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Abstract
Infection with Plasmodium falciparum parasites results in approximately 627,000 
deaths from malaria annually. Key to the parasite’s success is their ability to invade 
and subsequently grow within human erythrocytes. Parasite proteins involved in par-
asite invasion and proliferation are therefore intrinsically of great interest, as targeting 
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1  |  INTRODUC TION

Plasmodium spp. of the phylum Apicomplexa are the major causative 
agents of malaria disease in humans. In 2019 they were responsi-
ble for approximately 627,000 deaths (WHO, 2021), with the ma-
jority of infections occurring in women and children under 5 years 
old, and over 90% due to infection with Plasmodium falciparum. Key 
factors such as increasing drug resistance to current first-line anti-
malarials have compelled the continued study of the parasite’s biol-
ogy. Parasite-derived proteins which function at multiple life stages 
are a priority for functional investigation as they potentially repre-
sent novel drug targets. Here, we have investigated the function of 
P113 (PF3D7_1420700); a merozoite surface (Galaway et al., 2017) 
and parasitophorous vacuole (PV)-resident protein (Batinovic 
et al., 2017; Elsworth et al., 2016) identified as interacting with the 
invasion-associated ligand Rh5 (Campeotto et al.,  2020; Galaway 
et al., 2017), the Plasmodium Translocon of Exported proteins (PTEX) 
(Elsworth et al., 2016), and PTEX cargo proteins of the SURFIN fam-
ily (Miyazaki et al., 2021).

PTEX, the machinery responsible for exporting proteins across 
the PV membrane (PVM) and into the erythrocyte cytosol (Beck 
et al.,  2014; de Koning-Ward et al.,  2009; Elsworth et al.,  2014; 
Ho et al., 2018) is essential for parasite survival (Beck et al., 2014; 
Elsworth et al., 2014). This parasite-derived machine serves to trans-
port parasite proteins into the erythrocyte, whereupon they per-
form essential functions such as immune evasion, nutrient uptake, 
and likely waste disposal (Counihan et al.,  2021; de Koning-Ward 
et al., 2016; Jonsdottir, Gabriela, et al., 2021). PTEX was originally 
identified in 2009 (de Koning-Ward et al., 2009) and is composed of 
three essential core proteins (EXP2, HSP101, and PTEX150) (Beck 
et al., 2014; Charnaud, Kumarasingha, et al., 2018; de Koning-Ward 

et al.,  2009; Elsworth et al.,  2014; Garten et al.,  2018), and two 
non-essential auxiliary proteins (TRX2 and PTEX88) (Chisholm 
et al.,  2016; de Koning-Ward et al.,  2009; Matthews et al.,  2013; 
Matz et al.,  2013). Within this complex, the N-termini of seven 
EXP2 subunits form a pore through the PVM (Garten et al., 2018; 
Hakamada et al.,  2017; Ho et al.,  2018; Sanders et al.,  2019). The 
remainder of EXP2 projects into the PV space where it binds seven 
subunits of the structural protein PTEX150, which together bind 
six subunits of the AAA+ ATPase HSP101 (Bullen et al., 2012; Ho 
et al.,  2018). HSP101 unfolds proteins prior to extruding them 
through the remainder of PTEX for translocation into the erythro-
cyte compartment (Ho et al., 2018; Matthews et al., 2019). Protein 
unfolding is required for export through PTEX and exported protein 
cargoes fused with a conditionally unfoldable domain have been 
utilised as a tool to trap these proteins at the PVM to study PTEX 
functioning (Charnaud, Jonsdottir, et al., 2018; Gehde et al., 2009; 
Mesen-Ramirez et al., 2016).

Recently an additional complex residing within the PV space has 
been found to interact with PTEX: the exported protein-interacting 
complex (EPIC) (Batinovic et al., 2017; Hakamada et al., 2020; Morita 
et al., 2018). EPIC consists of three proteins, PV1/PV2/EXP3, and has 
been linked to PfEMP1 trafficking across the PVM via an auxiliary in-
teraction with PTEX (Batinovic et al., 2017). Both EPIC and PTEX have 
been shown to interact with P113 via immunoprecipitation studies in P. 
falciparum (Batinovic et al., 2017; Elsworth et al., 2016) suggesting that 
P113 may also play an accessory role in PTEX functioning at the PVM. 
P113 was originally identified in the detergent resistant membrane 
(DRM) proteome of ring stage P. falciparum parasites and was predicted 
to interact with PTEX through its co-migration in the same Blue Native 
PAGE complexes as the essential PTEX component EXP2 (Sanders 
et al., 2005, 2007). This link was strengthened by data demonstrating 

these proteins could provide novel means of therapeutic intervention. One such pro-
tein is P113 which has been reported to be both an invasion protein and an intracel-
lular protein located within the parasitophorous vacuole (PV). The PV is delimited by 
a membrane (PVM) across which a plethora of parasite-specific proteins are exported 
via the Plasmodium Translocon of Exported proteins (PTEX) into the erythrocyte to 
enact various immune evasion functions. To better understand the role of P113 we 
isolated its binding partners from in vitro cultures of P. falciparum. We detected inter-
actions with the protein export machinery (PTEX and exported protein-interacting 
complex) and a variety of proteins that either transit through the PV or reside on the 
parasite plasma membrane. Genetic knockdown or partial deletion of P113 did not 
significantly reduce parasite growth or protein export but did disrupt the morphol-
ogy of the PVM, suggesting that P113 may play a role in maintaining normal PVM 
architecture.
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that P113 co-immunoprecipitates with the PTEX complex (Elsworth 
et al., 2016). Furthermore, recent work has implicated P113 in binding 
SURFIN4.1 mini proteins at the PVM prior to their export via PTEX to 
the infected erythrocyte surface (Miyazaki et al., 2021).

P113 was also detected in DRM fractions of schizont stage par-
asites and the predicted presence of a glycosylphosphatidylinosi-
tol (GPI) membrane anchor at the protein’s C-terminus suggested 
it may also act during merozoite invasion of erythrocytes (Sanders 
et al.,  2005). A recent study that made use of recombinantly ex-
pressed protein proposed that P113 may reside on the surface of 
the extracellular parasite and serve to pass an essential merozoite 
invasion protein, Rh5, to the CyRPA-RIPR complex to facilitate suc-
cessful parasite invasion of erythrocytes (Campeotto et al.,  2020; 
Galaway et al.,  2017). Rh5/RIPR/CyRPA are parasite-specific pro-
teins secreted from the apical secretory organelles of merozoites, 
where they interact with the erythrocyte surface protein basigin to 
facilitate merozoite invasion (Volz et al., 2016; Wong et al., 2019).

P113 orthologues are found in all Plasmodium species sequenced 
thus far, suggestive of a common and conserved function(s). Despite 
this, in the rodent model of malaria, P. berghei, p113 knockout parasites 
are viable indicating the protein is not essential for asexual blood stage 
growth and invasion (Offeddu et al., 2014). The knockout parasites do, 
however, display defects in natural sporozoite transmission, leading to 
delayed patency in infected mice (Offeddu et al., 2014).

Given the important role of PTEX in protein export, understanding 
its molecular interactions will serve to strengthen our understanding 
of parasite biology and virulence. Here we sought to resolve the role 
of P113 throughout the asexual blood stage of P. falciparum parasites. 
We show that P113 localises to internal structures within the invading 
merozoite and following erythrocyte invasion, resides within the PV 
until late in the asexual cycle. Throughout the intraerythrocytic life-
cycle, P113 is present within the PV space where it is likely bound to 
the PPM and extends across the PV space to interact with both PTEX 
and EPIC, as well as proteins destined for export into the erythrocyte. 
Removal of the C-terminal region of P113 causes it to become soluble, 
however, this has no effect on parasite growth, protein export or par-
asite invasion. Similarly, knockdown of P113 has no significant effect 
on parasite growth. However, reducing P113 expression by ~60–80%, 
or truncating the C-terminal region, results in the formation of large 
membranous blebs at the PVM. Overall, these data indicate that P113 
plays a non-essential role in binding proteins within the PV space, and 
that this role is important for maintaining normal PV morphology.

2  |  RESULTS

2.1  |  P113 is expressed throughout the 
erythrocytic lifecycle and resides within the 
parasitophorous vacuole

P113 has a predicted molecular weight of ~112 kDa and its amino 
acid sequence comprises an N-terminal signal peptide, cysteine-rich 
region, central and C-terminal alpha-helical regions and a putative 

C-terminal GPI-anchor attachment signal sequence (Figure 1a). The 
N-terminal cysteine-rich region shows similarity to a rhamnose-
binding lectin, however, it lacks the residues required for lectin bind-
ing (Campeotto et al., 2020). This region could therefore be involved 
in mediating protein–protein interactions. The alpha-helical regions 
are predicted to form coiled-coil regions and may aid in the forma-
tion of putative P113 homo-oligomers (Combet et al., 2000). Peptide 
antibodies (R1220 and R716) made in a previous study (Elsworth 
et al.,  2016) to the N-terminal cysteine-rich region (Figure  1a) are 
used throughout this study.

