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Chapitre 6 : Identification d'un complexe de protéines 
retrouvé à l'appareil de Golgi et important pour le cycle 
érythrocytaire asexué chez Plasmodium falciparum. 
 

6.1 Avant-propos 

Le manuscrit présenté dans ce chapitre est intitulé « Identification of a Golgi apparatus protein 

complex important for the asexual erythrocytic cycle of the malaria parasite Plasmodium 

falciparum »   a été accepté pour publication le 26 mars 2018 dans la revue « Cellular Microbiology » 

(Hallée, S., Thériault, C., Gagnon, D., Kehrer, J., Frischknecht, F., Mair, G. R. & Richard, D. 

Cellular Microbiology e12843 (2018) et dont je suis la première auteure. Cette articles et présenté 

tel que publié. J’ai effectué l’ensemble des expériences réalisées chez Plasmodium falciparum, 

analysé les résultats et écrit le manuscrit. Catherine Thériault a effectué certaines des expériences de 

« pull- down » de GP2 avec GP1. Gunnar R. Mair, Jessica Kehrer et Friedrich Frischknecht ont réalisé 

et analysé les expériences chez Plasmodium berghei. Dave Richard a supervisé le projet et participé 

la rédaction du manuscrit. Gunnar R. Mair a participé à la révision du manuscrit.  
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6.2 Résumé 

Comparativement aux autres types de cellules eucaryotes, les parasites de la malaria semblent 

posséder un appareil de Golgi plus rudimentaire composé d’une seule citerne dispersée en régions cis 

et trans. Bien que jouant un rôle central dans la voie de sécrétion du parasite, peu de protéines 

retrouvées dans l’appareil de Golgi ont été caractérisées chez Plasmodium falciparum. Nous avons 

précédemment identifié une nouvelle protéine résidente de l’appareil de Golgi, exercant une fonction 

inconnue que nous avons nommée  « Golgi Protein 1 ». Dans cet article nous montrons que cette 

dernière forme un complexe avec une protéine transmembranaire jusque-là non caractérisée (« Golgi 

Protein 2», GP2). Ce complexe de protéines de Golgi se localise au cis-Golgi tout au long du cycle 

érythrocytaire et potentiellement aussi lors les stades exprimés chez l’insecte vecteur anophèle. 

L'analyse de souches de parasites où l'expression de GP1 est conditionnellement réprimée et/ou le 

gène GP2 est inactivé, révèle que bien que le complexe « Golgi Protein » ne soit essentiel à aucun 

stade du cycle parasitaire, il semble être important pour le développement asexué lors du stade 

sanguin. 
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6.3 Abstract  

Compared to other eukaryotic cell types, malaria parasites appear to possess a more rudimentary 

Golgi apparatus being composed of dispersed, unstacked cis and trans-cisternae. Despite playing a 

central role in the secretory pathway of the parasite, few Plasmodium Golgi resident proteins have 

been characterized. We had previously identified a new Golgi resident protein of unknown function 

which we had named Golgi Protein 1 and now show that it forms a complex with a previously 

uncharacterized transmembrane protein (Golgi Protein 2, GP2). The Golgi Protein complex localizes 

to the cis-Golgi throughout the erythrocytic cycle and potentially also during the mosquito stages. 

Analysis of parasite strains where GP1 expression is conditionally repressed and/or the GP2 gene is 

inactivated reveals that though the Golgi Protein complex is not essential at any stage of the parasite 

life cycle, it is important for optimal asexual development in the blood stages.   
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6.4 Introduction 

Malaria is one of the most important infectious diseases in the world and despite all the efforts to 

control the disease, the World Health Organization still reported 212 million cases and 429 000 deaths 

in 2015 (WHO, 2016). The deadliest causative agent of malaria, Plasmodium falciparum, is 

transmitted to humans by a mosquito vector and develops within mature red blood cells (Miller et al., 

2002). The development and survival of the parasite inside the erythrocyte requires the remodeling 

of the host cell and the formation of de novo merozoites during the course of a life cycle. Like most 

eukaryotic cell types, the malaria parasite relies on a secretory pathway to traffic newly synthesized 

proteins to various destinations including the secretory organelles such as the rhoptries and 

micronemes, the apicoplast, the digestive vacuole, or to be exported to the red blood cell cytoplasm 

and surface (Waller et al., 2000, Cooke et al., 2004, Kats et al., 2008, Deponte et al., 2012). Proteins 

possessing a signal peptide or a transmembrane domain are translated and co-translocated into the 

endoplasmic reticulum (ER) where their integrity is monitored by quality control mechanisms such 

as the endoplasmic-reticulum-associated protein degradation (ERAD) pathway. Properly folded 

proteins then continue their route through to the Golgi apparatus whilst misfolded proteins are 

translocated back to the cytosol for degradation by the proteasome (Chung et al., 2012, Deponte et 

al., 2012). The Golgi is a key hub of the secretory pathway, and in a typical eukaryotic cell it is 

composed of three functionally distinct compartments: a cis, a medial and a trans-cisterna where 

proteins are sorted and packaged into transport vesicles through interaction with transmembrane 

escorters and adaptor proteins (Becker et al., 1996, Adisa et al., 2007, Richard et al., 2009, Brandizzi 

et al., 2013, Krai et al., 2014). In Plasmodium, the Golgi appears to be more rudimentary being 

composed of dispersed, unstacked cis and trans-cisternae (Adisa et al., 2007, Struck et al., 2008a, 

Struck et al., 2008b). 

Our previous work determined that the P. falciparum Putative Rhoptry Protein 2 (PRP2, 

PF3D7_1320000) resided in the Golgi and not in the rhoptries which led us to rename it Golgi Protein 

1 (GP1) (Tufet-Bayona et al., 2009, Hallee et al., 2015). We here show that GP1 interacts with a 

unique and previously uncharacterized transmembrane protein (PF3D7_1123500) which we have 

named Golgi Protein 2 (GP2). Using a combination of conditional knockdowns and knockouts, we 

show that the protein complex is important but likely not essential for the in vitro asexual erythrocytic 

cycle. Furthermore, we show that inactivating P. berghei GP2 has no impact on the mosquito stages 

and on virulence in mice. 
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6.5 Results 

GP1 interacts with an uncharacterised transmembrane protein  

In order to characterize the role of GP1 in P. falciparum blood stages, we identified interacting 

partners by performing an anti-HA immunoprecipitation (IP) paired with mass spectrometry (MS) 

analysis on the previously described GP1-RFA (regulatable fluorescent affinity) tagged line (Hallee 

et al., 2015). The results revealed several proteins with one candidate standing out with 42 peptides 

identified, an uncharacterized conserved protein PF3D7_1123500 (hereafter named Golgi Protein 2, 

GP2). GP2 was the protein with the second highest number of peptides after GP1 (Table S1). GP2 is 

a transmembrane protein of 1336 amino acids conserved in Plasmodium spp. but with no significant 

homology outside the Plasmodium genus. A BLAST analysis 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) using full length GP2 failed to identify homologous proteins 

in related organisms like Toxoplasma and other apicomplexans (not shown). GP2 is predicted to 

possess a signal peptide and two transmembrane domains at its C-terminal end (Figure S1A).  

