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1 | INTRODUCTION

Plasmodium falciparum, which causes malaria, extensively remodels its human host cells, particu-
larly erythrocytes. Remodelling is essential for parasite survival by helping to avoid host immu-
nity and assisting in the uptake of plasma nutrients to fuel rapid growth. Host cell renovation is
carried out by hundreds of parasite effector proteins that are exported into the erythrocyte
across an enveloping parasitophorous vacuole membrane (PVM). The Plasmodium translocon for
exported (PTEX) proteins is thought to span the PVM and provide a channel that unfolds and
extrudes proteins across the PVM into the erythrocyte. We show that exported reporter pro-
teins containing mouse dihydrofolate reductase domains that inducibly resist unfolding become
trapped at the parasite surface partly colocalizing with PTEX. When cargo is trapped, loop-like
extensions appear at the PVM containing both trapped cargo and PTEX protein EXP2, but not
additional components HSP101 and PTEX150. Following removal of the block-inducing com-
pound, export of reporter proteins only partly recovers possibly because much of the trapped
cargo is spatially segregated in the loop regions away from PTEX. This suggests that parasites
have the means to isolate unfoldable cargo proteins from PTEX-containing export zones to avert

disruption of protein export that would reduce parasite growth.
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the host cell compartment that performs many virulence-related func-

tions including cytoadherence to the vascular endothelium, nutrient

Almost half the world's population is at risk of malaria, the disease
caused by infection with Plasmodium spp. parasites. In 2015, there
was an estimated 212 million cases reported, resulting in 429 000
deaths, mostly of children under 5.1 Infection with Plasmodium falci-
parum causes the majority of this disease burden, and much of this
parasite's pathogenicity can be attributed to its ability to extensively
modify the human erythrocyte in which it resides.? These modifica-

tions are driven by a complement of proteins that are exported into
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uptake and waste removal.2™*

To gain access to the host erythrocyte cytoplasm, exported pro-
teins must first be produced in the parasite, trafficked to the parasito-
phorous vacuole (PV) and then exported across the PV membrane
(PVM) into the erythrocyte. A large proportion of the exported pro-
teins identified to date contain a defined export motif termed the
plasmodium export element (PEXEL) delineated by the sequence
RxLxE/D/Q which is located near the N-terminus of the protein and is
specifically cleaved in the endoplasmic reticulum (ER) by the aspartyl
protease plasmepsin V.>~% By mechanisms not yet understood, plas-

mepsin V cleavage licences proteins for traffic to the PV1° where they
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are subsequently recognized and extruded across the PVM by the
Plasmodium translocon for exported (PTEX) proteins.%12

The PTEX complex contains 5 core protein subunits HSP101,
EXP2, PTEX150, TRX2 and PTEX88.2 The heat-shock protein HSP101
likely contributes to the unfolding of cargo and supplies energy to the
complex through its ATPase function. EXP2 forms oligomers and is
associated with the PVM, and is presumed to form a protein translo-
cating pore through the PVM.1** PTEX150 probably serves a struc-
tural role acting to link EXP2 and HSP101. All 3 of these proteins are
essential for the survival of Plasmodium parasites.>*1-131> TRX2 and
PTEX88 are not essential for survival of the rodent malaria parasite
Plasmodium berghei, but are important for efficient protein export and
potentially serve auxillary functions such as recognition of protein
cargo subsets.!%1417 Additional PTEX associated proteins have
recently been identified including Pf113, and the exported chaperone
HSP70-x.1> An additional export interacting complex (EPIC) containing
PV proteins 1 and 2 (PV1 and PV2) is anchored to the PVM via
exported protein 3 (EXP3).*® These proteins do not represent core
components of the PTEX complex and possibly play ancillary roles
such as recognizing subsets of cargo proteins.

To probe the function of the PTEX complex, conditionally trappable
exported cargo molecules have been expressed in parasites and the
effects of conditionally trapping and releasing of the cargo has been
assessed.'? Immunoprecipitation (IP) assays revealed that the trapped
cargo associates strongly with PTEX component, EXP2 but not
HSP101.1? Given that previous studies have shown exported cargo can

be co-precipitated with each of the core PTEX components,?*®

we
decided to employ a different trappable cargo approach to glean further
insights into the process of protein export at the PVM.

Here, we have utilized a trappable nanoluciferase (Nluc) reporter
construct containing the murine dihydrofolate reductase (mDHFR)
enzyme which is refractory to unfolding in the presence of WR99210
(WR) to further probe PTEX function.?° Nluc reporter proteins are highly
quantifiable and have been used previously to examine the export of
PEXEL proteins, resistance to sorbitol lysis, merozoite egress and inva-
sion and other aspects of the parasite's life cycle.22-2% Here, we gener-
ated multiple exported constructs containing both Nluc and mDHFR,
but with different additional epitope and affinity tags and followed their
fates. We show that different constructs do indeed behave differently
upon trapping at the PVM with some constructs partially resuming
export after WR removal, while others remain completely blocked. We
also found that the trapped cargo clusters with PTEX at the parasite sur-
face and co-precipitation indicates direct interaction. Interestingly, some
trapped cargo also localizes to membranous loops extending from the

PVM containing only EXP2 and not the other PTEX components.