To investigate the timing of P113 expression, ring, trophozoite, 
and schizont stage 3D7 parasites were harvested and analysed by 
western blot (Figure  1b). P113 migrated at 150 kDa as previously 
described (Elsworth et al.,  2016) and is expressed throughout the 
intraerythrocytic lifecycle, reminiscent of PTEX components EXP2 
and HSP101 (Figure  1b). P113 is predicted to be GPI anchored 
(Sanders et al., 2007) and this is consistent with its presence in the 
carbonate insoluble fraction upon carbonate extraction across the 
intraerythrocytic lifecycle (Figure 1c). Known PVM-associated pro-
tein EXP2 (Bullen et al., 2012; Ho et al., 2018) was used as a control 
for membrane-associated proteins, and HSP70-1 was used as a con-
trol for soluble proteins (Figure 1c, bottom two panels).

To investigate the compartmentalisation of P113 within the 
infected erythrocyte, we completed protease protection assays 
whereby trophozoite stage parasites were treated with either: 
equinatoxin (EQT, to lyse the erythrocyte membrane), equinatoxin 
and saponin (EQT + Sap, to lyse the erythrocyte and PVM) or 
equinatoxin, saponin and TX100 (EQT + Sap +TX100, to lyse all host 
and parasite membranes) in the presence or absence of increasing 
concentrations of proteinase K (PK) to digest the exposed proteins 
(Figure  1d). Consistent with our carbonate extraction data, prote-
ase protection assays demonstrated that P113 is strongly mem-
brane associated and remains in the pellet fraction unless detergent 
(TX100) is used. Furthermore, P113 was protected from degrada-
tion when EQT alone was used, indicating that P113 is not present 
in the erythrocyte. In the presence of EQT and saponin, however, 
P113 was completely degraded upon addition of PK, indicating that 
P113 resides within the PV space (Figure 1d). These samples were 
also probed for the known PVM protein EXP2, which showed the 
same degradation pattern as P113, confirming that the solubilisa-
tion of the compartments had been effective (Figure S1) (Sanders 
et al.,  2019). Human HSP70 was used as an erythrocyte protein 
control and was degraded by PK upon EQT treatment as previously 
reported (Figure S1) (Sanders et al., 2019).

2.2  |  P113 is present in the PV throughout the 
intraerythrocytic cycle

To examine the localisation of P113 in intracellular parasites we cre-
ated a P113 parasite line expressing a C-terminal haemagglutinin (HA) 
epitope tag (P113HA, Figures 2a, S2, Table S1), enabling us to local-
ise P113 with a highly specific HA monoclonal antibody (Figure 2). 
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F I G U R E  1  P113 is expressed throughout the intraerythrocytic lifecycle and is present within the parasitophorous vacuole space. (a) 
Schematic of P113 protein structure. (b) Parasite samples were collected at ring (R), trophozoite (T) and schizont (S) stage and probed with 
protein specific antibodies. P113 is expressed in all stages, as are PTEX proteins (EXP2 and HSP101), while the invasion-associated protein 
Rh5 is only expressed in later stages. HSP70-1 is constitutively expressed. Blots are representative of three independent biological replicates. 
R1220 was used to detect P113 (Elsworth et al., 2016). (c) Parasite samples were collected at ring (R), trophozoite (T) and schizont (S) stage and 
analysed by carbonate extraction assay. P113 is found within the carbonate insoluble fraction, along with the membrane protein EXP2. HSP70-1 
is associated with the PBS soluble fraction as expected. Sup: Supernatant. Pell: Insoluble pellet fraction. Blots are representative of three 
independent biological replicates. R1220 was used to detect P113 (Elsworth et al., 2016). (d) Protease protection assays probed with the P113 
mAb (Elsworth et al., 2016). Equinatoxin (EQT) permeabilises erythrocytes and allows proteinase K (PK) access to the erythrocyte contents. 
EQT + saponin (sap) permeabilises the erythrocyte and the PVM. EQT + sap+TX100 solubilises the erythrocyte, PVM and PPM. P113 is not 
digested by PK in the presence of EQT alone but is completely degraded by PK upon addition of saponin, indicating it resides within the PV 
space. Controls are displayed in Figure S1 and published in (Sanders et al., 2019). R1220 was used to detect P113 (Elsworth et al., 2016)
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F I G U R E  2  P113 colocalises with PTEX components throughout the intraerythrocytic cycle. (a) Cloning strategy used to generate 
P113HA line. The C-terminal third of the gene is flanked by LoxP sites and an HA-epitope tag is inserted upstream of the P113 GPI-anchor 
attachment site. (b) Western blot showing the specificity of the HA and P113 (R1220) (Elsworth et al., 2016) antibodies for detecting P113. 
PV1HA was used as a positive control for the HA antibody and 3D7 as a negative control. Bands of the correct size were detected for 
P113HA and PV1HA. * indicates non-specific bands. (c) Immediately post-invasion in ring stages (i) P113 colocalises with PTEX component 
EXP2 at the PV and maintains this localisation throughout the intraerythrocytic lifecycle in trophozoites (ii) through to early schizonts 
(iii). In mid-schizonts (iv) the PPM but not the PVM begins to invaginate around the developing merozoites. P113 can be detected around 
the nascent merozoites demonstrating P113 localises to the PPM face of PV space. In late stage schizonts (v/vi), P113 is no longer clearly 
present at the PPM as indicated by only partial co-labelling with the PPM marker MSP119. Instead P113 (possibly newly synthesised) appears 
to reside within internal structures, likely nascent secretory organelles. Scale bars: 5 μm. White arrow: PVM bleb. (d–i) immunofluorescence 
assays of merozoites co-labelled with HA (P113HA) and the PPM marker MSP119 (d), the dense granule markers PTEX150 (e) and EXP2 
(f), the rhoptry markers Rh5 (g) and RhopH2 (h) and the microneme marker AMA1 (i). Pearson’s correlation coefficients (r value) were 
calculated for at least 50 cells per antibody and data indicate that P113 most closely localises with the dense granules and rhoptries, and 
not the parasite surface and micronemes. Mean r and standard deviation (SD) are shown for each antibody. Scale bars: 1 μm. (j) IFA of 
invading merozoites analysed by widefield microscopy. RON4 labels the tight junction which forms between the erythrocyte and parasite 
during invasion. P113 is carried into the erythrocyte in internal structures in a manner like that seen for dense-granule-associated PTEX 
components (Riglar et al., 2013). Scale bars: 1 μm



    |  1249BULLEN et al.

(d)

P113HA        MSP119          Merge           Merge

P113HA        EXP2              Merge           Merge

i

ii

iii

iv

v

(c)

vi

P113HA        MSP119          Merge           Merge P113HA        Rh5               Merge           Merge

P113HA       PTEX150      Merge           Merge P113HA        RhopH2        Merge           Merge

P113HA        EXP2             Merge           Merge P113HA        AMA1           Merge           Merge

P113HA        EXP2              Merge           Merge

r= 0.4505 (SD 0.16) r= 0.5568 (SD 0.15)

r= 0.5128 (SD 0.12) r= 0.6019 (SD 0.16)

r= 0.5517 (SD 0.14) r= 0.4981 (SD 0.15)

3D
7

P1
13

HA
PV

1H
A

150

100
75

50

150

HA

P113

Probe
(a)

hDHFR

PbDHFR-3’UTR

p113 gDNA

pP113HALoxP

GPI 

LoxP site
Recodonised P113
Triple HA tag
GPI anchor site

(b)

(e)

(f)

(g)

(h)

(i)

RON4 P113 Merge +DAPI   Merge Phase(j)

*
*



1250  |    BULLEN et al.

The HA sequence was inserted upstream of the putative GPI-anchor 
attachment site to enable detection of the protein following cleav-
age of the putative GPI-anchor signal sequence (Figures  2a, S2a, 
Table S1). Western blotting analysis revealed that the P113HA band 
was, as expected, slightly larger than the endogenous protein when 
probed with the N-terminal P113 antibody (Figure 2b, top panel). The 
same band was also detected with a commercial anti-HA antibody 
indicating that the protein was correctly tagged (Figure 2b). PV1HA 
(Batinovic et al., 2017) was used as a positive control for the HA anti-
body and migrated as expected (Figure 2b). Co-labelling immunofluo-
rescence assays (IFAs) were also completed in the P113HA line with 
the HA and P113 antibody (R716), and resultant data revealed that 
both antibodies label the same regions of the parasite (Figure S2b), 
and therefore the specific HA monoclonal antibody is suitable for 
further microscopic analysis of P113 localisation.

