in Supplementary
Table S3 A-T., and fit limma linear models while allowing for loss of
residual degrees of freedom due to exact zeros. Samples were blocked
by ‘cell line replicate’ to account for any correlation of the gene
expression measurements taken from the same replicate over time,
although the average correlation was low (0.02)*. The DEG lists and
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their gene ontology information are available in Supplementary
Table S3 A-T.

Two types of gene set analyses were performed on the DEGs
based on their gene ontology. Published transcript lists were used for
these analyses and included lists of the top 100 male and female
transcript lists® and lists of genes involved in translational repression
and mRNA binding proteins®’. The ‘kegga’ function from limma was
used to perform over-representation analyses (i.e., hypergeometric
test) of DEG lists, separately for up- and down-regulated DEGs. The
‘cameraPR’ function from limma was used to perform competitive
gene set tests, accounting for inter-gene correlation, using the
empirical Bayes moderated t-statistic. Heatmaps of the log-fold chan-
ges and ‘barcode plots’ of the empirical Bayes moderated t-statistics
were used to visualise the expression of these genes in each compar-
ison, while the ‘fry’ method was applied to perform a self-contained
test of each gene set.

We also considered a time course analysis where the design
matrix included the ‘cell line’ and their interactions with a cubic spline
fit of ‘timepoint’ for each sample, again using the ‘voomLmFit’ function
from edgeR with sample weights and blocking on ‘cell line replicate’.
Using this, we tested the following comparisons:

1. Any changes in gene expression over time (within cell line),

a. APfGIDIKO, e.g.,
i. Empirical Bayes moderated F-test of the coeffi-
cients APfGID1:X1, APfGID1:X2, and APfGID1:X3,
where X1, X2, and X3 are the 3 terms of the

spline fit.
2. Any changes in gene expression over time in any of
the KOs, i.e.,

a. Empirical bayes moderated F-test of the coefficients
APfGIDI:X1, APfGID1:X2, APfGIDI1:X3, APfGID2:X1,
APfGID2:X2, APfGID2:X3,
APfGID7:X1, APfGID7:X2, APfGID7:X3, APfGID8:X1,
APfGID8:X2, APfGID8:X3, APfGID9:X1, APfGID9:X2,
and APfGID9:X3, where X1, X2, and X3 are the 3 terms
of the spline fit.
In all comparisons from the time course analysis, DEGs were
defined as those with a
Benjamini-Hochberg adjusted P-value <0.05%. The time course
DEG lists are available in Supplementary Tables S3 A-T. The results of
the time course DE analyses were visualised using customised plots
made with ggplot2 (v3.4.4) as well as heatmaps made using the
pheatmap package (v1.0.12). Owing to the complexities of grouping
the resulting DEGs into ‘similar’ patterns, as compared to the simple
‘up’ or ‘down’ grouping in the non-time course DE analysis, no gene set
tests were performed of the DEGs resulting from the time course
analysis.

GD1 protein immuno-precipitation and RIP-Seq
Day 6 gametocytes from the GDI-HA parasite lines were harvested
(three replicate experiments) and used to conduct RNA Immunopre-
cipitation Sequencing (RIP-Seq) to identify the mRNAs bound to GD1.
For each replicate, two 30 mL culture dishes containing 5% gameto-
cytes were harvested, and the media was discarded. The pellets were
lysed in 0.15% (w/v) saponin in 1x Dulbecco’s phosphate-buffered
saline (DPBS) on ice for 15 minutes, before centrifugation at 16,000 x g
for 5 minutes. The pellets were washed three times with 1x DPBS, with
centrifugation at 16,000 x g for 5min between washes. The washed
pellets were then resuspended in 10 x the pellet volume of extraction
buffer (1% NP-40 (ThermoFisher), 150 mM HEPES, and 150 mM NacCl
(pH 7.0), supplemented with Complete

Protease Inhibitor Cocktail (Merck)). Samples were sonicated on
ice using a Bandelin Sonoplus Sonicator UW3200 at 20% amplitude for
30s, employing a 1s on/off pulse cycle. Following sonication, samples
were incubated overnight at 4 °C on a rotating platform. The next day,

lysates were clarified by centrifugation at 16,000 x g for 20 min at 4 °C,
and the resulting supernatant was collected for downstream
processing.