GP2 potentially localises to the Golgi apparatus throughout the lifecycle of the malaria parasite  

To characterize GP2 we first endogenously tagged the protein with a triple hemagglutinin (HA) 

epitope by single cross-over recombination. A glucosamine-inducible glmS ribozyme was also 

incorporated within the 3’untranslated region to allow the conditional regulation of the protein (Figure 

S1B) (Prommana et al., 2013). The proper integration of the 3HA-glmS cassette at the GP2 locus was 

verified by Southern blot (Figure S1C) in addition to PCR genotyping (Figure S1Di). Furthermore, 

no wild type allele was detected in the GP2-3HA- glmS tagged line after three Blasticidin drug 

selection cycles (Figure S1C-Dii). 

We also raised GP2 specific antibodies against a synthetic peptide comprising amino acids 259 to 

272. (Figure S2A). A Western Blot performed on mixed-stage parasite protein extracts shows that the 

anti-GP2 serum recognizes a protein at the expected size of around 150 kDa in both P. falciparum 

3D7 parasites and in the GP2-3HA-glmS parasite clone. Furthermore, an anti-HA Western blot 

revealed a single band of the same size in the tagged line only (Figure S2B). We next localized GP2 

in schizont stage parasites by immunofluorescence assay (IFA) using the anti-GP2 and the anti-HA 

on the GP2-3HA-glmS tagged line. Both antibodies exhibited the punctate pattern typical of a Golgi-

resident protein and the important overlap demonstrated that both antibodies can specifically 

recognize GP2 (Figure S2C)(Struck et al., 2005, Struck et al., 2008b). The extensive colocalization 

between GP2 and the cis-Golgi apparatus marker Endoplasmic reticulum Retention Defective 2 

(ERD2) (Elmendorf et al., 1993) confirmed that GP2 resides in the Golgi throughout the blood stages 
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(Figure 1A). This staining pattern was conserved in the rodent malaria parasite P. berghei, where we 

tagged the endogenous locus of the orthologous gene PBANKA_092480 with GFP. The tagged 

protein was also detected in gametocytes, as well as all mosquito stage parasites including the 

ookinete, midgut oocysts, and sporozoites providing evidence for the constitutive expression of GP2 

throughout the life cycle of the parasite (Figure 1B and Figure S3). In addition, the staining pattern 

of PbGP2 in the mosquito stages resembled what was previously described with PbGP1 which 

suggests that they might perhaps also form a complex in this phase of the life cycle (Tufet-Bayona et 

al., 2009). 

To confirm the interaction between GP1 and GP2, we performed an anti-HA IP on GP1-RFA parasites 

and probed with the anti-GP2 antibody. The IP was also done on GP2-3HA-glmS and a 3D7 line as 

positive and negative controls, respectively. A specific 150 kDa band was seen in both tagged lines 

but not in the wild-type control, confirming that GP2 interacts with GP1 in P. falciparum. The 

absence of ERD2 in the IP eluate further suggests that GP2 does not bind in a non-specific way to all 

Golgi proteins (Figure 1C). An IFA on GP1-RFA late stage parasites using anti-HA and anti-GP2 

antibodies showed strong co-localization between both signals which would be expected if GP1 and 

GP2 form a complex (Figure 1D). 

Identification of a GP1 interacting domain in GP2.  

To characterize the GP1-GP2 interaction in more detail, in vitro pull-down assays were performed. 

We first decided to express two large regions situated between the SP and the first transmembrane 

domain of GP2 (fragments A and B) (Figure 2A). The proper expression and purification of GP2 

fragments coupled to the GST tag was validated by SDS-Page and Coomassie staining (Figure S4). 

Incubation of the GP2 fragments with GP1-RFA parasite lysate showed that only the A construct 

corresponding to the region comprising amino acids 239 to 571 was able to interact with GP1 (Figure 

2Bi). The A region was then further subdivided in two parts (C and D) and only the D fragment was 

able to pull down GP1 (Figure 2Bii). Analysis of the secondary structure of this region (corresponding 

to amino acids 438 to 560) using the Jpred4 platform (Drozdetskiy et al., 2015) predicted four α- 

helices followed by one β-sheet (Figure 2A). Based on this information we systematically narrowed 

down the interacting domain to the last two α-helix and the β-sheet of GP2 (AA503 to 555) (Figure 

2Biii). GP1 possesses a signal peptide (SP) and no TM so it is likely found inside the Golgi (Banfield, 

2011). The presence of the GP1 binding domain of GP2 between the SP and the first TM suggests 

that it is also inside the organelle and not facing outside, in the cytoplasm. 

Identification of potential GP1 and GP2 interacting partners  
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To identify interactors of GP2, we performed an IP-MS analysis using the GP2-3HA-glmS line 

together with 3D7 parasites as negative control. Table S2 lists all the potential interacting partners 

with an enrichment of at least 2 fold above the control. As with the GP1-RFA IP, the proteins with 

the highest number of peptides were GP2 and GP1 (67 peptides and 23 peptides identified, 

respectively). To try to identify other proteins putatively interacting with the GP1- GP2 complex, we 

looked at proteins with a least a 2-fold enrichment in both IPs (Table S3). Interestingly, two proteins 

associated with the ERAD pathway were recovered: Ubiquitin- activating enzyme E1 

(PF3D7_1225800, UBA1), and Protein disulfide isomerase (PF3D7_0827900). We also found two 

mitochondrial proteins, one tRNA ligase, one RNA binding protein, a protein involved in nuclear 

export and the enzyme 6-phosphofructokinase. Based on their known functions and subcellular 

localisations, these proteins are unlikely to be true interactors of the GP1-GP2 complex. Finally, the 

merozoite surface protein MSP1 was also identified as a potential interactor. Since MSP1 transits 

through the secretory pathway on its way to the parasite plasma membrane, it could indeed encounter 

the GP protein complex. This might suggest that the GP complex could act as an escort to MSP1 

however the lack of an obvious defect in MSP1 trafficking in parasite lines where the expression of 

GP1 is decreased and of GP2 is completely abolished makes it unlikely (see below). 

Knockdown of GP1 affects in vitro P. falciparum asexual stage parasite growth.  

The inability to inactivate P. berghei GP1 previously suggested that it was essential in the blood 

stages (Tufet-Bayona et al., 2009). To determine whether this was the case in P. falciparum, we 

attempted to knock out the GP1 gene using the newly developed selection- linked integration for 

targeted gene disruption strategy (SLI-TGD). This method provides greatly increased efficiency in 

the selection of parasites with genomic integrations (Birnbaum et al., 2017). Despite numerous 

attempts, we were unable to delete GP1 (data not shown). 

We had previously unsuccessfully tried to conditionally regulate the expression of GP1 by using the 

DHFR destabilization domain (Muralidharan et al., 2011, Hallee et al., 2015) so we decided to switch 

to the glmS ribozyme system and generated a marker-free GP1-3HA-glmS tagged line by using the 

CRISPR-Cas9 technology (Figure S5A) (Ghorbal et al., 2014, Theriault et al., 2017). Proper 

integration of the 3HA-glmS cassette at the 3’end of the GP1 gene was verified by Southern Blot and 

PCR before and after parasite cloning (Figure S5B- C). Anti-HA Western blot on GP1-3HA-glmS 

protein extracts showed a band of around 80 kDa which is smaller than the expected size of 150 kDa 

(Figure S5D). This was also seen with the GP1-RFA strain which led us to speculate that GP1 was 

potentially processed. Incubation of the GP1-3HA-glmS line with glucosamine (GlcN) revealed a 

specific dose dependent decrease in GP1-3HA expression (Figure 3A and B). Of interest, the 
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expression of GP2 was not affected by the down regulation of GP1 (Figure 3A). We next looked at 

the effect of the GP1 KD on parasite growth and saw a mild reduction in parasitaemia of around 30% 

after three cycles (Figure 3C). The absence of an effect of GlcN on the GP1-RFA line control 

demonstrates that the decreased growth observed is not due to a toxic effect of the compound (Figure 

3D). 