To determine the localisation of P113 during the intraerythrocytic 
lifecycle, IFAs were completed with the P113HA parasite line. These 
data revealed that immediately post-invasion when the parasite is amoe-
boid, P113 is present as discrete puncta that colocalise with PV-resident 
PTEX component EXP2 (Figure 2c,i). P113 labelling was also detected in 
the PV alongside EXP2 in trophozoites and early schizonts (Figure 2c,ii/
iii) but is absent from EXP2-associated PVM blebs (Figure 2c,ii, white 
arrow). The PV is bordered by both the PPM and the PVM, therefore, 
to seek clarity on which membrane P113 was localised to, we examined 
mid-stage schizonts. During this stage, the PPM and the PVM begin to 
separate as individual daughter cells form. P113 can be seen invaginat-
ing around the nascent daughter cells, consistent with it being tethered 
to the PPM during the intraerythrocytic stage (Figure  2c,iv). During 
late stage schizogony (Figure 2c,v/vi), however, this surface expression 
appears to be gradually lost and P113 no longer colocalises with PPM 
marker MSP119 (Figure 2c,vi) and instead is present as diffuse puncta 
dispersed throughout the nascent merozoites. These data suggest that 
P113 is lost from the surface at a late stage of schizogony and newly 
formed P113 is present within nascent merozoites. These data are con-
sistent with previous findings demonstrating that P113 is present in the 
PV until late schizogony (Miyazaki et al., 2021; Yam et al., 2013).

Previous data have suggested that P113 is present on the sur-
face of merozoites (Galaway et al., 2017), however, our IFA analy-
ses of late stage schizonts suggested that P113 is likely no longer 
present at the PPM at this stage. We therefore looked more closely 
at the localisation of P113 in merozoites (Figure 2d–j). Merozoites 
were co-labelled with anti-HA to detect P113HA, and either the 
PPM marker MSP119 (Figure 2d), the dense granule markers EXP2 
and PTEX150 (Figure 2e,f), the rhoptry markers Rh5 and RhopH2 
(Figure 2g,h) or the microneme marker AMA1 (Figure 2i). At least 50 
cells were examined per antibody, and Pearson’s correlation coeffi-
cients were produced (mean r values, Figure 2d–i), where r = 1 indi-
cates complete colocalisation and r = 0 indicates no colocalisation. 
Data generated indicate that P113 shows the least colocalisation 
with MSP119 and therefore does not appear to be on the surface of 
the merozoites. Instead, P113 colocalised most strongly with dense 
granule (Figure  2e,f) and rhoptry (Figure  2h,i) markers, indicating 
that it is likely stored inside internal secretory organelles prior to 

its release into the nascent PV upon invasion (Figure  2c,i). This is 
consistent with previous data demonstrating that P113 colocalises 
with dense granule marker RESA in schizonts (Miyazaki et al., 2021).

During parasite invasion, some proteins are released from the 
secretory organelles (dense granules, rhoptries and micronemes) 
onto the merozoite surface to facilitate parasite invasion. These 
proteins are sequentially shed from the parasite plasma membrane 
as the parasite enters the erythrocyte by moving through a tight-
junction formed between the merozoite and the point of contact 
with the erythrocyte (Weiss et al., 2015). Therefore, if P113 is re-
leased from internal secretory organelles and onto the surface of 
the erythrocyte during invasion, it would be expected to be shed 
from the parasite surface. If this is the case, P113 should not be vis-
ible in the internalised merozoite when probed specifically using the 
antibody generated to its N-terminus. Conversely, if it is maintained 
within the secretory organelles during invasion, it should be visi-
ble within the parasite upon completion of invasion. To investigate 
the localisation of P113 during invasion, invading merozoites were 
imaged by co-labelling with an antibody to the N-terminus of en-
dogenous P113, and a marker of the tight junction, RON4 (Richard 
et al., 2010) (Figure 2j). RON4 sits at the interface between the in-
ternalised merozoite and the erythrocyte membrane. These images 
demonstrate that when the merozoite first contacts the erythrocyte 
and a tight junction is formed (Figure 2j, top panel), P113 labelling is 
behind that of RON4 and appears to be within internal structures. 
As the merozoite invades (Figure 2j, middle panel) this labelling re-
mains inside the merozoite and moves past the tight junction. As the 
parasite completes invasion (Figure 2j, bottom panel) P113 labelling 
remains within the parasite. This suggests that P113 is not cleaved 
from the surface of the parasite during passage through the tight 
junction and therefore is likely not on the parasite surface, in agree-
ment with Figure 2d and previous studies (Miyazaki et al., 2021).

2.3  |  P113 interacts with PTEX and exported cargo

Data presented here indicate that P113 localises to the PV through-
out the intraerythrocytic lifecycle. To investigate its function at 
this location, we therefore completed co-immunoprecipitation 
(co-IP) assays with P113HA and 3D7 control parasites with a view 
to identifying specific interacting partners of P113 (Figure  3a). 
The P113HA line was selected over wild type parasites because 
the antibody to endogenous P113 recognises the N-terminal do-
main (Figure  1a) which is likely responsible for protein binding 
(Campeotto et al.,  2020) and therefore the antibody may not be 
able to bind sufficiently to facilitate detection of interacting pro-
teins. Following co-IP, bound proteins were fractionated by SDS 
PAGE (Figure 3a) and protein bands that were unique or stronger in 
the P113HA co-IP were excised and analysed by mass spectrometry 
(Figure 3a, Tables S3 and S4). Equivalent regions were also excised 
for the 3D7 co-IP. To analyse the data, proteins found in individual 
bands of the 3D7 co-IP were removed from the matched bands 
of the P113 co-IP, unless they were present at >4× (significant 
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peptides) in the corresponding P113 co-IP bands. Resulting P113 
co-IP-specific peptides were then ordered based on protein cover-
age, and anything lower than 5% protein coverage was discarded. 
Proteins were then ordered based on the number of significant pro-
tein sequences and proteins with non-significant protein sequences 
were discarded. This left a small number of proteins which were 
subsequently categorised based on their location within the in-
fected erythrocyte/parasite (Figure 3b, Table S4). From these data, 
P113 accounted for ~12% of all significant sequences demonstrat-
ing that the co-IP worked efficiently. No single protein stood out 
as being the key interacting partner of P113, however, substantial 
amounts of PTEX (~12% of total significant protein sequences) and 
exported proteins destined for the erythrocyte surface (~16% of 
total significant protein sequences) were detected, as well as nu-
merous parasite surface proteins (MSPs, ~ 20% of total significant 
protein sequences) (Figure 3b, Table S4). Since these assays were 
completed on intracellular parasites (mixed stage culture, predomi-
nantly trophozoites and schizonts), the detected MSPs and parasite 
surface proteins are representative of proteins present at the PPM 
in intracellular parasites and not the merozoite surface. Collectively, 
given the distribution of these proteins, these data suggest that 
P113's function may require interaction with proteins both on the 
PPM and the PVM faces of the PV space.

Previous studies have demonstrated an interaction between 
P113 and PTEX (Elsworth et al., 2016), and P113 and an exported, 

trappable SURFIN 4.1 reporter (Miyazaki et al., 2021). In light of our 
co-IP data suggesting that P113 spans the PV space and interacts with 
components of both the PVM and PPM, as well as exported proteins 
known to traffic through PTEX, we decided to probe the proposed 
interactions between P113/PTEX and exported proteins. To do this 
we used a trappable cargo which enables the co-IP of PTEX and its 
interacting partners during protein export. Specifically, we generated 
parasites expressing a fusion protein comprising the first 113 amino 
acids of Hyp1 (PF3D7_0113300) fused to nanoluciferase (Nluc), 
murine dihydrofolate reductase (mDHFR) and a FLAG epitope tag 
(Nluc-TRAP, Figure S2c). The Hyp1 leader sequence ensures the pro-
tein is exported via PTEX, Nluc serves as a bioluminescent reporter, 
and murine DHFR is refractory to protein unfolding upon addition 
of the antifolate compound WR99210 (WR) and thus will cause the 
cargo to become trapped in PTEX (Charnaud, Jonsdottir, et al., 2018; 
Gehde et al., 2009; Mesen-Ramirez et al., 2016). WR is normally toxic 
to wild type parasites, so this construct was transfected into par-
asites expressing a mutated form of human DHFR that is resistant 
to WR (Figure S2d). Ring stage parasites expressing the Nluc-TRAP 
fusion were treated ± 10 nM WR for 16 h and whole infected cells 
were subsequently crosslinked with 2 mM DSP (dithiobis[succin-
imidyl propionate]). Cells were stringently lysed in 1% SDS (sodium 
dodecyl sulphate) to solubilise protein complexes, and lysates were 
diluted to 0.1% SDS prior to FLAG co-IP (Figure 3c). Western blots 
of eluates probed with a range of antibodies revealed that although 