Unenriched ‘input’ samples were prepared by reserving 10% of the
starting lysate prior to immunoprecipitation, this sample acts as a
control. The remaining lysate was subjected to immunoprecipitation
(IP) by adding 20 pL of a-HA magnetic beads (Merck) to the cleared
supernatant and incubating at 4 °C for 2 h with gentle rotation. Beads
were then collected using a DynaMag-2 magnetic rack (ThermoFisher)
and sequentially washed, five times with 1 mL of extraction buffer, five
times with 1 mL of 0.5 x extraction buffer, and five times with 1 mL of
nuclease-free water to reduce nonspecific binding.

For RNA extraction, 100 pL of the ‘input’ sample was mixed with
1mL of TRIzol reagent (ThermoFisher). The immunoprecipitated RNA
was extracted by directly resuspending the washed beads in 1mL of
TRIzol. Both the input and IP samples were then mixed with 200 pL of
chloroform, vortexed, and centrifuged at 13,000 x g for 15 min at 4 °C
to separate the aqueous phase. RNA was precipitated from the aqu-
eous phase using isopropanol, and the RNA pellets were washed with
70% ethanol, air-dried, and resuspended in nuclease-free water for
downstream processing. DNase treatment was performed using the
Turbo DNA-Free DNase kit (ThermoFisher) following the manu-
facturer’s protocol. DNA-free RNA quantification was performed using
the Qubit 2.0 fluorimeter (ThermoFisher) using the High Sensitivity
RNA reagent (ThermoFisher), and the RNA integrity was assessed on
the 4100 Agilent Tapestation System using a High Sensitivity RNA kit.

Input and IP RNA sample libraries were generated using the Illu-
mina Stranded Total RNA-seq Kit (Illumina), including the rRNA
depletion. Final libraries were diluted in Nuclease-free water, and the
library quality and integrity were assessed using a DS000 DNA kit on a
4100 Agilent Tapestation System (Agilent). Samples were run with 150
paired-end sequencing on the Miniseq platform (lllumina).

The quality of raw sequencing reads was assessed using FASTQC
software with default settings. Low-quality reads were filtered and
trimmed using Trimmomatic v0.39%° applying a sliding window of 4
nucleotides, a minimum average PHRED64 quality score of 20, trim-
ming of leading and trailing sequences by 3 nucleotides, and a mini-
mum read length of 50 nucleotides. The resulting trimmed paired-end
reads were then aligned to the P. falciparum 3D7 (PlasmoDB v68)
genome using Subread’® with default parameters. Gene-wise read
counts were subsequently obtained using featureCounts” with the P.
falciparum 3D7 68 GFF annotation file, applying the -S option to ensure
strand specificity and enable accurate quantification of strand-specific
reads. To identify enriched transcripts from RIP-Seq data, raw read
counts were obtained from both RIP and control (input) samples and
merged with transcript length information. Genes with low expression
(< 5reads in more than one replicate per condition) and low composite
read coverage (V(RIP1 x RIP, x RIP; + Control; x Control, x Controls) <
10) were filtered out to ensure robust quantification. Transcript
expression was normalised using Transcripts Per Million (TPM), and
median TPM values were calculated for both RIP and control groups.
Enrichment was determined as the log,-transformed ratio of median
TPM values (RIP over control), with values constrained to finite num-
bers. A two-component Gaussian mixture model (GMM) was fitted to
the log, enrichment ratio distribution to classify transcripts as enri-
ched or non-enriched based on the log odds ratio (LOD) of posterior
probabilities. Transcripts with LOD >0 were considered enriched. A
histogram overlayed with GMM component density curves visualised
the enrichment distribution, while a logio-scaled TPM scatter plot
highlighted select transcripts of interest. All data processing and
visualisation were performed using R with the ggplot2, mixtools, and
ggrepel packages. Gene ontology enrichment for the RIP-Seq enriched
genes was performed using STRING v12. We visualised interaction
networks at a medium confidence score of 0.4, with continuous lines
for direct interactions and dashed lines for indirect associations and
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clustered the network using the Markov Cluster Algorithm with a
default inflation score of 3.