Knock out of GP2 affects GP1 levels and negatively impacts in vitro asexual stage parasite 

growth. 

 To explore the role of GP2 in the asexual erythrocytic stages we incubated the GP2-3HA- glmS line 

described above (Figure S1) with increasing concentrations of GlcN resulting in a dose dependent 

decrease in the intensity of the anti-GP2 signal compared to the anti-GAP50 loading control (Figure 

4Ai). Densitometric analysis of the signal intensity showed an almost complete knockdown of the 

GP2-3HA protein at 2.5 mM GlcN (Figure 4Aii). We next performed growth curve analysis in the 

presence or absence of 2.5 mM GlcN and the parasitaemia was monitored every 24 h for 120 h (three 

life cycles) by FACS (Figure 4B). Despite the almost complete absence of GP2-HA, no effect was 

seen on parasite growth when compared to a wild type control suggesting that either GP2 is not 

essential for asexual life cycle progression, or that minimal protein levels are sufficient to perform its 

function. To try to confirm this, we attempted to inactivate the GP2 gene using SLI-TGD (Figure 

S6A). In contrast to GP1, we succeeded in knocking out the GP2 gene which was confirmed by PCR 

detection of the proper integration of the pSLI-TGD-GP2 vector at the GP2 locus and the absence of 

the WT allele (Figure S6B). A Western blot using the anti-GP2 antibody showed that the GP2 protein 

was no longer present in the GP2KO line (Figure S6C). Analysis of the growth of the GP2KO strain 

showed a decrease of around 25% in the parasitemia compared to the 3D7 control (Figure S6D) 

demonstrating that GP2 is not essential but still plays an important role in in vitro asexual growth. 

To test the effect of a simultaneous decrease in both GP1 and GP2 protein expression we tried to 

knock out GP2 in the GP1-3HA-glmS tagged line using SLI-TGD (Figure S7A). Proper integration 

of the vector and disappearance of the WT allele were detected by PCR (Figure S7B) whilst the 

absence of detectable GP2 by Western blot using the anti-GP2 antibody confirmed that we had 

successfully inactivated the GP2 gene in the GP1-3HA-glmS line (Figure S7C). Intriguingly, 

inactivating GP2 led to a decrease of around 75% in the amount of GP1-3HA to even lower levels 

than in the GP1-3HA-glmS knocked down line (i.e. incubated with 2.5 mM GlcN, around 50% 

decrease in GP1-3HA levels) (Figure 5A and B). Knocking down GP1-3HA in the GP2KO/GP1-

3HA-glmS line led to a further reduction in its expression (around 90% reduction compared to 

GP13HA-glmS levels) (Figure 5A and B). Some reduction in the level of GP1-3HA was also 
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observable by IFA though it did not look as extensive as on the Western blots (Figure 5Ci vs iii and 

iv). In addition, the usual punctate fluorescence pattern of GP1-3HA was slightly disrupted in the 

GP2 KO with some small portion of it looking like it remained trapped close to the nucleus, 

potentially in the ER (Figure 5Ci vs iii). By increasing the exposure time to capture more HA signal, 

we saw that the residual punctate pattern still colocalised with ERD2 suggesting that in absence of 

GP2, a significant amount of GP1-3HA was still trafficked to the Golgi (Figure 5D). Interestingly, 

this sort of phenotype is reminiscent, though certainly not as striking, of what was seen with the low 

molecular weight rhoptry protein complex where RAP1 escorts RAP2 to the rhoptries and in absence 

of the former, the latter stays trapped in the ER. Though a decrease in the levels of RAP2 in the 

RAP1KO strain is seen by Western, it is not that striking when looking at IFA images (Baldi et al., 

2000). Globally, these results suggest that GP2 might potentially be required for the optimal 

localization of GP1 to the Golgi apparatus. 

To determine the effect of the absence of GP2 combined with the reduced expression of GP1- 3HA 

on parasite survival, we followed the growth of the parasites over three cycles by FACS. As seen in 

the GP2KO in the 3D7 WT line, inactivating GP2 in the GP1-3HA-glmS line led to a 25% reduction 

in growth (Figure 5E: dark blue curve, KO-GP2-GP1-glmS-0mM vs dark green curve, GP1-3HA-

glmS 0mM), around what we obtained with the GP1 KD line (Figure 5E: light green curve, GP1-

3HA-glmS-2.5mM vs dark green curve, GP1-3HA-glmS 0mM). Decreasing the expression of GP1-

3HA in the GP2 KO line led to an additive effect with a 44% reduction in parasitaemia (Figure 5B: 

light blue curve, KOGP2-GP1-glmS- 2.5mM vs dark green curve, GP1-3HA-glmS 0mM). Globally, 

these data suggest that the GP1-GP2 protein complex is important but perhaps not essential for the in 

vitro erythrocytic cycle of P. falciparum. 

In order to provide insight into the function of the GP1-GP2 complex, we further characterized the 

GP1-3HAKD/GP2KO parasite line. We first followed the evolution in stage distribution of the 

parasites over three growth cycles and did not see any changes (Figure S8A). Next, analysis of the 

invasiveness of purified merozoites showed no deficiency (Figure S8B). Finally, we investigated by 

IFA whether the localisation of different organellar markers was affected in the KD/KO line. Only 

some minor effects were noticeable for the microneme markers AMA1 and EBA175, the inner 

membrane complex protein GAP45 and the merozoite surface protein MSP1 (Figure S9). Globally, 

the lack of any obvious specific defect might suggest that general parasite fitness is affected. 
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Inactivation of P. berghei GP2 reveals that it is dispensable throughout the life cycle.  

To investigate the role of GP2 in the virulence to mice and on the mosquito stage, we inactivated the 

GP2 gene in P. berghei (Figure 6A). The rodent malaria gene deletion mutant infected the mosquito 

vector similar to WT numbers. Infectious sporozoites isolated from salivary glands showed no 

apparent defects in motility (Figure 6B and C) and produced patent mouse infections between days 4 

and 5 (Figure 6D), comparable to the WT strain. This demonstrates that PbGP2 is not required at any 

step of the rodent malaria life cycle. 

In conclusion, we have identified a Plasmodium-specific Golgi protein complex important but likely 

not essential for the in vitro asexual erythrocytic cycle of the human parasite P. falciparum. Moreover, 

we show that P. berghei GP2 is not required for the mosquito stages nor for virulence in a mouse 

model of infection. 
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6.6 Discussion  

Here we report on the identification and characterization of a new protein complex within the malaria 

parasite Golgi apparatus that is important for the P. falciparum asexual blood stages. GP1 was initially 

reported as a putative rhoptry protein in P. berghei (Tufet-Bayona et al., 2009) but we subsequently 

showed that the P. falciparum homologue was in fact residing in the Golgi and not the rhoptries. We 

have now determined that GP1 forms a complex with a unique Plasmodium uncharacterized 

transmembrane protein that we named Golgi Protein 2 (GP2). Recently, GP2 was identified in a 

BioID screen for parasitophorous vacuole proteins (Khosh-Naucke et al., 2017) but the data presented 

here using tagged P. falciparum and P. berghei lines as well as GP2 specific antibodies clearly show 

that it is present in the Golgi. 