F I G U R E  3  P113 interacts with PVM and PPM components, and trapped PTEX cargo. (a) P113HA and 3D7 trophozoite and schizont-stage 
parasites were used for co-immunoprecipitation assays with anti-HA beads. Bound proteins were eluted and visualised by silver staining. Bands 
specific to the P113 elution but not 3D7 control were analysed by mass spectrometry (labelled 1–11). (b) Data from (a) were pooled and 3D7 
background was removed. Proteins were sorted by protein coverage with a 5% cut-off. Proteins with no significant peptides were removed and 
the remaining proteins were grouped based on their location within the parasite and are shown in the diagram. Numbers in brackets represent 
the number of significant peptides detected for that specific protein. (c) P113-glmS_Nluc-TRAP parasites were treated ± 10 nM WR for 16 h 
to enable trapping of Nluc-TRAP in PTEX. The FLAG epitope tag of the TRAP construct was subsequently used for co-immunoprecipitation 
assays. Bound proteins were analysed by western blotting and revealed that PTEX components (EXP2, HSP101 and PTEX150) all co-
immunoprecipitated with the trapped cargo, as did EPIC component PV1. P113 is strongly enriched in fractions eluted from cargo trapped 
in PTEX indicating it associates with PTEX, EPIC and cargo when they are bound for export. Graph represents mean densitometry of bands 
from three representative co-immunoprecipitation assays with error bars showing ± standard deviation. Values were calculated by setting 
the densitometry of the WR condition for each individual antibody to 1, and then calculating the fold change upon addition of WR. This was 
normalised to the fold change seen for Nluc upon addition of WR. R1220 was used to detect P113 (Elsworth et al., 2016)
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similar amounts of Nluc-TRAP were co-IP’d via the FLAG tag, core 
PTEX components EXP2, HSP101 and PTEX150, and the EPIC com-
ponent PV1 all associated more strongly with the WR-trapped cargo 
(Figure 3c, +WR). Similar results were observed for P113, whereby 
its interaction with the Nluc cargo is enhanced when it is trapped in 
PTEX (Figure 3c, +WR). While these data suggest that P113 interacts 
with exported cargo either directly or through an interaction with the 
rest of the PTEX complex, it is also possible that this binding is due to 
P113 interacting non-specifically with abundant trapped Nluc in its 
vicinity. Despite this, these data do agree with our mass spectrome-
try results and implicate a role for P113 in binding export complexes 
(PTEX and EPIC) and their associated cargo.

2.4  |  Knockdown of P113 does not affect 
protein export

Localisation and co-IP data suggest a role for P113 in protein export. 
To investigate this further, we generated a parasite line in which we 
appended a glmS riboswitch element (Prommana et al., 2013) to the 
C-terminus of p113 (P113-glmS) for conditional knockdown of P113 
(Figure S2d, Table S1). Addition of glucosamine (GlcN) to the P113-
glmS parasites activates the glmS ribozyme activity resulting in self-
cleavage of the messenger RNA (mRNA), loss of the 3′ untranslated 
region (UTR), and subsequent knockdown of protein expression. 
We also transfected an exported Nluc (exNluc) into these parasites 
(Figures  4, S2e) to facilitate quantification of protein export and 
susceptibility to sorbitol lysis, both of which are associated with 
PTEX functioning (Beck et al.,  2014; Elsworth et al.,  2014). The 
P113-glmS_exNluc line and the parental 3D7 parasites containing 
exNluc (3D7_exNluc), were treated for 72 h from ring stage with in-
creasing concentrations of GlcN to monitor the reduction of P113 
(Figure 4a). Western blotting and subsequent densitometric anal-
yses revealed that treatment with 0.5–3 mM GlcN reduced P113 

protein levels by ~60–80% in the P113-glmS_exNluc line but had 
no effect on the 3D7_exNluc control strain (Figure 4a). To inves-
tigate the effect of P113 knockdown on parasite growth, lactate 
dehydrogenase (LDH) activity assays were completed over multi-
ple parasite cycles. Resultant data indicated a slight growth delay 
from cycle 3 onwards (Figure 4b). Specifically, P113-glmS_exNLuc 
parasites noticeably slowed their growth from cycle 3 onwards in a 
GlcN-titratable manner, and by cycle 4 this difference was statisti-
cally significant when compared to the 3D7_exNluc control (3 mM 
GlcN p = .0224, 4 mM GlcN p = .0012, as indicated by an Unpaired 
student’s t test).

We next investigated the role of P113 in protein export and new 
permeability pathway (NPP) activity (sorbitol lysis sensitivity), as 
both activities rely on PTEX functioning (Beck et al., 2014; Elsworth 
et al., 2014). To examine exNluc export across the PVM, we utilised 
the Nluc export assay which quantifiably determines whether a pro-
tein is within the erythrocyte cytosol (exported), within the PV space 
(secreted) or within the parasite (Charnaud, Jonsdottir, et al., 2018; 
Counihan et al., 2017). P113-glmS_exNluc and 3D7_exNluc parasites 
were treated with GlcN for 48 h (trophozoite to trophozoite) to get a 
substantial knockdown of P113 protein levels without slowing down 
the growth of the parasites, to enable direct comparisons between 
export and sorbitol lysis in the P113-glmS_exNluc and the 3D7_ex-
Nluc control line (Figure 4c–e). There was no significant difference 
in Nluc export between the parasite strains at any GlcN concentra-
tion tested (Figure 4c). Furthermore, under the same GlcN treatment 
conditions, export of endogenous skeleton binding protein (SBP1) 
was not affected and the number of SBP1 puncta detected in the in-
fected erythrocyte was not statistically significantly different across 
either of the strains for any treatment condition (Figure 4d), indicat-
ing there was also no change in the number of Maurer’s clefts, key 
hubs for sorting exported proteins.

No difference was observed in sorbitol sensitivity when P113 
was knocked down indicating that the functioning of the NPPs at the 

F I G U R E  4  Conditional knockdown of P113 reveals no defect in bulk protein export or sorbitol lysis sensitivity. (a) P113-glmS_exNluc 
parasites treated for 72 h with increasing concentrations of GlcN display a conditional depletion of P113 specific to the P113-glmS_exNluc 
strain and not the parental 3D7_exNluc strain. EXP2 was used as a loading control. Far right panel depicts level of P113 protein knockdown 
as quantified by densitometry completed on P113 and EXP2 specific bands from three independent experiments. Error bars represent ± 
standard deviation. R1220 was used to detect P113 (Elsworth et al., 2016). (b) LDH assays completed over four cell cycles of GlcN treatment 
reveal that P113-glmS_exNluc but not parental 3D7_exNluc parasites show reduced growth from cell cycle 3. Parasites were treated with 
GlcN at ring stage and cycle 1 represents trophozoites collected the day following treatment initiation. Data represent three biological 
replicates completed in technical triplicate. Unpaired Student’s t tests were completed and found that the growth in Pf113-glmS lines at 
cycle 4, treated with 3 and 4 mM GlcN was significantly less than the growth of 3D7 at these higher concentrations of GlcN (p = .0224 and 
p = .0012 respectively). (c) Export assays completed utilising the exNluc as a marker of protein export demonstrated there was no significant 
difference in protein export between P113-glmS_exNluc and 3D7_exNluc parasites following treatment with GlcN for 48 h. exported Nluc: 
Nanoluciferase exported into the erythrocyte. Secreted Nluc: Nanoluciferase secreted into the PV. Parasite Nluc: Nanoluciferase retained 
inside the parasite. Assays were completed in technical duplicate for three biological replicates. (d) P113-glmS_exNluc and 3D7_exNluc 
parasites were treated for 48 h with 0, 1 or 3 mM GlcN and cells were subsequently analysed by IFA with labelling for Maurer’s cleft protein 
SBP1. Specific SBP1 puncta were counted as a marker of native protein export and data indicate there is no significant difference in 
export of SBP1 in either cell line following treatment with 0, 1 and 3 mM GlcN to knockdown P113. The results are representative of three 
independent biological experiments where at least 50 cells were counted per condition, per experiment. Scale bars: 2 μm. (e) There was 
no difference in the lysis of erythrocytes infected with P113-glmS_exNluc and exNluc trophozoites following treatment with isotonic 5% 
sorbitol following the knockdown of P113 with GlcN. This indicates that knockdown of P113 did not reduce the activity of the NPPs in the 
plasma membrane of infected erythrocytes. Assays were completed in technical triplicate for three biological replicates
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infected erythrocyte surface was not affected by P113 knockdown 
(Figure 4e). Collectively these data demonstrate that P113 knock-
down has no effect on protein export via PTEX, and P113 is not an 
essential component of the protein export machinery.