Enrichment analysis was run in STRING v12.0 (string-db.org) using
the built-in Reactome and Gene Ontology (Biological Process) libraries.
The background was the organism-wide Plasmodium falciparum 3D7
proteome. P values were adjusted by Benjamini-Hochberg; terms with
FDR (q) <0.05 were retained. STRING’s “Strength” reported in the
figures is loglO(observed/expected) enrichment. For all analyses,
study gene lists (PlasmoDB/3D7 identifiers) were mapped to STRING
with the default resolver; duplicate mappings were collapsed and
unmapped IDs excluded. Protein—-protein interaction (PPI) networks
used the default evidence channels with a medium confidence
threshold (combined score > 0.4); disconnected nodes were hidden,
and networks were laid out on STRING’s two-dimensional force-
directed coordinates and exported for clustering. Clustering was per-
formed as follows: for the GID-RIP-Seq PPI network, modules were
defined with the Markov Cluster Algorithm (MCL; inflation = 3); for all
other STRING networks in the main and extended figures including PPI
maps and the term-term similarity graphs underlying enrichment
maps and modules were defined with DBSCAN (density-based spatial
clustering of applications with noise) applied to the exported 2D
coordinates using default € and minPts, allowing sparse nodes to
remain unassigned (noise). For visualisation, the enriched terms are
shown as a monochrome lollipop/bubble plot where the size of the
circle area equales gene count and the x-axis is the STRING “Strength”;
PPI maps display node size by degree, edge thickness by combined
score, and module boundaries by the assigned MCL (GID-RIP-Seq
only) or DBSCAN (all others) clusters.

To identify if GDIl-associated transcripts were translationally
repressed, we integrated transcriptomic (RNA-Seq) and proteomic
datasets from day 6 wild-type and APfGID knockout (KO) gametocytes,
focusing on genes with robust mRNA levels (up-regulated or stable
transcript level) but low protein abundance that become significantly
up-regulated at the protein level in the APfGID.

Immunoprecipitation assays

Five biological replicates were performed for each parasite line and
condition. For each replicate, 3 x 30 mL dishes of cultures at 5-10%
parasitemia were harvested by centrifugation at 500xg, and the
resulting pellets were lysed using 0.15% (w/v) saponin in 1x DPBS).
Following lysis with saponin, the iRBC pellets were washed three times
in DPBS, with centrifugation at 16,000 xg between washes. These
pellets were then incubated with 10x the pellet volume of extraction
buffer (1% NP40 (Thermo Fisher Scientific), 150 mM HEPES, 150 mM
NaCl, pH 7) supplemented with Complete Protease Inhibitors (Merck).
These samples were then sonicated on ice using a Bandelin Sonoplus
Sonicator UW3200 with pulses set at 20% amplitude for 30 s withals
on/off cycle. The sonicated samples were incubated overnight on a
roller at 4 °C. The samples were centrifuged at 16,000 x g for 20 min,
and the supernatant was collected. 20 pL of anti-HA magnetic beads
(Merck SAE0197-1ML) were added to the supernatant and allowed to
bind at 4 °C for 2 h. Beads were collected using a DynaMag2 magnetic
rack and washed 5 times with 1 mL of extraction buffer, followed by five
1 mL washes of H,0 water. Protein was eluted from the beads by adding
150 mL of 0.5% (w/v) SDS in H,0 prewarmed to 95 °C and incubated on
the beads for 2 min. Samples were either examined by western blotting
or mass spectrometry.

Sample preparation of IP samples for mass spectrometry
analysis

Eluates from immunoprecipitations were prepared for LC-MS/MS
analysis using the Filter Assisted Sample Preparation (FASP) method”
with the following modifications. Briefly, eluates were added to a
Vivacon® 30 kDa MWCO (Sartorius, VNO1H22), and proteins were
solubilised and reduced in 6 M urea (Wako, Japan) containing 10 mM

Tris-(2carboxyethyl)phosphine (TCEP, Sigma-Aldrich) for 30 min,
alkylated with 50 mM iodoacetamide (Sigma-Aldrich), then digested
with 1 pg trypsin (SoLuTrypsin, Sigma Aldrich) in 50 mM ammonium
bicarbonate (AmBic) (Sigma-Aldrich) and incubated overnight at 37 °C.
Peptides were eluted with 50 mM AmBic in two 40 pL sequential
washes and acidified in 1% formic acid (FA, final concentration). Pep-
tides were lyophilised to dryness using a CentriVap (Labconco) before
being reconstituted in 30 pL of 0.1% formic Acid (FA)/2% acetonitrile
(ACN), ready for mass spectrometry analysis.