2 | RESULTS

2.1 | Exported nanoluciferase-murine dihydrofolate
reductase reporter proteins can be expressed in
P. falciparum

To generate conditionally trappable reporter constructs, we utilized

an exported Nluc construct containing the first 113 amino acids of
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FIGURE 1 Diagrams of export reporter gene constructs used to
transfect Plasmodium falciparum. (A) Gene cassettes joined together to
encode the Nluc-DH (top), Nluc-DH-APEX (middle) and Nluc-DH-
Halo (bottom) fusion proteins. All constructs were inserted into the
blasticidin deaminase (BSD) drug selection plasmid pEF, under the
control of the efla promoter. Plasmodium export element (PEXEL,
RLL-TE) and Tobacco Etch Virus (TEV) protease cleavage sites are
indicated. The expected sizes of the various parts of the constructs
are indicated in kDa (top) and amino acids (bottom). (B) Western blot
analysis of P. falciparum trophozoites transfected with gene
constructs following overnight treatment +£10 nM WR99210. Left,
kDa of protein markers and right, antibody probes

the exported PEXEL protein Hypl (PF3D7_0113300) appended to
the N-terminus of the Nluc sequence (Figure 1A).2* Proteins contain-
ing mDHFR become highly resistant to cellular unfolding mechanisms
when bound to the antifolate ligand WR99210 (WR), and their block-
age at the PV/PVM has previously been demonstrated through the
use of exported green fluorescent protein (GFP)-mDHFR reporter
strains.1?202728 At the C-terminus of this construct we inserted the
sequence for mDHFR to produce the fusion construct Nluc-DH
(Figure 1A, top).

Two additional constructs were made by appending different
reporter elements to the Nluc-DH construct. The first included an
engineered ascorbate peroxidase (APEX) that catalyses the H,0,-
dependent polymerization of diaminobenzidine to provide contrast
for imaging by transmission electron microscopy?® (Nluc-DH-APEX)
(Figure 1A, middle). The other reporter contained a Halotag (Halo) that
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is an engineered bacterial hydrolase that covalently attaches itself to a
chloroalkane moiety® and can therefore be used for imaging and pull-
down assays (Figure 1A, bottom, Nluc-DH-Halo). We included both
APEX and Halotag reporters in our analyses so that the location of
trapped cargo could be imaged at high resolution by electron and
super resolution microscopy, respectively. A TY1 epitope tag was also
inserted near the C-terminus of Nluc-DH-APEX to facilitate the isola-
tion of the reporter protein with a specific antibody (Figure 1A).

The Nluc-DH, Nluc-DH-APEX and Nluc-DH-Halo fusion
sequences were inserted into the pEF plasmid under control of the
P. berghei ef1a promoter that had its human DHFR gene replaced with
blasticidin deaminase.?! Reporter constructs were transfected into
the P. falciparum CS2 strain previously transfected with a construct
appending a haemagglutinin (HA)-epitope tag and a gImS ribozyme to
the C-terminus of the endogenous ptex150 gene.!! Because this para-
site strain was resistant to WR treatment, the drug could be utilized
to block export of our reporter proteins without having additional del-
eterious effects on the parasite.

To verify expression of these constructs western blots of the par-
asites lines treated £10 nM WR were probed with anti-Nluc IgG,
which detected bands close to the predicted sizes of 51 kDa (Nluc-
DH), 78 kDa (Nluc-DH-APEX) and 85 kDa (Nluc-DH-Halo)
(Figure 1B). Concentrations of WR from 0.15 to 10 nM were deter-
mined to not substantially reduce parasite growth in a single intraery-
throcytic cell cycle from ring stage to trophozoite stage (Figure S1A in
File S1, Supporting Information). Lactate dehydrogenase activity
(LDH)-based growth assays also indicated no growth reduction fol-
lowing WR treatment for a whole 48 hours cell cycle (Figure S1B).
The western blot data confirmed that 14 to 18 hours treatment
4+10 nM WR did not impact expression of the reporter constructs
because the Nluc signal =WR were similar. Furthermore, these data
suggest that 14 to 18 hours treatment +WR was not deleterious to
the parasites as expression levels of endogenous EXP2 and
PfHSP70-1 was the same (Figure 1B). Furthermore, levels of the late-
ring expressed exported glycophorin binding protein 130 (GBP130)
were very similar in all lines indicating no WR-dependent delay in pro-
gression though the intraerythrocytic cell cycle (Figure 1B). In Nluc-
DH-APEX the same ~75 kDa band was also detected with a mouse
anti-TY1 monoclonal antibody (Figure S2).