2.5  |  Truncation of P113 has no effect on parasite 
growth or protein export

Previous research has suggested that P113 needs to be membrane 
associated and on the merozoite surface to function as a binding 
partner for Rh5 (Galaway et al., 2017). Here we sought to investi-
gate the importance of the C-terminal putative GPI-anchor domain 

using the P113HA line (Figure 2a–i). This line contains LoxP sites 
which flank the C-terminal third of the gene, as well as a DiCre 
DNA recombinase. Addition of rapamycin dimerises and activates 
the DiCre recombinase to excise the floxed region, removing the 
putative GPI anchor (Figure  S2a). These parasites were treated 
with rapamycin to excise the C-terminus of P113, however, the 
excision rate was so low, we were unable to detect any specific 
phenotype in the resulting parasite pool. To generate P113 trun-
cation parasites, we therefore treated clonal P113HA ring-stage 
parasites with 0.4  μM rapamycin for 72 h, and then immediately 
cloned the treated pool by limiting dilution. Multiple clones in 
which the C-terminal HA tag had been completely removed were 
generated (Clones A and B). A clone in which gene excision had 
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not occurred (Clone C) was used as a control (Figure 5). Western 
blot analysis revealed that control Clone C retained full length 
P113HA (Figure 5a), while the excised clones expressed a smaller 
N-terminal P113 fragment of the expected size following deletion 
of the C-terminal region detectable by the rabbit P113 antibody 
(Figure 5a). Clones A and B will be referred to as truncated P113 
clones. To confirm that this N-terminal fragment was indeed solu-
ble and therefore possibly non-functional, carbonate extraction 
assays were performed (Figure  5b). In control clone C and 3D7 
parasites, full length P113 partitioned into the carbonate insoluble 
pellet (Figure 5b) as expected (Figure 1c). A slightly smaller product 
in Clone C was detected in the soluble fractions, potentially repre-
senting a breakdown product of full length P113. The N-terminal 
truncation product was mostly PBS soluble, although some was 
also present in the carbonate soluble fraction possibly due to in-
teractions with membrane bound complexes such as PTEX and 
EPIC (Figure 5b). No P113 was detected in the carbonate pellet for 
the truncated Clones A and B, indicating these parasites contain 
mostly soluble, truncated P113 protein which due to a lack of GPI 
anchoring may no longer be fully functional.

To investigate the overall effect of P113 truncation on parasite 
growth, the truncated P113 Clones (A, B) and their control (C), as 
well as a wild type 3D7 parasites, were subjected to multi-cycle 
growth assays (Figure 5c). LDH assays completed each cycle for a 
total of five cycles revealed no difference in growth rate between 
the truncated (Clones A and B) and the control (Clone C) parasites 
(Figure 5c). Expression of soluble, truncated P113 therefore did not 
reduce overall parasite growth.

Next, we sought to investigate the effect of truncating P113 
on protein export. We were unable to transfect the exNluc con-
struct into the P113 truncation lines as they already contained 
multiple resistance cassettes, so we instead investigated the ex-
port of numerous native proteins exported to the erythrocyte 
plasma membrane (PfEMP3 and KAHRP) by IFA (Figure 5d). There 
was no difference in PfEMP3 or KAHRP labelling in P113 trunca-
tion parasites compared to their control, we therefore concluded 
that P113 does not play an essential role in exporting these pro-
teins in vitro.

We also investigated the expression of PfEMP1 on the parasite 
surface, as this is linked to PTEX activity and therefore possibly 
P113. To investigate if truncation of P113 had an effect on PfEMP1 
trafficking, we measured antibody recognition of surface expressed 
PfEMP1 by flow cytometry (Chan et al., 2012) using malaria-exposed 
human samples from Kenyan adults (n = 24) (Figure 5e). P113 trun-
cation Clones A and B were analysed alongside their control clone 
(Clone C), a parental 3D7 parasite line routinely enriched for PfEMP1 
expression, and an SBP1 knockout (KO) line, in which PfEMP1 is not 
surface exposed (Figure 5e). PfEMP1 was still surface expressed in 
truncated P113 parasites (Figure 5e), and while this was at lower lev-
els than the control 3D7 parasites, it was higher than the negative 
control SBP1 KO parasites. These data indicate that surface expres-
sion of PfEMP1, and therefore its trafficking, still occurs when P113 
is truncated.

2.6  |  Knockdown or truncation of P113 does not 
affect parasite invasion of erythrocytes

Previous work completed with recombinant P113 suggested it was 
involved in parasite invasion by binding to the essential invasion li-
gand Rh5 (Galaway et al., 2017). To directly investigate the role of na-
tive P113 in parasite invasion, we completed invasion assays in both 
P113-glmS and P113 truncation parasites (Figure  6). Specifically, 
P113 expression was knocked down in the P113-glmS_exNluc line 
by the addition of GlcN for 48 h and following parasite egress, para-
sites were allowed to invade new erythrocytes over a 4-h window. 
Infected erythrocytes were then washed to remove free merozoites 
and incubated for a further 24 h in the absence of GlcN to facilitate 
parasite growth (Figure 6a). Nanoluciferase activity was measured 
as an indicator of parasite invasion efficiency and no statistically 
significant difference in invasion of P113-glmS_exNluc parasites 
compared to control 3D7_exNluc parasites was detected (Figure 6a). 
Heparin was used as a control and worked as expected, blocking 
parasite invasion (Figure  6a). These data demonstrate that knock-
down of P113 by ~60%–80% had no significant effect on parasite 
invasion in vitro.

We also completed invasion assays in parasites expressing trun-
cated P113. P113 truncation Clones A and B, control Clone C, and 
3D7 control parasites were allowed to invade new erythrocytes over a 
4-h window. Erythrocytes were subsequently washed to remove free 
merozoites and incubated for a further 24 h. Parasitaemia was counted 
and compared to the parasitaemia prior to invasion to calculate fold 
change (a measurement of invasion efficiency) for each parasite line. 
There was no statistically significant difference in the fold change in 
parasitaemia between any of the lines tested, thus full length P113 
does not appear to be essential for parasite invasion in vitro.

2.7  |  Disruption of P113 causes morphological 
disruption of the PVM

Data presented here have shown that P113 is present on the PPM 
of intracellular parasites, and that it interacts with proteins present 
on the PVM (PTEX, EPIC, exported proteins), potentially bridging the 
PV space. Given that P113 does not have an essential role in protein 
export, we looked more closely at the morphology of parasites ex-
pressing truncated or knocked down P113 to glean further insight 
into the protein’s possible function.

Co-labelling IFAs were performed in the P113 truncation mutant 
(Clone A) and control (Clone C) parasites, as well as a 3D7 wild type 
control parasites with antibodies specific to P113 (R716) and EXP2 
as a marker of the parasite periphery. Resultant images revealed that 
the N-terminal portion of P113 expressed in the truncated lines re-
mains partially localised to the parasite periphery, as well as through-
out the parasite cytosol (Figure 7a). It is therefore possible that the 
N-terminal domain retains some P113 function. These IFAs were 
completed on acetone/methanol fixed slides, as this is the optimal 
condition for R716 labelling. We completed additional IFAs with 
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paraformaldehyde/glutaraldehyde fixation as this is optimal for EXP2 
labelling. Samples were probed with antibodies specific to the HA tag 
(full length P113) and the PVM marker EXP2 (Figure 7b). In the control 
cells, EXP2 labelling (green) appears as a ring of puncta around the 
parasite corresponding to the PVM (Figure 7b, Clone C). In parasites 
expressing truncated, soluble P113 (Clones A and B), there were dis-
tinct PVM blebs which were statistically significantly more numerous 

than in the control (Clone A p < .0001, Clone B p < .0001) (Figure 7b). 
These data suggest that instead of playing a role in export through its 
interactions with exported proteins and PTEX/EPIC in the PV space, 
P113 could instead be using these interactions to stabilise the PVM 
against the PPM to maintain PVM integrity.

To investigate if the same phenotype was observed when 
P113 was knocked down, we investigated PVM morphology in the 