Sample preparation for mass spectrometry-based global pro-
teomics analysis

Five biological replicates were performed for each parasite line and
condition. Saponin lysed infected RBC pellets were lysed in 100 L of
preheated (95 °C) buffer (2.5% SDS in 100 mM Tris-HCI, pH 8.5). DNA
was hydrolysed by adding 2 uL neat Trifluoroacetic acid (TFA) (Sigma),
and lysates were neutralised to pH 8.5 by adding 40 uL of 1M Tris-HCI.
Protein concentration was determined using Pierce™ BCA Protein
Assay Kit following the manufacturer’s instructions. Cell lysates (20 pg
protein per replicate) were transferred to 0.5 mL LoBind Deep Well
plate (Eppendorf) prepared for mass spectrometry analysis using the
modified SP3 protocol”® with some modifications. Briefly, samples
were subjected to simultaneous reduction and alkylation with a final
concentration of 10 mM Tris (2carboxyethyl) phosphine (TCEP) and
40 mM 2-chloracetamide followed by heating at 95°C for 10 min.
Prewashed magnetic PureCube Carboxy agarose beads (20 ul, Cube
Biotech) were added to all the samples along with acetonitrile
(ACN,70% v/v final concentration) and incubated at room temperature
for 20 min. Samples were placed on a magnetic rack, the supernatants
discarded, and the beads were washed twice with 70% ethanol and
once with neat ACN. ACN was evaporated entirely from the tubes using
a CentriVap (Labconco) before the addition of digestion buffer (50 mM
Tris-HCI, pH 8) containing 1pg each of enzymes Lys-C (Wako,
129-02541) and SOLu-Trypsin (Sigma-Aldrich, EMS0004). Trypsin-
LysC on-bead digestion was performed with agitation (400 rpm) for 1 h
at 37°C on a ThermoMixer C (Eppendorf). Following digestion, the
samples were transferred to pre-equilibrated AttractSPE tips C18 (Tips-
C18.1T3.200.96 AFF, Affinisep) for sample clean-up. The eluates were
lyophilised before being reconstituted in 0.1% FA/2% ACN, ready for
mass spectrometry analysis.

DDA-based mass spectrometry analysis of IPs and global
samples

Reconstituted peptides (IPs: IGP2, GID8 and DiCre.WT, DiCre.W-
T.Rapamycin, HA.DPL, HA.DPL.Rapamycin) were run in a data-
dependent (DDA) mode on an Orbitrap Eclipse™ Tribrid mass spec-
trometer interfaced with a Neo Vanquish UHPLC System. Peptides
were loaded onto a C18 fused silica column (inner diameter 75 um, OD
360 um x 15 cm length, 1.6 um C18 beads) with an integrated emitter tip
(IonOpticks) using pressure-controlled loading with a maximum
pressure of 1500 bar and an EASY-nLC source and electrospraying
directly into the mass spectrometer. We then employed a linear gra-
dient of 3% to 30% of solvent-B at 400 nl/min flow rate (solvent-B: 80%
(by vol) acetonitrile) for 20 min and 30% to 40% solvent-B for 10 min
and 35% to 99% solvent-B for 5 min which was maintained at 90% B for
10 min and equilibrated the column high pressure for 2 min compris-
ing a total of 45 min run with a 30 min gradient in a data dependent
(DDA) mode. MSI1 spectra were acquired in the Orbitrap (R=120k;
normalised AGC target = standard; MaxIT = Auto; RF Lens =30%; scan
range = 350-1500; profile data). Dynamic exclusion was employed for
30 s, excluding all charge states for a given precursor. Data-dependent
MS2 spectra were collected in the Orbitrap for precursors with charge
states 2-7 (R=30k; HCD collision energy mode = fixed; normalised
HCD collision energies=30%; scan range first mass=120 m/z; nor-
malised AGC target = 200%; MaxIT = 45 ms).
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DIA-based mass spectrometry analysis of IPs and global samples
Reconstituted peptides (IPs: CPSF, DiCre, GID7; Global: WT, GID1,
GID2, GID8 and GID9) were separated by reverse-phase liquid chro-
matography on a 15cm C18 fused silica column with an integrated
emitter tip (lonOpticks, ID 75 um, OD 360 um, 1.6 um C18 beads) using
a custom nano-flow HPLC system (Thermo Ultimate 300 RSLC Nano-
LC, PAL systems CTC autosampler). The HPLC was coupled to a tim-
sTOF Pro (Bruker) equipped with a CaptiveSpray source. Peptides were
loaded directly onto the column at a flow rate of 600 nL/min with
buffer A (99.9% Milli-Q water, 0.1% FA) and eluted at 400 nL/min on a
30 min linear analytical gradient of increasing buffer B (90% ACN, 0.1%
FA) from 2 to 34%. The timsTOF Pro (Bruker) was operated in diaPASEF
mode using Compass Hystar 5.1. The settings on the TIMS analyser
were as follows: Lock Duty Cycle to 100% with equal accumulation and
ramp times of 100 ms, and 1/KO Start 0.6 V./cm2 End 1.6 V-s/cm2,
Capillary Voltage 1400V, Dry Gas 3 I/min, Dry Temp 180 °C. The DIA
methods were set up using the instrument firmware (timsTOF control
2.0.18.0) for data-independent isolation of multiple precursor win-
dows within a single TIMS scan. The method included two windows in
each diaPASEF scan, with window placement overlapping the diagonal
scan line for doubly and triply charged peptides in the m/z - ion
mobility plane across 16 x25m/z precursor isolation windows
(resulting in 32 windows) defined from m/z 400 to 1200, with 1Da
overlap, and CID collision energy ramped stepwise from 20eV at
0.8 V-s/cm2 to 59 eV at 1.3 V-s/cm2.