The potential interaction of proteins involved in the ERAD pathway with the GP complex is 

interesting as GP1 and GP2 are mostly found in the Golgi and not in the ER where ERAD takes place. 

However, this in itself does not rule out the possibility that they play a role in this pathway as some 

cis-Golgi proteins are known to be involved in ER processes; for example, ERD2 is critical for 

retrograde vesicular trafficking from the Golgi to the ER (Elmendorf et al., 1993, Kulzer et al., 2009). 

The P. falciparum ERAD system has been proposed to be essential and recombinant P. falciparum 

ERAD components have been shown to mediate ubiquitylation in vitro (Chung et al., 2012). It is 

tempting to speculate that the GP complex is also participating in this ER quality control process. Of 

interest, Plasmodium parasites have duplicated several members of the ERAD pathway and 

repurposed them to act as a translocation machinery in the apicoplast (apERAD) (Kalanon et al., 

2009, Spork et al., 2009, Agrawal et al., 2013), an endosymbiont organelle of algal origin (McFadden 

et al., 1996, Kohler et al., 1997). However, none of the apERAD proteins interacted with the GP 

complex during immunoprecipitation. 

Recent work has shown that GP1 is partially similar to the autophagy related protein 2 (Atg2) of 

Saccharomyces cerevisiae (Kitamura et al., 2012). Autophagy is a process whereby cellular material 

such as misfolded proteins are degraded inside the lysosome (Yang et al., 2009). In P. falciparum, 

various roles have been suggested for autophagy proteins (Atg) such as trafficking to the food 

vacuole, organelle expulsion and protein secretion (Hain et al., 2013), and apicoplast inheritance 

(Bansal et al., 2017). Despite the recent interest in Plasmodium autophagy, several Plasmodium Atg 

homologues remain to be identified. In yeast, Atg2 establishes a complex with Atg9 (a 6 

transmembrane domains protein) and Atg18 (a phosphatidylinositol triphosphate binding protein) and 

is involved in the formation of pre- autophagosomal structure during the preliminary step of 
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autophagy (Tanida, 2011, Hain et al., 2013). A homologue of Atg18 has been identified in P. 

falciparum (PF3D7_1012900) and it has recently been shown to be critical for the inheritance of the 

apicoplast (Wang et al., 2016, Bansal et al., 2017). Of note, PfAtg18 was not found in our list of GP1 

interacting proteins. No P. falciparum homologue for Atg9 has been found as of now (Hain et al., 

2013) but the related apicomplexan Toxoplasma gondii does possess a homologue of Atg9 that 

localizes to the Golgi (Nguyen et al., 2017). Since GP2 contains only two predicted transmembrane 

domains, it is unlikely that it would serve a similar function as Atg9. 

The potential association of ERAD components to GP1-GP2 and the homology of GP1 to yeast Atg2 

could suggest a role of the protein complex in the stress response. In T. gondii, no growth defect was 

seen when a TgAtg9 KO strain was grown under nutrient rich conditions (Nguyen et al., 2017) which 

fits with the fact that autophagy is not essential under normal in vitro growth conditions for several 

other eukaryotic cell types (Tsukada et al., 1993). To try to look for a potential involvement of the 

GP1/GP2 complex in ERAD, we looked at the level of protein ubiquitinylation by Western blot and 

also tested the sensitivity of the KD/KO parasites to the ER stressing agent DTT. In both cases, the 

results were highly variable between experiments (results not shown) which precluded us to reach a 

conclusion. Perhaps exposing our GP1KD/GP2KO parasite line to other stressing agents like 

artemisinin would reveal increased sensitivity (Navale et al., 2014). In any case, more work will be 

necessary to investigate the potential link between the GP1-GP2 complex and autophagy and/or the 

ERAD pathway. 

We initially hypothesized that GP2 was anchoring GP1 to the inside of the Golgi membrane and that 

this was required for its function. The fact that we were not able to knockout GP1 but succeeded with 

GP2 is intriguing since our data shows that in absence of GP2, GP1 levels are reduced and a 

significant portion of the protein is potentially mislocalised to the ER. This suggests that only a small 

amount of GP1 is required for proper asexual in vitro growth. This is further supported by the fact 

that GP1KD/GP2KO parasites are still viable though with a close to 50% reduction in parasitaemia. 

The use of a conditional knock out strategy like the recently described DiCre system (Collins et al., 

2013) will be required to determine whether GP1 is truly essential or not and to gain a better 

understanding of its function. 
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6.7 Materials and Methods 

Study approved by the Canadian Blood Services (CBS) research ethics board, project number 

2015.001 and by the CHU de Québec IRB, project number 2015–2230, B14-12-2230, SIRUL 

104595. Written consent was obtained by the CBS for all study participants. All experiments were 

performed in accordance with relevant guidelines and regulations. 

Parasite culture 

P. falciparum 3D7 were maintained in human O+ erythrocytes at a hematocrit of 4% with 0.5% (w/v) 

AlbumaxTM (Invitrogen) in RPMI medium (Life Tech). P. falciparum 3D7 parasite were originally 

obtained from David Walliker at Edinburgh University. Cultures were synchronized by incubation 

with 0.3 M alanine for 10 min (Braun-Breton et al., 1988). 

Cloning and transfection 

All primers used for cloning are listed in Table S1 and all plasmids were sequenced and analyzed 

before transfection. The GP2 recombinant fragments were PCR amplified from P. falciparum gDNA 

and cloned in pGEX-6P3 using BamHI-XhoI restriction enzymes in frame with a GST tag. 

To tag the 3’end of the GP1 gene with the 3HA-glmS cassette, a CRISPR-Cas9 strategy was utilised 

(Zhang et al., 2014). First, the pL7-GP1-3HA-glmS vector was made using the vector pL6-3HA-

glmS-BSD (Theriault et al., 2017). The FL5 fragment corresponding to a 1 kb of the 3’ end of the 

coding region was cloned XhoI-XmaI in frame with the 3HA-glmS cassette. Then the FL3 fragment 

corresponding to the 5’ extremity of the 3’UTR region of GP1 was cloned SacII-SpeI. Finally, the 

gRNA was made by annealing primers fwgRNA-GP1 and revgRNA-GP1 and the resulting gRNA 

was cloned by InFusion (Clontech) (in pL6-FL5- GP1-3HA-glmS-FL3-BSD digested BtgZI. P. 

falciparum 3D7 parasite were transfected with 60 μg of each purified plasmid; pL7-GP1-3HA-glms 

and pUF-CAS9-yDHOD (Promega) (Volz et al., 2016). Transfectants were selected with 2.5 mg/ml 

Blasticidin (Sigma-Aldrich) and 30 nM N-(3-chloro-4-methylphenyl)-5-methyl-2-(trifluoromethyl) 

[1,2,4] triazolo[1,5-a] pyrimidin-7-amine (ChemBridge) (diluted in RPMI) for 6 days then all drugs 

were removed. 