F I G U R E  5  Removal of the C-terminal third of P113 does not noticeably reduce parasite growth, and the remaining N-terminal portion 
is predominantly soluble. (a) Western blot of P113HA Clones A, B and C following rapamycin-induced excision of the C-terminal floxed 
region of P113HA. DiCre-mediated truncation of the protein has occurred in Clones A and B, while Clone C contains full length P113HA. 
N-terminal portion of P113 is denoted with *. R1220 was used to detect P113 (Elsworth et al., 2016). (b) Carbonate extraction assays 
completed on P113 truncation and control lines indicate that the N-terminal fragment remaining post-excision is predominantly soluble, 
unlike the full length P113 protein which is strongly membrane associated and found in the carbonate pellet. Sol.; soluble. Pell.; pellet. 
Carb.; carbonate. Controls are shown in Figure 1c. * shows P113 truncation product. R1220 was used to detect P113 (Elsworth et al., 2016). 
(c) Multi-cycle LDH assays completed over five cell cycles reveal there is no growth defect in the clones expressing truncated P113 when 
compared to either 3D7 control parasites, or P113HA control parasites (Clone C). Data represent three biological replicates completed in 
triplicate. (d) Parental control P113HA parasites (Clone C), and P113-truncation lines (Clones A and B) were analysed by IFA for the presence 
of HA (P113HA C-terminus) and the exported proteins PfEMP3 and KAHRP. There were no obvious differences in exported protein 
localisation (PfEMP3 and KAHRP). Scale bar: 5 μm. (e) There is no reduction in bulk PfEMP1 export in truncated P113 parasites compared 
to their parental control. Dashed red line represents background level of PfEMP1 IgG binding in the absence of surface expressed PfEMP1. 
P113 truncation (Clones A and B) and parental lines (Clone C) all express less PfEMP1 on their surface than the 3D7 control, likely due to 
having spent a longer time in culture without knob (PfEMP1) selection. IgG levels are expressed as geometric mean fluorescence intensity 
(MFI). Data represent median and interquartile range (n = 24) for two biological replicates completed in technical duplicate
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P113-glmS_exNluc parasite line (Figure 7c,d). As a control for GlcN 
and WR, parasites expressing a HA-tagged copy of HSP101 and an 
exported Nluc (HSP101HA_Nluc-TRAP) were used. In these par-
asites, HSP101 is tagged with an HA epitope tag, but not a glmS 
riboswitch and therefore addition of GlcN should not affect pro-
tein expression levels. To investigate the PVM morphology in these 
parasites, P113 expression was conditionally knocked down in the 
P113glmS_exNluc line by addition of GlcN. Parasites in which P113 
had been knocked down (+GlcN, bottom two panels) contained sig-
nificantly more PVM blebs than the untreated (-GlcN, top two pan-
els) parasites (Figure 7c). This effect was due to P113 knockdown 
rather than the GlcN alone as there was no difference in the num-
ber of membrane blebs in the GlcN-treated control HSP101HA_
Nluc-TRAP parasites (Figure 7c).

Previous studies have shown that trapping cargo in PTEX at the 
PVM can lead to the appearance of PVM blebs containing trapped 
cargo protein (Charnaud, Jonsdottir, et al.,  2018). To investigate 
what happens to these blebs when P113 is knocked down, we con-
ditionally treated parasites with both GlcN to knockdown P113, and 
WR to trap the exNluc construct in PTEX (Figure  7c, +WR). This 
treatment further increased the number of PVM-associated blebs 
detected in the P113glmS_Nluc-TRAP line but had no effect on the 
HSP101HA_Nluc-TRAP control line, indicating that the effect is due 
to P113 knockdown and not WR or GlcN treatment alone. Analysis 
of these blebs using super-resolution structured illumination micros-
copy (SIM) revealed that they contain deposits of both EXP2 and 
Nluc cargo as has previously been reported for cargo trapped in 
PTEX (Figure 7d).

F I G U R E  6  P113 is not essential for parasite invasion in vitro. (a) P113-glmS_exNluc (P113) and 3D7_exNluc (3D7) parasites were treated 
± 1 mM GlcN for 72 h to knockdown P113 expression and were subsequently used for invasion assays. Nluc activity was used as a marker 
for successful invasion. Heparin (100 μg/ml) was included as a positive control for invasion inhibition. There was no statistically significant 
difference in invasion efficiency between ± GlcN in the 3D7 and P113 lines, whereas the addition of heparin to both lines ± GlcN induced a 
statistically significant reduction in invasion. Error bars represent the standard deviation of two independent biological repeats, each with 
three technical replicates. The lines untreated with GlcN were normalised to 100%. Statistical analysis was performed via one-way ANOVA. 
* indicates p < .05, ** indicates p < .01, **** indicates p < .0001. (b) Erythrocyte invasion assays were completed with P113-truncation clones 
(A, B) where the C-terminal domain has been removed, as well as control lines (Clone C, 3D7). The fold change in parasitaemia following 
invasion was calculated and there was no significant difference detected between each of the clones as determined by unpaired Student’s t 
tests indicating P113 does not play a major role in parasite invasion. Data represent mean from three independent biological replicates. Error 
bars represent standard deviation

Parasite line

GlcN
Heparin

3D
7

3D
7

3D
7

3D
7

- +- +
P11

3
P11

3

- +- +
- + - + - + - +

    

ns ns

*

**
**

****

P11
3

P11
3

-50

0

50

100

150

200

In
va

si
on

 n
or

m
al

is
ed

 to
 -G

lc
N

 (%
)

A B C 3D7
0

1

2

3

Fo
ld

 c
ha

ng
e 

in
 p

ar
as

ite
m

ia

Clone

ns
ns

ns

(a) (b)

F I G U R E  7  Truncation of P113 or conditional knockdown of P113-glmS results in production of membranous blebs, exacerbated by the 
concurrent trapping of cargo. (a) Immunofluorescence analysis of 3D7 wild type, P113HA control (Clone C) and P113 truncation parasites (Clone 
A) was completed with antibodies labelling P113 (R716) and PVM marker EXP2. Images indicate that some truncated P113 is present at the 
parasite periphery, and some is present in the parasite cytosol. BF; brightfield. Scale bar: 5um. (b) Parental control P113HA parasites (Clone C), 
and P113-truncation lines (Clones A, B) were analysed by IFA for the presence of HA (full length P113HA) and EXP2 as a marker of the PVM. In 
the absence of full length P113 (P113-truncation Clones A and B), EXP2 labelling at the PVM revealed significant morphological abnormalities by 
way of increased number of PVM blebs in the truncated P113 clones (unpaired Student’s t-test, ***0.0001). Data based on total cells (A [n = 74], 
B [n = 114], C [n = 131]) from three biological replicates. Scale bar: 5 μm. (c) P113-glmS_Nluc-TRAP and HSP101HA_Nluc-TRAP parasites were 
treated: -GlcN/-WR, -GlcN/+WR, +GlcN/-WR, or + GlcN/+WR to conditionally knockdown P113 (+GlcN) or TRAP Nluc-TRAP (+WR) in PTEX. 
Graphs represent the number of membranous blebs extending from the PVM of single cells as indicated by EXP2 labelling, per parasite line, 
per condition. When P113 was knocked down and the cargo was trapped in PTEX (+GlcN/+WR), the number of blebs significantly increased as 
calculated using an unpaired Student’s t test. **p = .0069, ***p = .0002 ****p < .0001, n.s; not significant. Data represent counts from at least 50 
cells per parasite line per condition from three biological replicates. Scale bar: 1 μm. (d) SIM images of P113-glmS_Nluc-TRAP parasites treated 
+GlcN/+WR. Membranous blebs are shown to contain both EXP2 (red) and trapped Nluc (green). Scale bar: 1 μm
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3  |  DISCUSSION

Data presented here reveal that P113 is a PV-resident protein through-
out the intraerythrocytic lifecycle, extending from the PPM to the 
PVM. P113 interacts with PVM-associated export complexes including 
PTEX and EPIC, as well as a multitude of exported proteins, yet is not 
essential for protein export in vitro. It also interacts with proteins on 
the PPM during the intraerythrocytic cycle, however, it is not essential 

for parasite invasion in vitro as determined by protein knockdown and 
protein truncation. Instead, P113 appears to play a role in maintaining 
PVM architecture during the intraerythrocytic lifecycle.

Previous data utilising the AVEXIS (avidity-based extracellu-
lar interaction screening) system and recombinantly expressed 
P113 implicated a role for P113 as a membrane-bound anchor for 
the essential invasion ligand Rh5 during parasite invasion (Galaway 
et al.,  2017). Here, fluorescence imaging of merozoites did not 
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detect an obvious pool of P113 on the merozoite surface, and in-
stead detected P113 most strongly within internal structures both 
in free merozoites, and in invading merozoites. To determine if P113 
might have a role in invasion we generated a parasite strain where 
the membrane-anchoring portion of the protein was removed (trun-
cated P113), rendering P113 soluble. These parasites had no invasion 
defect and replicated like wild type parasites. Furthermore, knock-
down of P113-glmS did not appear to reduce invasion and therefore 
the data collectively suggest that P113 does not play an important 
role during invasion in vitro. We did not specifically investigate the 
interaction of P113 with Rh5 in late stage parasites but the fact that 
in younger parasites P113 appeared to interact with many proteins, 
does not preclude that P113 might bind to Rh5 during invasion, how-
ever, this interaction would likely not be essential for invasion itself.