Reconstituted peptides (IPs: WT, HA-tagged and WT, GDI-HA in
WT cells, GD1-HA in GID7KO cells and global proteomics: IGP, GID1,
GID2, GID7) were separated using reverse-phase liquid chromato-
graphy on a 15 cm C18 fused silica column with an integrated emitter
tip (IlonOpticks, ID 75 um, OD 360 um, 1.6 um C18 beads) using a nano-
flow HPLC system (Thermo Ultimate 3000 RSLC Nano-LC) that is
coupled to a Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo
Scientific) using Easy nLC source and electro sprayed directly into the
mass spectrometer. Peptides were loaded directly onto the column ata
flow rate of 600 nL/min with buffer A (99.9% Milli-Q water, 0.1% FA)
and eluted at 400 nL/min on a 30 min linear analytical gradient of
increasing buffer B (90% ACN, 0.1% FA) from 2 to 34%. Data was
acquired in a data-independent (DIA) mode. MS1 spectra were
acquired in the Orbitrap (R=120k; normalised AGC target =300%;
MaxIT = custom; RF Lens =40%; scan range = 375-1500; profile data).
Dynamic exclusion was employed for 30 s, excluding all charge states
for a given precursor. MS2 spectra were collected in the Orbitrap
(R=30k; first mass=120m/z; normalised AGC target=100%;
MaxIT = 54 ms).

Reconstituted peptides (global proteomics: WT, GD1.KO and
IGP2.WT, ADPL) were separated using reverse-phase liquid chroma-
tography on a 15 cm C18 fused silica column with an integrated emitter
tip (IlonOpticks, ID 75um, OD 360 um, 1.6 um CI8 beads) on a Neo
Vanquish HPLC system coupled to a Thermo Fisher Orbitrap Astral.
Peptides were analysed on a 25min linear analytical gradient of
increasing buffer B (80% ACN, 0.1% FA) from 2 to 34%. Data was
acquired in a data-independent (DIA) mode. The MSI settings were as
follows: Orbitrap resolution 240,000; scan range m/z 380-980; AGC
target 500%. The DIA parameters were as follows: isolation window:
custom; HCD collision energy: 25%; scan range: m/z 145-1450; max-
imum injection time: 3 ms; AGC target: 800%.