Parasite were then cloned by limiting dilution without drugs and cloned cultures were genotyped by 

PCR (see primer list in Supplementary Table S2) and Southern Blot according to standard procedures. 

To generate the GP2-3HA-glmS line, a fragment of 1049 bp of the 3’ end of GP2 gene was amplified 

without the stop codon on 3D7 P. falciparum genomic DNA. The fragment was then cloned NotI-
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AvrII upstream the 3HA-glmS cassette in p3HA-glmS-BSD, were the hDHFR resistance gene had 

been replaced by the Blasticidin deaminase (BSD) resistance gene (Prommana et al., 2013). P. 

falciparum 3D7 parasite were transfected with 100 μg of purified plasmid DNA (Promega). Integrated 

parasites were selected using 2.5 mg/ml Blasticidin (Sigma-Aldrich) and cloned as previously 

described (Gilberger et al., 2003). 

To attempt the knockout (KO) of GP1 and GP2, we used the recently described selection- linked 

integration for targeted gene disruption (SLI-TGD) strategy (Birnbaum et al., 2017). We generated 

the pSLI-TGD-GP1 vector by amplifying, on 3D7 P. falciparum gDNA, a fragment of 497pb at the 

5’ extremity of the GP1 gene and cloned it into NotI-MluI restriction sites of the pSLI-TGD vector. 

The pSLI-TGD-GP2 construct was obtained by cloning a fragment from nucleotides 55-540 of the 

GP2 gene into pSLI-TGD using Not1- MluI. P. falciparum 3D7 (for GP1 KO and GP2 KO) or GP1-

3HA-glmS (for GP2 KO only) parasites were transfected with 100 μg of purified plasmid and 

parasites were first selected with 10 nM WR99210 (Jacobus Pharmaceuticals) until reappearance and 

then put on 0,25mg/ml G418 (Sigma-Aldrich) in triplicate for 3 weeks. Proper integration of the 

vectors was detected by PCR (see primer list in Supplementary Table 1). 

Southern Blot  

Integration of GP1-3HA-glmS and GP2-3HA-glmS were confirmed by Southern blot according to 

standard procedure. Briefly, gDNA was extracted from parasites using the Blood genomic DNA 

extraction kit (Sigma). For each parasite line, 10 µg of gDNA was digested with PstI-NheI (GP2) or 

HindIII-EcoRI (GP1). Digested DNA fragments were separated on 0.7% (w/v) agarose gel then 

transferred on Hybond N+ membrane (GE) and hybridized with radiolabeled probe. 

Western blot and Immunoprecipitation  

To test the GP2 specific antibody and the 3HA-glmS tagged lines, schizonts of 3D7 P. falciparum, 

GP2-3HA-glmS or GP1-3HA-glmS parasites were extracted using 0.15% saponin and pellets were 

resuspended in SDS protein sample buffer. Proteins were then separated on 7% (w/v) SDS-PAGE gel 

under reducing conditions and transferred to a PVDF membrane (Milipore). The membrane was 

blocked in 4% (w/v) milk in TBS-T. Antibodies used were mouse monoclonal anti-HA 1:2000 

(Cedarlane, clone HA.C5); mouse monoclonal anti-Aldolase 1:1000 (Immunology Consultants Inc., 

MB720); rabbit polyclonal GP2 1:2000 (GL Biochem Shanghai); rabbit polyclonal GAP50 1:2000 

(Jones et al., 2006). Appropriate HRP-coupled secondary antibodies were used and immunoblots 

were developed using ECL (Bio-Rad). 
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To directly verify the GP1 and GP2 interaction, immunoprecipitation followed by Western blot 

analysis was performed. Schizont parasites of GP1-RFA, GP2-3HA-glmS and P. falciparum 3D7 

were isolated with 0.15% saponin and proteins extracted with 1% T-NET buffer (1% TX-100, 50 mM 

Tris pH 7.4, 150 mM NaCl, 5 mM EDTA) with cOmplete protein inhibitor (Roche). Parasite lysates 

were then incubated with anti-HA affinity matrix (Roche) and washed with PBS. Washed beads were 

directly resuspended in sample buffer and analyzed by Western blot using the rabbit polyclonal GP2 

1:2000 (GL Biochem Shanghai) and a rabbit polyclonal anti-ERD2 1:2000 (Elmendorf et al., 1993). 

The specific antibodies were raised against the GP2 peptide DHHDEKGDGHPLEH (amino acids 

259- 272). 

To test the protein regulation with the glmS system, tightly synchronous young rings of GP1- 3HA-

glmS and GP2-3HA-glmS parasites were treated with increasing concentrations of glucosamine 

(GlcN), from 0 mM up to 5 mM. Parasites were harvested in the same cycle at the schizont stage, 

then saponin-lysed and resuspended in SDS protein sample buffer. Membranes were probed with a 

mouse monoclonal anti-HA 1:2000 (Cedarlane, clone HA.C5), rabbit polyclonal GP2 1:2000 (GL 

Biochem Shanghai) and mouse monoclonal anti- Aldolase 1:1000 (Immunology Consultants Inc., 

MB720) as loading control. The intensity of the signal was quantified and compared with the loading 

control using the Fiji software and a dose response curve was fit using Graph Prism v6. 

The effect of the knockout of GP2 on GP1 expression was investigated by incubating GP1- 3HA-

glmS and GP2-KO in GP1-3HA-glmS parasites lines with or without 2.5 mM GlcN for one cycle. 

Schizonts were harvested by 0.15% saponin treatment and parasite pellets directly resuspended in 

sample buffer. Protein expression was analysed by Western blot using anti- HA 1:2000 (Cedarlane, 

clone HA.C5) and mouse monoclonal anti-Aldolase 1:1000 (Immunology Consultants Inc., MB720) 

as loading control. 

Microscopy  

Fluorescence microscopy acquisition was performed as previously described (Hallee et al., 2015) 

using a GE Applied Precision Deltavision Elite microscope with 100x 1.4NA objective and with a 

sCMOS camera and deconvolved with the SoftWorx software. In immunofluorescence assays, 

parasites were fixed on slide using 4% paraformaldehyde (ProSciTech), permeabilized with 0.1% 

Triton-X100 then blocked in 3% bovine serum albumin (BSA fraction V, EMD). The slides were 

then probed with a combination of antibodies: mouse anti-HA 1:1000 (Cedarlane, clone HA.C5); 

rabbit polyclonal GP2 1:2000 (GL Biochem Shanghai); rabbit anti-ERD2 1:1000 (MRA-72) 

(Elmendorf et al., 1993); rabbit anti-Bip 1:500 (Absalon and Dvorin, unpublished), rabbit anti-
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PfEMP1 ATS 1:200 (Maier et al., 2007). Primary antibodies were probed with Alexa Fluo 594 anti-

rabbit IgG or anti-mouse IgG (Molecular Probes) and Alexa Fluor 488 anti-Rabbit IgG or anti-mouse 

IgG (Cell Signaling). Slides were mounted with 4’,6-Diamidino-2-phenylindole dihydrochloride 

(DAPI, Invitrogen, 100ng/ul) in VectaShield (Vector Labs). 