Co-immunoprecipitation of P113 and subsequent mass-
spectrometry based analyses revealed that P113 does not have a sin-
gle, prominent binding partner and instead co-purifies a wide array of 
proteins found within the PV space on both the PPM and PVM sides. 
Here we found P113 to interact with both PTEX and EPIC as has been 
shown previously (Batinovic et al., 2017; Elsworth et al., 2016), as well 
as a large pool of exported proteins, which are predominantly destined 
for export to the erythrocyte surface. From co-IP western blot analy-
ses, P113 appears to interact most strongly with exported cargo during 
protein export, that is, when the cargo is within PTEX, which is con-
sistent with our proposed role of P113 interacting with components 
located on the PVM to maintain PVM morphology. It should be noted, 
however, that due to the abundance of the trapped reporter in the PV 
space, and the apparent ability of P113 to bind a wide array of pro-
teins, it is possible that these data are reflective of the ‘sticky’ nature 
of P113 and are possibly not indicative of a specific PTEX-binding role. 
Indeed, knockdown of P113 has no effect on protein export, thus any 
binding between P113 and exported cargo is not likely to be essential 
for parasite survival. Furthermore, while numerous proteins from the 
PPM were detected in abundance in our co-IP assays, it is not likely 
that P113 has specific binding sites for each of these proteins. It is more 
likely that P113 binds these proteins via its lectin-like N-terminal do-
main (Campeotto et al.,  2020). Interestingly, within these assays we 
detected substantial amounts of MSPs. This is consistent with our 
IFA data that show that in mid-schizonts, P113 localises to the PPM 
which is also where MSPs localise. Rhoptry proteins also represented 
a substantial proportion of significant peptides detected in our co-IP 
analyses and again this is concordant with our IFA data, which shows 
that in late stage schizonts, nascent P113 appears within intracellular 
puncta which are likely to represent nascent secretory organelles such 
as rhoptries and dense granules. Rh5 protein sequences were detected, 
however, they were not significant (four protein sequences, Table S2). 
Collectively our co-IP data are consistent with P113 being anchored in 
the PPM and extending across the PV to provide stability to the PVM. 
Such a role is not unheard of in Apicomplexan parasites. In T. gondii the 
invasion motor protein GAP45 has been found to bridge the PPM and 
outer leaflet of the inner membrane complex to bind the actin-myosin 
motor, while maintaining the regular spacing of the two membranes 
and thus enabling effective actin-myosin motor functioning (Frenal 

et al., 2010). We propose that P113 plays a similar role to GAP45, but in 
maintaining the architecture of the PVM.

Truncation of P113 to a form that is no longer membrane as-
sociated had a significant effect on PVM morphology, however, 
this disruption had no effect on parasite growth in vitro, nor did it 
effect bulk export of proteins into the erythrocyte. We detected 
a similar effect on the PVM when P113 expression was condition-
ally knocked down (Figure 4). P113 knockdown for four cell cycles 
moderately reduced parasite growth, suggesting that disruption of 
the PVM morphology may reduce the fitness of parasites possibly 
through reducing the efficiency of protein export through PTEX 
(Beck et al., 2014; Elsworth et al., 2014), or the uptake of nutrients 
across the PVM (Garten et al., 2018). In vitro, perturbation of the rate 
of protein export would not necessarily be highly detrimental to the 
parasite, as most exported proteins are involved in immune evasion 
and therefore not essential for parasite growth in vitro (Jonsdottir, 
Gabriela, et al., 2021; Maier et al., 2008).

Attempts were made to fully disrupt p113 with a drug selection 
marker to generate a KO line in vitro, however, these attempts were un-
successful. This does not prove essentiality, however, it does suggest 
that we may not be able to generate a complete gene KO in vitro. This 
is consistent with mutagenesis studies whereby only the C-terminal 
portion of P113 could be interrupted, leaving the N-terminus intact 
(Zhang et al., 2018). IFA analyses presented here indicate that the N-
terminal truncated portion of P113 does appear to reside both within 
the PV and the parasite cytoplasm (Figure  7a) and could therefore 
maintain some P113 function. Conversely, p113 has been knocked out 
in vivo in P. berghei (Offeddu et al., 2014), the mouse model of malaria. 
These P113 KO parasites demonstrate reduced sporozoite to liver 
stage conversion, resulting in reduced merozoite output and a delay to 
patency (Offeddu et al., 2014). This could be a result of morphological 
perturbation of the PVM caused by the absence of P113.

The identification of membranous blebs at the PVM associated 
with P113 perturbation supports previous observations that disruption 
of normal PV protein expression disrupts PVM morphology (Charnaud, 
Jonsdottir, et al., 2018; Garten et al., 2018; Mesen-Ramirez et al., 2019). 
Specific stressors such as trapping protein cargo in PTEX (Charnaud, 
Jonsdottir, et al., 2018) and conditional knock out of PVM resident pro-
tein EXP1(Nessel et al., 2020), can also lead to the production of these 
structures. The relative contribution of P113 is yet to be determined 
under each of these conditions, however, our data indicate that trapping 
cargo in PTEX (+WR) following reduction of P113 (+GlcN) significantly 
enhanced the formation of these blebs (p < .0001) when compared to 
parasites in which cargo was trapped (+WR) but P113 expression was 
not altered (-GlcN). Furthermore, in the absence of its membrane an-
choring domain, P113 functioning appears to be compromised and the 
normal PVM morphology where the PVM and PPM are held in close 
apposition cannot be maintained (Garten et al.,  2020). It is possible 
therefore that the role played by P113 in maintaining PVM architecture 
is linked to other processes at the PVM, however, further investigations 
are required to elucidate what precisely these functions may be.

Overall, these data shed light on the role of P113 at the PVM 
in intracellular parasites and expand the current field of knowledge 
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relating to the formation of PVM blebs. Further study in this field 
may ultimately find common links between key players at the PVM 
and reveal novel mechanisms to be targeted for intervention.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Immunofluorescence assays

To capture invading merozoites (Figure 2), samples were prepared as 
outlined previously (Riglar et al., 2013). For all other IFAs, cells were 
placed on poly-L-lysine coated coverslips in 24-well plates in filtered 
PBS and allowed to settle on the coverslip. PBS was subsequently 
removed and replaced with 4% paraformaldehyde/0.0075% glutar-
aldehyde in PBS (20 min/room temperature [RT]). Cells were subse-
quently quenched and permeabilised in 0.1 M glycine pH 7 and 0.02% 
Triton-X 100 (TX100, Sigma-Aldrich). Following removal of glycine, 
cells were incubated in blocking buffer (1% casein (Sigma-Aldrich) or 
3% bovine serum albumin (BSA, Sigma-Aldrich)), containing 0.02% 
TX100, in filtered PBS). Primary antibodies (1:500) were subsequently 
incubated in blocking buffer overnight at 4°C. Following three washes 
in PBS, AlexaFluor 488 or 594 goat anti-rabbit or mouse secondary 
antibodies were diluted at 1:3000 in blocking buffer and incubated 
for 1 h in the dark. Following three further washes with PBS, cover-
slips were either post-fixed in 4% paraformaldehyde/0.0075% gluta-
raldehyde in PBS (5 min), quenched with 0.1 M glycine (10 min) and 
washed twice with PBS before mounting, or mounted directly onto 
slides with VectaShield (Vector Laboratories) containing 0.1 ng/μl 
4′,6–diamidino-2-phenylindole (DAPI, Invitrogen). Images were taken 
with either a Zeiss Axio Observer Z1 inverted widefield microscope, 
or a Nikon Structured Illumination Microscope and processed and 
analysed with Fiji software. For analysis of merozoites, Z-Stacks were 
deconvolved and cropped (3 × 3 μm) in ImageJ, maximum Z-projections 
were generated through the cell for each cropped Z-stack and sepa-
rate (not deconvolved) reference differential interference contrast 
(DIC) images were aligned, cropped and merged with maximum Z-
projections to produce merged fluorescence/DIC images. Pearson’s 
correlation coefficients were used to measure colocalisation of two 
antibodies using ImageJ software. An r value of 1 represents complete 
colocalisation and an r value of 0 represents no colocalisation. Analysis 
was done on raw images and the same exposure settings were main-
tained for each experiment. Antibodies listed in Table S2.

4.2  |  Protease protection assays

Protease protection assays were completed as outlined in (Sanders 
et al.,  2019) and the same Homo sapiens HSP70 (HsHSP70) and 
EXP2 mAb controls were used. Briefly, magnet purified trophozoites 
(24–30 h post-infection [hpi]) were pelleted prior to resuspension in 
un-supplemented RPMI-HEPES. Pellet was split into 12 equal frac-
tions and re-pelleted prior to removal of RPMI-HEPES. Four tubes 
were subsequently treated with recombinant EQT, four tubes were 

treated with EQT and 0.03% saponin; and the remaining four tubes 
were treated with EQT and 0.25% TX100. Following incubation at RT 
for 10 min, PK was added to various final concentrations; 0, 1, 5 and 
20 μg/ml and incubated for 15 min at 37°C. Reaction was stopped by 
addition of 200 μl of Complete Protease Inhibitor Cocktail (PI, Roche) 
containing 1 mM PMSF. Following centrifugation, pellet material was 
separated from supernatant which was subsequently concentrated 
using Centricon concentrator columns. Samples were analysed by 
western blotting. Antibodies listed in Table S2.