Data processing and statistical analysis

Raw DDA MS data (IPs: IGP2, GID8 and DiCre.WT, DiCre.W-
T.Rapamycin, HA.DPL and HA.DPL.Rapamycin) were searched using
MaxQuant 2.0.1.0, incorporating the Andromeda search engine’*. The
analysis was conducted against the P. falciparum 3D7 Reference pro-
teome FASTA database obtained from UniProt (October 2021) and a
separate reverse decoy database using a strict trypsin specificity,
allowing up to 2 missed cleavages. The minimum required peptide

length was set to 8 amino acids. Modifications: Carbamidomethylation
of Cys was set as a fixed modification, while N-acetylation of proteins
and oxidation of Met were set as variable modifications. First search
peptide tolerance was set at 20 ppm, and main search set at 20 ppm
(other settings left as default). Maximum peptide mass [Da] was set at
4600. The “match between runs” option in MaxQuant was used to
transfer identifications made between runs based on matching pre-
cursors with high mass accuracy. Peptide-spectrum match and protein
identifications were filtered using a target-decoy approach at an FDR of
1%. Label-free quantification (LFQ) quantification was selected, with a
minimum ratio count of 2. Peptide-spectrum match scores and protein
identifications were filtered using a target-decoy approach at an
FDR of 1%.

Raw DIA data (IPs: CPSF, DiCre, GID7 and WT, HA-tagged and WT,
GD1-HA (in WT cells) and GD1-HA (in GID7KO cells) and global pro-
teomics: WT, GID1, GID2, GIDS, GID9 and IGP, GID1, GID2, GID7) were
analysed using DIA-NN 1.8% in library-free mode. diaPASEF acquired
files were searched against reviewed sequences from P. falciparum 3D7
Reference proteome obtained from Uniprot (October 2021) with the
following settings: trypsin specificity, peptide length of 7-30 residues,
cysteine carbidomethylation as a fixed modification, variable mod-
ifications set to N-terminal protein acetylation and oxidation of
methionine, the maximum number of missed cleavages at 1. Mass
accuracy was set to 10 ppm for both MS1 and MS2 spectra and match
between runs (MBR) enabled, and filtering outputs set at a precursor g-
value <1%.

Raw DIA data (global proteomics: WT, GD1.KO and IGP2.WT,
ADPL) were analysed on Spectronaut version 19.2°¢ using BGS factory
settings of direct DIA analysis. A combined Human and P. falciparum
Uniprot reference proteome (2021) was used for database searching.

All information relating to immuno-precipitation and global pro-
teomics are available in Supplementary Data 6.

Data processing and statistical analysis of IPs

Data processing and statistical analyses were performed in R (v 4.2.0 -
v4.4.0). Protein groups flagged as false hits, contaminants, reverse
sequences, or ‘only identified by site’ were removed. Protein quanti-
tative intensities were log2-transformed prior to downstream proces-
sing. Data quality was assessed by inspecting global log-intensity
distributions, the number of detected precursors and proteins per
sample and the extent and pattern of missing values. Sample-level
structure and potential technical effects were further evaluated using
principal component analysis (PCA) and relative log expression (RLE)
diagnostics. Proteins were then filtered to retain those quantified in at
least 60% of samples within at least one experimental group.

To reduce systematic technical variation, intensities were nor-
malised across samples using cyclic loess normalisation implemented
in limma (v3.60.4). Because the IP control and treated groups exhib-
ited markedly different global abundance profiles, cyclic loess nor-
malisation was performed within experimental groups to avoid
borrowing information across conditions. No missing-value imputa-
tion was performed except for two experiments (IPs: CPSF, DiCre, GID7
and WT, HA-tagged) where missing values were imputed by applying
the Barycenter approach (v2-MNAR) implemented in mslm-
pute (v.1.7.0).

Statistical analyses comprised differential abundance testing
for pairwise contrasts and multi-group comparisons (ANOVA fra-
mework) using limma. For differential analyses, linear models were
fitted and moderated using empirical Bayes shrinkage, and p-values
were adjusted for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR) procedure, with proteins considered
significant at FDR-adjusted p-value<0.05. Visualisations were
generated in R, including volcano plots using ggplot2 (v3.5.1),
heatmaps using pheatmap (v1.0.12), and UpSet plots using Com-
plexUpset (v1.3.3).
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Data processing and statistical analysis of global proteomics
Data processing and statistical analyses were performed in R (v 4.2.1 -
v4.4.2). Proteins lacking proteotypic precursors and those with g-
values > 0.01 were excluded. Protein quantitative intensities were log2-
transformed prior to downstream processing. Data quality was asses-
sed by inspecting global log-intensity distributions, the number of
detected precursors and proteins per sample and the extent and pat-
tern of missing values. Sample-level structure and potential technical
effects were further evaluated using principal component analysis
(PCA) and relative log expression (RLE) diagnostics. Proteins were then
filtered to retain those quantified in at least 60% of samples within at
least one experimental group. To reduce systematic technical varia-
tion, intensities were normalised across samples (please refer to sup-
plementary Data X for the normalisation strategy implemented in
limma). No missing-value imputation was performed for most studies
except for one (WT, GID1, GID2, GID8 and GID9) where missing values
were imputed by applying Barycenter approach (v2-MNAR) imple-
mented in msimpute (v.1.7.0).