For the GP1 knockdown and GP2 knockout analysis, tightly synchronized parasites were treated at 

the young ring stage with or without 2.5 mM GlcN and parasites were imaged at the schizont stage 

of the same cycle. A panel of antibodies were utilized in combination with the mouse anti-HA 1:1000 

(Cedarlane, clone HA.C5) or rabbit polyclonal anti-HA (Abm, 1:1000): mouse anti-RAP1 (1:3000); 

mouse anti-RON4 (1:2000) (Richard et al., 2010); rabbit anti-AMA1 (1:2000) (Healer et al., 2005); 

mouse anti-EBA175 (MRA711A, 1:500) (Sim et al., 2011)(50); rabbit anti-GAP45 (1:2000) (Jones 

et al., 2006)(51); rabbit anti-MSP1 (1:1000) (Wilson et al., 2011); rabbit anti-SERA5 (1:1000) 

(Stallmach et al., 2015); rabbit anti-ERD2 (1:1000). For mitochondrion analysis, Mitotracker Red 

(Molecular Probes, 10 nM) was used in live imaging combined with DAPI. 

Mass spectrometry analysis 

Briefly 7 x 109 schizonts from the GP1-RFA or GP2-3HA-glmS and P. falciparum 3D7 (control) 

lines were saponin extracted. Parasites were lysed in 1% Triton X-100 buffer with cOmplete protein 

inhibitor cocktails (Roche) then incubated with anti-HA affinity matrix (Roche), spun and then 

washed with PBS. Bound proteins were sent directly for LC-MS/MS analysis. Proteins digestion and 

mass spectrometry experiments were performed by the Proteomics platform of the CHU de Quebec 

Research Center, Quebec, Canada. Briefly, beads were washed 3 times with 50 mM ammonium 

bicarbonate buffer and kept at -20°C until trypsin digestion. Proteins on beads were suspended in 25 

µl 50 mM ammonium bicarbonate and Trypsin (1 µg) was added and sample was incubated overnight 

at 37°C. Trypsin reaction was stopped by acidification with 3% acetonitrile-1% TFA-0.5% acetic 

acid. Beads were removed and the peptides were purified on stage tip (C18) and vacuum dried before 

MS injection. Samples were solubilized into 15 µl of 0.1% formic acid and 5 µl were analyzed by 

MS using a TripleTOF 5600 mass spectrometer fitted with a nanospray III ion source (ABSciex, 

Concord, ON) and coupled to an Agilent 1200 HPLC. 2 ul samples were injected by the Agilent 1200 

autosampler onto a 0.075 mm (internal diameter) self-packed PicoFrit column (New Objective) 

packed with an isopropanol slurry of 5 µm Jupiter C18 (Phenomenex) stationary phase using a 

pressure vessel set at 700 p.s.i. The length of the column was 15 cm. Samples were run using a 65min 

gradient from 5-35% solvent B (solvent A 0.1% formic acid in water; solvent B: 0.1% formic acid in 

acetonitrile) at a flow rate of 300 nl/min. Data was acquired using an ion spray voltage of 2.4kV, 

curtain gaz of 30 PSI, nebulizer gaz of 8 PSI and an interface heater temperature of 125°C. An 
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information- dependent acquisition (IDA) method was set up with the MS survey range set between 

400 amu and 1250 amu (250msec) followed by dependent MS/MS scans with a mass range set 

between 100 and 1800 amu (50m sec) of the 20 most intense ions in the high sensitivity mode with 

2+ to 5+ charge state. Dynamic exclusion was set for a period of 3 sec and a tolerance of 100 ppm. 

Database Searching  

MGF peak list files were created using Protein Pilot version 4.5 software (ABSciex) utilizing the 

Paragon and Progroup algortihms (Shilov). MGF sample files were then analyzed using Mascot 

(Matrix Science, London, UK; version 2.5.1). They were set up to search the PlasmoDB database 

(5542 entries) assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass 

tolerance of 0.10 Da and a parent ion tolerance of 0.10 Da. Oxidation of methionine, deamidation of 

asparagine and glutamine were specified as variable modifications and carbamidomethylation (C) as 

a fixed modification. Two missed cleavages were allowed. 

Criteria for protein identification  

Scaffold (version 4.8.3), Proteome Software Inc., Portland, OR) was used to validate MS/MS based 

peptide and protein identifications. Protein and peptide FDR rate was set to 1% based on decoy 

database searching with a minimum of 1 peptides per protein. Protein probabilities were assigned by 

the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and 

could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. 

Recombinant protein expression and Pull-down assay  

The GP2 protein was divided into 9 fragments based on the secondary structure of the protein (Jpred4; 

Jnet version: 2.3.1; http://www.compbio.dundee.ac.uk/jpred4/index_up.html) (Drozdetskiy et al., 

2015)(19). The GP2 fragments were fused to a GST tag and expressed as recombinant proteins in E. 

coli BL21 and were purified using glutathione-agarose beads (Sigma). Recombinant protein 

expression was confirmed by SDS-PAGE and Coomassie blue staining. For the Pull-down assay, 

parasites of GP1-RFA were resuspended in 1% T-NET with cOmplete protease inhibitor (Roche) 

followed by mild sonication on ice. After an extraction period of 45 min on ice, insoluble material 

was separated by centrifugation. The soluble fraction was incubated with the purified proteins 

coupled to glutathione-agarose beads then washed with wash buffer (20 mM Tris pH 7.4, 150 mM 

NaCl). Washed beads were directly resuspended in sample buffer and analyzed by Western blot using 

the mouse anti-HA 1:2000 (Cedarlane, clone HA.C5) and mouse monoclonal anti-Aldolase 1:1000 

(Immunology Consultants Inc., MB720) as loading control. 
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Growth assay and conditional knockdown analysis  

For the growth assay, parasites were treated with or without 2.5 mM GlcN (Sigma). Parasitaemia was 

set at 0.5% with 4% hematocrit in a 12 well plate and parasite growth was monitored at 24, 72 and 

120 hours post induction. Each condition was done in triplicate. Briefly, at each time point a sample 

was taken and stained with SYBRGold (Invitrogen- Molecular Probe) then fixed with 1% 

paraformaldehyde. Samples were then analyzed by fluorescence activated cell sorting (FACS) using 

a BD FACSCanto and FACSDiva acquisition software and post-analyzed using FlowJo software. 

Uninfected red blood cells were used to determine the threshold for FITC signal. For each sample, 

100000 total events were recorded. The percentage of survival was obtained by normalizing to 

untreated parasites in the same experiment, which were taken as 100% survival. Data were analyzed 

for statistical significance for each time point using two-way ANOVA followed by a Tukey multiple 

comparison test. Experiments were performed in biological triplicate. 

To detect a defect in schizont rupture or a merozoite invasion, the number of schizonts remaining and 

the number of rings produced at 52 h post induction were determined by FACS. The percentage of 

schizonts remaining and the percentage of rings produced were normalized compared to the untreated 

condition. Data were analyzed for statistical significance using Graph Prism V6 and the Kruskal-

Wallis non-parametric with Dunn's multiple comparisons test. Experiments were performed in 

biological triplicate. 

Plasmodium berghei GP2 tagging and gene deletion.  