4.3  |  Multi-cycle lactate dehydrogenase activity 
(LDH) assays

Lactate dehydrogenase activity was measured to determine para-
site biomass as described previously (Makler et al.,  1993). Briefly, 
ring-stage parasites were synchronised and adjusted to 2% haema-
tocrit and 0.3% parasitaemia with increasing concentrations of GlcN 
(0–3 mM). The next day when the parasites were trophozoites, sam-
ples of each GlcN treatment were taken (cycle one) and stored at 
−80°C. The remainder of the cells were allowed to continue growing 
and samples removed every 48 h for four cycles. Following stand-
ard LDH assay (Makler et al., 1993), absorbance was measured with 
a plate reader at 560 nm (Thermo Scientific Fisher Inc.). Data pre-
sented represents three (glmS assays) or five (LoxP assays) biological 
replicates completed in technical triplicate.

4.4  |  Export assays

Performed and calculated as in (Counihan et al., 2017). Briefly, syn-
chronous P113-glmS_exNluc or 3D7_exNluc parasites expressing 
exported Nluc (Azevedo et al.,  2014) were treated with 0–3 mM 
GlcN at trophozoite stage (~24–36 hpi) for 48 h. Infected erythro-
cytes were subsequently transferred to a 96-well plate with GlcN 
levels maintained and cells at 1% haematocrit, 1% parasitaemia. 
Background luminescence and possible quenching of Nluc signal in 
the various buffers was controlled for by addition of a series of wells 
containing only wild type parasite-infected erythrocytes spiked with 
recombinant Nluc (1 ng/μl). Standard export assays were completed 
as previously described (Counihan et al., 2017). Two technical repli-
cates were completed for each of three biological replicates and data 
were analysed as outlined in (Counihan et al., 2017).

4.5  |  Sorbitol lysis assays

Performed and analysed as in (Counihan et al., 2017). Briefly, P113-
glmS_exNluc or 3D7_exNluc parasites expressing exported Nluc 
(Azevedo et al., 2014) were treated with 0–3 mM GlcN at trophozoite 
stage (~24–36 hpi) for 48 h. After washing the parasites in 2×PBS, 10 μl 
at 1% haematocrit was dispensed in triplicate into a Greiner Lumitrac 
96-well microplate and loaded into a Clariostar luminometer (BMG 
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labtech). To each well, either 40 μl PBS (control) or 40 μl of sorbitol 
lysis buffer containing NanoGlo substrate (280 mM sorbitol, 20 mM 
Na-HEPES, 0.1 mg/ml BSA, pH 7.4, Nano-Glo™ [1:1000 dilution]) was 
added and the relative light units (RLU) measured every 3 min with 
gain set to 2500. Data were analysed using Prism GraphPad software. 
Data shown represent three biological replicates completed in techni-
cal triplicate.

4.6  |  Cargo-trapping in P113-glmS_Nluc-TRAP

P113-glmS_Nluc-TRAP and HSP101HA_Nluc-TRAP parasites were 
sorbitol synchronised and the following day at trophozoites, were 
treated with either 0 mM or 1 mM GlcN. The following day when par-
asites were rings, they were further treated ± 10 nM WR keeping the 
GlcN concentrations constant. Parasites were allowed to grow for 
another 16 h to facilitate the trapping of Nluc-TRAP in WR-treated 
samples and were subsequently fixed and prepared for IFAs as out-
lined above. Primary antibodies included rabbit anti-Nluc (1:1000) 
and mouse anti-EXP2 (1:1000) as listed in Table S2.

4.7  |  Cargo-trapping immunoprecipitation assays

P113-glmS_Nluc-TRAP parasites were grown to ring stage and syn-
chronised by standard sorbitol synchronisation. Parasites were split 
into two equal fractions and treated ± 10 nM WR overnight (16–20 h 
treatment to facilitate cargo trapping). Parasites were subsequently 
crosslinked and whole infected cells were used as input for the im-
munoprecipitation (to ensure equal Nluc-TRAP input per condition). 
To crosslink parasites, infected erythrocytes pellets (~1 ml) were re-
suspended in 10  ml PBS containing 2 mM DSP (Sigma-Aldrich) and 
crosslinking performed as described previously (Bullen et al.,  2012). 
Crosslinked pellets were subsequently resuspended in 1 ml 1% SDS 
at RT for 1 h. Insoluble material was removed by pelleting, lysate was 
transferred to 10 ml tubes and diluted to 0.1% SDS by addition of 9 ml 
PBS with PI. Anti-FLAG M2 affinity gel (Merck) was washed three 
times in 0.5% TX100 in PBS prior to addition to lysate overnight at 
4°C. Following binding, FLAG gel was pelleted and unbound material 
removed. Gel was washed three times in 0.5% TX100 in MicroBioSpin 
columns (BioRad) and bound proteins were eluted in 80 μl NRSB. Prior 
to western blotting, crosslinker was reduced by boiling the samples in 
200 μM DTT at 80°C for 4 h prior to loading 40 μl per sample on 4–
12% bis-tris gels as described above. Resultant blots were probed as 
outlined in individual panels. Antibodies listed in Table S2.

4.8  |  P113HA immunoprecipitation assays

Mixed stage P113HA and 3D7 parasites were harvested by saponin 
lysis, resuspended in 20× pellet volume lysis buffer (0.5% TX100 in 
PBS with PI) and incubated at RT for 1 h. Insoluble material was pel-
leted, and sample collected as input. Anti-HA agarose (Sigma Aldrich) 

was added to lysate and incubated overnight at 4°C. Following bind-
ing, agarose was pelleted (1000 g for 1 min) and unbound material 
was removed. Agarose was washed 4× in 1 ml 0.5% TX100 in PBS 
with PI to remove remaining unbound fraction. Bound proteins were 
eluted by addition of 2× NRSB and subsequently electrophoresed 
as described above. Eluted proteins were visualised with the Pierce 
silver stain kit, mass spectrometry grade (Thermo Fisher) as per 
manufacturer’s instructions. Bands specific to P113HALoxP were 
excised and gel slices were reduced with 10 mM tris(2-carboxyethyl)
phosphine (TCEP) in 50 mM triethylammonium bicarbonate 
(TEAB) at 55°C for 45 min and then washed 3× 1 ml 50 mM TEAB 
for 15 min. Samples were subsequently alkylated with 55 mM io-
doacetamide (IAM) in 50 mM TEAB for 30 min at RT then washed 
3× 1 ml for 15 min in 25 mM TEAB prior to the addition of 80 μl of 
mass spectrometry grade Trypsin (Pierce) at 4 μg/μl overnight at 
37°C. Digested peptides were acidified to a final concentration of 
1% trifluoroacetic acid and bound to C18 resin, washed and eluted. 
Eluents were concentrated down to 20 μl in a speed vacuum centri-
fuge. Peptide concentration was determined by BCA protein assay 
(Thermo Fisher) and adjusted to a final concentration of 0.5 μg/μl 
with 0.1% trifluoroacetic acid prior to analysis by LC–MS/MS as de-
scribed previously (Jonsdottir, Counihan, et al., 2021).

4.9  |  Invasion assays

To induce knockdown of P113, 1 mM GlcN was added to P113-
glmS_exNluc line and control line 3D7_exNluc (Azevedo et al., 2014) 
at trophozoite stage, which was conducted in parallel with their 
matched untreated controls. The invasion assay was performed as 
per (Dans et al., 2020) whereby 48 h after GlcN treatment, schizonts 
were purified using a 60% Percoll (Cytiva) density gradient and added 
back to uninfected erythrocytes with GlcN to a final parasitaemia and 
haematocrit of 1–2% and 1% respectively. Prior to the incubation for 
invasion, samples of whole culture were taken to measure Nluc sig-
nal to account for any differences between lines in the assay set-up 
which was used in the calculation of invasion rate (see below). Plates 
were incubated at 37°C for 4 h to allow merozoite egress and invasion 
to occur. Cells were then treated with sorbitol, and three washes in 
media were performed before incubating the culture at 37°C for a fur-
ther 24 h without GlcN until parasites were > 24 h hpi. To determine 
invasion rate, whole cells (5  μl) at 1% haematocrit were dispensed 
into white 96-well luminometer plates and 45 μl of 1× NanoGlo Lysis 
Buffer containing 1:1000 NanoGlo substrate (Promega) was injected 
into wells. RLU was measured by a CLARIOstar luminometer (BMG 
Labtech). Analysis was performed by subtracting the background 
control (Dans et al.,  2020), before values were normalised to the 
starting parasitaemia for each line ± GlcN. Invasion of the GlcN 
treated lines was then expressed as a percentage of their untreated 
matched controls. Heparin was added during the 4 h invasion window 
at 100 μg/ml as a positive control for invasion inhibition.

For P113-truncation clones (Clone A and B) and control lines 
(3D7 and Clone C), invasion assays were performed following Percoll 
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purification as described above. The invasion rate was then mea-
sured by blinded manual counts of newly invaded ring stage para-
sites from Giemsa-stained blood smears after a 4 h invasion window.
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