Statistical analyses comprised (i) global longitudinal/trajectory
modelling using maSigPro (v1.78.0), where applicable, (ii) unsu-
pervised hierarchical clustering (hclust) to group proteins by similarity
in their longitudinal trajectories over time, and (iii) differential abun-
dance testing for pairwise contrasts and multi-group comparisons
(ANOVA framework) using limma. Statistical analyses comprised dif-
ferential abundance testing for pairwise contrasts and multi-group
comparisons (ANOVA framework) using limma (v3.52.4). For differ-
ential analyses, linear models were fitted and moderated using
empirical Bayes shrinkage, and p-values were adjusted for multiple
testing using the Benjamini-Hochberg false discovery rate (FDR)
procedure, with proteins considered significant at FDR-adjusted p-
value < 0.05. Visualisations were generated in R, including volcano
plots using ggplot2 (v3.5.2), heatmaps using pheatmap (v1.0.12), and
UpSet plots using ComplexUpset (v1.3.3). A barcode enrichment plot
was generated to visualise the distribution of a predefined protein
set along the ranked differential-expression statistic (moderated
t-statistics from limma), with the running enrichment curve computed
using the barcodeplot function implemented in limma.

Protein extraction and digestion of samples for K-GG analysis
Five biological replicates were performed for each parasite line and
condition, with parental iGP2 parasites used as a control. Saponin-
isolated parasites were pelleted and snap frozen. Protein extraction
was performed by adding pre-heated SDC buffer (1% sodium deox-
ycholate (SDC), 10 mM tris(2-carboxyethyl)phosphine (TCEP), 40 mM
chloroacetamide (CAA), 75mM Tris-HCI at pH=8.5) to isolated-
parasite pellets, resuspended and heated at 85°C for 10 min. Sam-
ples were allowed to cool to room temperature before the addition of
universal nuclease (ThermoFisher) and incubated for 5 minutes before
centrifugation, and the clarified lysates were collected. Protein con-
centrations were determined using the BCA assay, and proteins were
digested with trypsin/Lys-C mix overnight at 37 °C with a 1:50 enzyme
to protein ratio. The digestion was stopped by adding three volumes of
1% trifluoroacetic acid (TFA) in isopropanol and loaded onto SDB-RPS
cartridges (Strata™-X-C, 100 mg, Phenomenex Inc.). Columns were
activated and pre-equilibrated with 3 mL of 30% methanol (MeOH)/1%
TFA and washed with 3 mL of 0.2% TFA. Samples were loaded and
washed twice with 3 mL 1% TFA in isopropanol and once with 3 mL 0.2%
TFA/2% acetonitrile (ACN). Peptides were eluted twice with 2 mL of
1.25% ammonium hydroxide (NH,OH)/80% ACN and diluted with water
to a final ACN concentration of 30%. The eluates were snap-frozen in
liquid nitrogen and lyophilised overnight.

Crosslinking of K-GG antibody
The kGG antibody—licensed to Cell Signalling Technology (PTMScan
Ubiquitin Remnant Motif (K-epsilon-GG) Kit #5562) —bound beads

were washed three times with 100 mM sodium tetraborate (pH 9.0)
and then crosslinked for 30 minutes at room temperature with 0.5 mL
of 20 mM dimethylpimelimate in 100 mM sodium borate (pH =9.0).
The cross-linking reaction was then quenched by adding 200 mM
ethanolamine (pH = 8.0) and washed twice before being incubated for
2 h after the addition of 200 mM ethanolamine (pH = 8.0). The beads
were washed three times with IAP buffer (50 mM MOPS, pH 7.2,10 mM
Na,HPO,4, 50 mM NacCl).