Animal experiments performed at the University of Heidelberg were approved by the German 

Authorities (Regierungspräsidium Karlsruhe, Germany). For GFP tagging of the endogenous gp2 

allele (PBANK_0924800) a 1040 bp PCR product (primers g3179, g3180) was cloned in frame with 

GFP using EcoRI and BamHI resulting in plasmid pLIS0383. P. berghei schizonts were transfected 

with PacI-linearised plasmid as described and mutants selected with pyrimethamine (Janse et al., 

2006). For gp2 deletion two homologous flanking regions [primers g3177, g3180 (KpnI, HindIII); 

primers g3179, g3180 (EcoRI, BamHI) were cloned either side of the hdhfr selection marker resulting 

in plasmid pLIS0385. The construct was linearised with KpnI and BamHI and transfected as 

described; mutants were selected with pyrimethamine and clonal lines established by limiting dilution 

(Janse et al., 2006). All primer sequences including those used for PCR genotyping are shown in 

Table S1. 
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Oocyst and sporozoite production; transmission experiments.  

Mosquito oocyst and sporozoite numbers were determined through standard infections, allowing 

Anopheles stephensi mosquitoes to blood-feed for 20 minutes on anaesthetised P. berghei-infected 

NMRI mice 3 days post transfer of 20million bloodstage parasites (gp2::gfp or ∆gp2). Isolated 

midguts on days 11-12 were stained with 0,1% mercurochrome and oocyst numbers were then 

determined, sporozoite were isolated between days 17-25. For mosquito to mouse transmission 10k 

wild type or ∆gp2 sporozoites were injected intra-venously into C57Bl6 mice and parasite numbers 

were subsequently determined by counting Giemsa- stained blood smears until day 9. 

P. berghei live microscopy and in vitro gliding motility.  

Live images of gp2::gfp parasites were taken on a Nikon Spinning Disc (100× objective) fluorescence 

microscope. Sporozoite gliding motility assays were recorded on a Zeiss 200M Axiovert widefield 

microscope (25x objective) for 3-5min using a frame rate of 3s (Kehrer et al., 2016, Santos et al., 

2017). Image processing was performed with ImageJ. Speed was determined using the manual 

tracking plugin. 
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6.10 Figures 

 

Figure 1: The GP1-GP2 complex is localized in the Golgi apparatus throughout the asexual 

erythrocytic cycle and potentially the mosquito stages. (A) GP2 colocalizes with the cis-Golgi 

marker ERD2 in all blood stages. (B) PbGP2 is expressed in blood and mosquito stages. Troph.: 

trophozoite. Schiz.: schizont. Gam: Gametocyte. MG: Midgut. SG: Salivary gland. Spz: Sprorozoite. 

(C) Immunoprecipitation using anti-HA beads on GP1-RFA and GP2-3HA-glmS tagged lines results 

in the pull down of GP2 as detected using the specific anti-GP2 antibody. IP: immunoprecipitated 

material (D) IFA performed on GP1- RFA schizont stage parasites shows colocalization between GP1 

(anti-HA, green) and GP2 (anti-GP2, red). Scale bars represent 5 µm.  
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Figure 2: GP1 interacts with GP2 in in vitro pull-down assay. (A) Schematic of the GP2 protein 

showing the different regions produced as recombinant proteins. Secondary structure of the peptide 

is represented above peptide D (helix and sheet). Amino acid positions are indicated below each 

fragment. SP, signal peptide; TM, transmembrane domain; red bar indicates positive interaction with 

GP1; * represents predicted secondary structures for the binding of GP1. (B) In vitro pull-down 

experiment shows that fragments A, D, H and I of GP2 are able to successfully pull down GP1 from 

GP1-RFA parasite lysate. The interaction was detected by Western blot using anti-HA (to detect GP1-

RFA, 150kDa) and anti-Aldolase (40kDa) was used as loading control. Beads attached proteins and 

flow through (control) were loaded. B, proteins bound to beads; FT, flow through.  
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Figure 3: Knockdown of GP1 has a slight effect on asexual erythrocytic cycle proliferation. (A) 

GP1-3HA-glmS expression is regulated in a dose dependent manner when treated with increasing 

concentrations of glucosamine (GlcN). The expression of GP2 is not affected by the down regulation 

of GP1 expression in GP1-3HA-glmS. The anti-HSP70 is used as loading control. (B) Densitometry 

shows the ratio of anti-HA intensity compared to the loading control (anti-HSP70) for each GlcN 

concentrations. (C) Knocking down the expression of GP1-3HA with 2.5 mM GlcN results in an 

around 35% decrease in growth compared to the 0mM control over 3 cycles (116h). (D) Incubation 

of the GP1-RFA line with GlcN shows no effect on growth. N=3. NS=Non significant. P-values: 

****<0.01. Multiple T test with Holm-Sidak method (alpha=5%). 
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Figure 4: Knockdown of GP2 has no effect on asexual blood stage growth. (A) (i) Western blot 

using anti-GP2 shows a dose dependant regulation of GP2-3HA-glmS expression by the glmS system 

with increasing concentration of glucosamine. The anti- GAP50 is used as loading control. (ii) 

Quantification of the signal intensity shows a reduction of almost 100% of the protein expression 

after a treatment with 2.5 mM of glucosamine. (B) The down-regulation of GP2-3HA-glmS with 2.5 

mM GlcN has no effect on parasite survival. The growth curves show no difference between the 

untreated and the treated parasite and this over a period of 3 cycles (116h). GlcN: Glucosamine. 
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Figure 5: Knocking down GP1 and knocking out GP2 in the same parasite line results in 

reduced asexual parasite survival. (A) Knocking out GP2 reduces GP1 levels detectable by Western 

blot. The absence of GP2 combined with the knockdown of GP1 results in the almost complete 

abolition of GP1 expression compared to the knockdown in the glmS tagged line only. The anti-

Aldolase is used as loading control (B) Quantification of the signal intensity shows that the KO GP2 

has a decrease of around 75% of the GP1-3HA levels. Results from one experiment representative of 
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at least 3 biological replicates are shown. (C) IFA showing the reduction of the GP1 signal after 

knockdown induction (ii) compared to the untreated parasites (i) in the GP1-3HA-glmS line. (iii) 

Knocking out GP2 causes the mislocalisation of a portion of GP1-3HA. (iv) Knocking out GP2 and 

knocking down GP1 leads to an almost complete loss of the GP1 signal by IFA. Scale bar represent 

5 µm. (D) IFA showing that the residual punctate pattern of GP1-3HA in the KOGP2 line still 

overlaps with ERD2. Note that the green channel was overexposed to capture more HA signal and 

allow the colocalisation analysis. (E) Growth curve analysis reveals that knocking down GP1 and 

knocking out GP2 results in an additive detrimental effect on parasite survival compared to the 

knockout of GP2 alone or the knockdown of GP1 alone. Abrogation of the expression of these two 

protein results in a decrease of more than 40% of the parasitemia after three cycles. N=4 biological 

replicates. ****= p<0.0001; *= p<0.05; NS=not significant. Two-way ANOVA followed by a Tukey 

multiple comparison test was used. 
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Figure 6: PbGP2 is not essential for the mosquito stages and for virulence in mice. (A) PCR 

genotyping of a P. berghei ?gp2 gene deletion mutant corroborating the integration of knock out 

plasmid pLIS0385 into the PBANKA_0924800 locus. (B) Oocyst infection numbers of ?gp2 (n=38) 

compared with the wild type reference line (n=30). (C) Gliding motility speed of ?gp2 (n=50) and 

wild type parasites (n=39). (D) Infection dynamics determined by injection of 10k ?gp2 or wild type 

salivary gland sporozoites shows no difference in virulence. 
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Figure S1: Generation of the GP2-3HA-glmS tagged line. (A) Schematic representation of the GP2 

protein with two transmembrane domains (TM) and a signal peptide (SP). The tagged line is 

represented with the triple hemagglutinin (HA) and the glucosamine-inductible glmS ribozyme 

(glmS). Amino acid numbers are indicated underneath. (B) Schematic of the knock-in strategy to 

integrate the 3HA-glmS cassette in 3’UTR of the GP2 gene by single crossover homologous 

recombination. Arrows correspond to the position and orientation of the primers used for PCR tests. 