K-GG peptide enrichment and LC-MS/MS sample preparation
K-GG peptides were resuspended in 0.5 ml of cold IAP buffer (50 mM
MOPS pH 7.2, 10 mM Na2HPO4, 50 mM NaCl) and incubated with
2.5uL of packed cross-linked K-GG antibody-bead conjugate (corre-
sponding to 31 pg of antibody per sample) for 2 h at 4 °C with end-over-
end rotation. Beads were transferred to glass-fibre filter stage tips and
washed twice with 1 mL of IAP buffer and three times with cold water
via centrifugation between each wash.K-GG peptide. The glass-fibre
filter stage tips were then stacked onto SDB-RPS stage tips. The SDB-
RPS stage tips were preactivated and equilibrated with the addition of
60 pL of isopropanol, 60 uL 80% ACN and 100 uL 0.2% TFA with cen-
trifugation occurring between each addition.

The kGG peptides were eluted off the beads and directly captured
onto the SDB-RPS stage tips via two separate TFA (100 uL of 0.15 %)
elution and centrifugation steps. Peptides were then desalted by
washing the SDB-RPS stage tips with 0.2% TFA/2% ACN, prior to elution
with 60 uL 80% ACN/2.5% NH,OH directly into level 3 SureStart 0.2 mL
mass spectrometry vials (ThermoFisher). Peptides were Speedvac
dried, resuspended in 10 uL of 0.1% FA/ 2% CAN and 4 pL injected into
the mass spectrometer.

LC-MS/MS measurements of k-GG peptides

Peptides were loaded on a 25cm lonOpticks column, which was
maintained at 50 °C using a column oven. A Neo Vanquish UHPLC
system (ThermoFisher) was directly coupled online with the mass
spectrometer (Eclipse ThermoFisher), and peptides were separated
with a binary buffer system of buffer A (0.1% formic acid (FA)) and
buffer B (99.9% acetonitrile plus 0.1% FA), at a flow rate of 400 nL/
minute. The gradient started at 2% B and increased to 34% in 48 min
before increasing to 60% within 5 min and then reaching 90% in 1 min
and held for 5 min prior to returning to 2% and re-equilibrated. The
mass spectrometer was operated in positive polarity mode with a
capillary temperature of 275 °C.

The DIA methods consisted of an MS1 scan (m/z=350-1650) with
an AGC target of 2.6 x10° and a maximum injection time of 60 ms
(R=120,000). DIA scans were acquired at R=30,000, with an AGC
target of 3 x 10, “auto” for injection time and a default charge state of
3. The spectrawere recorded in profile mode, and the stepped collision
energy was 25, 27.5, 30% normalised collision energy. 38 non-uniform
DIA segments were set to achieve an average of 6 data points per peak.

Raw data processing and analysis of k-GG peptides

MS raw files were processed using DIA-NN 1.8.1. Library-free searching
with kGG variable modification enabled with a maximum of two
modifications and two-missed cleavages was performed with the P.
falciparum 3D7 proteome (Uniprot UP000001450), with MBR enabled
and Robust LC quantification.

Precursors were averaged and filtered to retain kGG peptides that
were observed in at least 3/5 biological replicates for at least one
condition. Peptide intensities variance-stabilisation normalised,
imputed using a mixed MLE/MinProb approach and limma differential
expression analysis performed using the DEP R package. Significance
testing of log2-transformed intensities was performed, and Benjamini-
Hochberg corrected p-values <0.01 were considered significant. All
raw data files were uploaded to the PRIDE data repository as
described above.
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Statistical analysis

The computational and statistical analyses were executed using the
specified open-source software tools in conjunction with the outlined
procedures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All biological data associated with this study are available in the Source
data files and Supplementary Information. Biological tools generated
in this study are available from the corresponding authors upon
request. Proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository under
accession code PXD048861. Mini-bulk RNA-seq data have been
deposited in the NCBI-GEO database under accession
GSE314126. Source data are provided in this paper.

Code availability

All scripts used in the processing and analysis of the RNA-seq data are
available  from  https://github.com/WEHISCORE/G000396 _Danu
(Accession ID: https://doi.org/10.5281/zenodo.17957732.
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