Restriction sites used for the Southern blot experiment and the resulting size of the digested fragments 

are also indicated. Probe used is indicated by a bold line. (C) Southern blot showing the integration 

of the 3HA-glmS cassette and the loss of the band associated with the wildtype allele after three 

Blasticidin selection cycles and parasite cloning. The probe used corresponds to nucleotides 2959 to 

4008 of GP2. (D) PCR confirming the integration of 3HA-glmS at the 3’end of the GP1 endogenous 

locus (i). PCR was performed on parasites from each Blasticidin selection cycle (C1, C2 and C3). P. 

falciparum 3D7 is used as wildtype locus control (ii). Primers used are indicated above with a color 

code referring to the schematic in (B). Note that the whitish shadow on lanes C2 and C3 of D1 is due 

to leftover sticky tape.  
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Figure S2: Generation of a specific antibody against GP2. (A) Schematic representation of the 

GP2 protein. The bar above represents the region recognized by the specific rabbit anti-GP2. Amino 

acid numbers are indicated underneath. (B) Western Blot shows that the anti-GP2 recognizes a single 

band at 150kDa in GP2-3HA-glms and in wildtype 3D7 and the anti-HA recognized GP2-3HA in the 

tagged line only. (C) IFA on GP2-3HA-glms schizont parasites shows extensive overlap between the 

anti-HA signal (green) and the anti-GP2 signal (red). Scale bars represent 5 μm.  
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Figure S3: Tagging of PbGP2 with GFP. PCR genotyping of Pbgp2::gfp parasites corroborating 

the integration of plasmid pLIS0383 into the endogenous locus. (B) Western blot analysis of mixed 

blood stage parasites with anti-GFP revealing a GP2::GFP fusion protein of the correct expected size 

of 163 kDa.  
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Figure S4: GST-GP2 fragments expressed as recombinant proteins. Coomassie-stained gels 

showing the induction and the purification of the recombinant GST-GP2 fragments. The expected 

sizes of the purified recombinant proteins are indicated below each image. For some 

fragments (A, B, C, G), a band at 26kDa likely corresponding to some GST degradation 

product is also observed. NI: non-induced; I: induced; B: purified protein.  
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Figure S5: Generation of the GP1-3HA-glmS tagged line. (A) Schematic of the knock-in strategy 

to integrate the 3HA-glmS cassette in 3’UTR of the GP1 gene by double crossover homologous 

recombination using the CRISPR Cas9 technology. Arrows correspond to the position and orientation 

of the primers used for PCR testing. Restriction sites used for the Southern blot experiment and the 

resulting sizes of the digested fragments are also indicated. Probe used is indicated by a bold line. * 

represents the position of the gRNA at the 3’end of GP1 gene. (B) Southern blot showing the 

integration of the 3HA-glmS cassette and the loss of the band associated with the wild type allele 

before and after parasite cloning. P. falciparum 3D7 gDNA is used as wildtype locus control. The 

probe used corresponds to the FL5 purified PCR fragment used for the cloning process. (C) PCR 

confirming the integration of 3HA-glmS at the 3’end of the GP1 endogenous locus. PCR were 

performed on parasites before and after parasite cloning and on P. falciparum 3D7 gDNA as control. 

Primers used are indicated above with a color code. (D) Western blot showing the expression of GP1-

3HA in the GP1-3HA-glmS tagged line but not in 3D7 (negative control). Expression was detected 

by Western blot using an anti-HA and an anti-GAP50 as loading control.  
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Figure S6: Strategy to knockout GP2 in the GP1-3HA-glmS line. (A) Schematic of the selection-

linked integration (SLI) strategy to knockout (KO) GP2 in 3D7. A region at the 5’ end juxtaposed to 

the signal peptide is used as homologuous region for the integration of the GFP and the selection 

marker by single crossover homologous recombination (light grey). Primers used to test the KO by 

PCR are indicated by colored arrows. Neo: neomycin phosphotransferase resistance gene; *: stop 

codon. (B) PCR analysis showing the integration of GFP-NEO at the GP2 locus with no wildtype 

allele remaining after neomycin selection. (C) Western blot using the anti-GP2 antibody to show the 

absence of GP2 in the KOGP2 line. An anti-aldolase was used as a loading control. D) Growth curve 

analysis showing that knocking out GP2 in the 3D7 WT line results in an around 30% decrease in 

parasitemia over 3 cycles. N=6 biological replicates. ***= p<0.001; Two-way ANOVA followed by 

a Tukey multiple comparison test was used.  
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Figure S7: Knocking out GP2 by SLI-TGD in the GP1-3HA-glmS line. (A) PCR analysis showing 

the integration of GFP-NEO at the GP2 locus with no wildtype allele remaining after neomycin 

selection. We also confirmed that the 3HA-glmS at the 3’ end of GP1 gene was still present by PCR. 

(B) Western blot using an the anti-GP2 antibody to show the absence of GP2 in the KOGP2/GP1-

3HA-glmS line. An anti-aldolase was used as a loading control.  
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Figure S8: GP1 knockdown/GP2 knockout parasites have a normal asexual cycle development 

cycle and no defect in merozoite invasion. (A) The distribution of the different parasite stages after 

3 growth cycles is the same for all conditions tested. N= 4 biological replicates. A Dunnet’s multiple 

comparisons test was used. (B) No significant invasion defect is observed in merozoites with knocked 

down GP1 and knocked out GP2. N=3 biological replicates  
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Figure S9: The effect of the absence of GP1 and GP2 on some organelle markers observed by 

IFA. Immunofluorescence assay on wildtype parasites (GP1-3HA-glmS 0mM GlcN) and on parasites 

lacking both proteins (KO GP2 in GP1-3HA-glmS 2.5mM GlcN). Markers for different parasite 

organelles were tested in combination with an anti-HA. Scale bar=5 μm.  
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Table S3. Proteins identified in both GP1 and GP2 immunoprecipitations  

  

  Identification Accession number 

Proteins of 
interest 

GP1 PF3D7_1320000 

conserved Plasmodium protein, 
unknown function (GP2) 

PF3D7_1123500 

ERAD pathway 
associated 

protein disulfide isomerase (PDI-11) PF3D7_1134100 

ubiquitin-activating enzyme E1 
(UBA1) 

PF3D7_1225800 

Mitochondria 

malate:quinone oxidoreductase, 
putative  

PF3D7_0616800 

ferrodoxin reductase-like protein PF3D7_0720400 

RNA 
glutamine--tRNA ligase, putative   PF3D7_1331700 

RNA binding protein, putative  PF3D7_0605100 

Others 

6-phosphofructokinase (PFK9) PF3D7_0915400 

merozoite surface protein 1 (MSP1)  PF3D7_0930300 

exportin 1, putative  PF3D7_0302900 
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Table S4: List of primers used in this study. 
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