2.2 | The export of nanoluciferase-murine
dihydrofolate reductase reporter proteins can be
blocked in a WR-dependent manner

Next, we quantified the WR-induced trapping of mDHFR containing
PEXEL fusion proteins across the whole parasite population. To do
this we employed export assays used previously in which the parasites
were differentially permeabilized to measure the contents of the
erythrocyte (exported), the PV or the parasite compartment.1%-2027:28
Briefly, proteins exported into the erythrocyte compartment (RBC,
red blood cell) of trophozoite stage Nluc-DH-Halo parasites were
released with equinatoxin Il (EQT) which permeabilized the erythro-
cyte membrane (Figure 2A,B).3* Proteins resident or trapped in the PV
as well as the erythrocyte compartment were released by treatment

with saponin and all cell compartments were permeabilized with

Triton X-100 (Figure 2AB). To validate membrane permeabilization,
the parasites were treated with +proteinase K to degrade the
exposed proteins no longer protected by membranes. After separating
soluble and insoluble cellular components (pellet) the proteins were
fractionated by SDS-PAGE and detected by western blot. The experi-
ment indicated that the PEXEL protein, GBP130, was mostly exported
as a soluble protein into the erythrocyte (RBC) compartment where it
could be digested by proteinase K after EQT treatment (Figure 2A).
EXP2 as expected was an insoluble PV protein susceptible to protein-
ase K digestion after saponin treatment. The Nluc-DH-Halo protein
appeared to mostly segregate between the erythrocyte and PV com-
partments with lesser amounts within the parasite (Figure 2A). Pre-
treatment with 10 nM WR for 16 hours did not appear to strongly
alter the proportions of Nluc-DH-Halo exported into the erythrocyte
vs trapped in the PV but we note that signal levels often varied greatly
from lane to lane making it difficult to draw conclusions.

With the western blot approach not well-suited to quantify subtle
changes in protein export efficiency we decided to exploit the biolu-
minescence properties of our reporter proteins (Figure 2B,C). Because
bioluminescence is highly sensitive and quantitative the export assays
were miniaturized into a microplate format enabling more WR con-
centrations to be evaluated. We used the differential permeabilization
methods described above to release the Nluc reporters from their var-
ious compartments. The bioluminescence signal was produced when
Nluc reporters gained access to their NanoGlo substrate in the sur-
rounding buffer (Figure 2B). In the absence of WR, >90% of Nluc-DH,
Nluc-DH-APEX and Nluc-DH-Halo fusion proteins were exported into
the erythrocyte compartment of trophozoite stage parasites
(Figure 2C). The remaining fusion protein was split between the PV
and parasite compartments. In control, PTEX150-HA parasites expres-
sing an exported Nluc protein lacking a DH domain about 90% of the
Nluc protein was also exported in the absence of WR (Figure 2C).

To quantify WR-induced trapping, ring stage parasites were cul-
tured in a titration series of WR concentrations for 16 hours and
when trophozoites export assay was performed. As anticipated there
was a WR-dependent reduction in export in the parasite lines with
Nluc-DH and Nluc-DH-Halo requiring 10 nM WR to block about 50%
of the export signal. Trapping of the Nluc-DH-APEX reporter protein
was even more dramatic, with almost maximal inhibition with just
2.5 nM WR (Figure 2C). Concentrations of WR higher than 10 nM
were not evaluated to determine if export blocking could be
increased. Because 50% inhibition of export was sufficient for our
work, 10 nM WR was used for all subsequent experiments. In the
Nluc control parasites, the export of the reporter protein was not
reduced by WR (Figure 2C). Surprisingly, all WR-trapped Nluc-DH
fusion proteins appeared to accumulate in the parasite cytoplasm, as
well as in the PV (Figure 2C).

2.3 | WR-induced blockage of Nluc-DH fusion
protein export caused the reporters to become
trapped in the PV and the parasite

To confirm the results of the export assay we performed immunofluo-
rescence assay (IFA) microscopy on parasites expressing the various

reporter proteins. Nluc-DH and Nluc-DH-APEX parasites were
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colabelled with antibodies to Nluc and EXP2 to distinguish the PV
compartment from the parasite and the erythrocyte cytoplasms. Con-
cordant with the export assay indicating the Nluc reporters were effi-
ciently exported without WR, Nluc labelling was most notably
detected in the erythrocyte cytoplasm (Figure 3A,B).

To investigate where treatment with WR blocks the reporter pro-
teins during their trafficking to the erythrocyte cytoplasm, we treated
Nluc-DH and Nluc-DH-APEX ring stage parasites for 16 hours with
10 nM WR and then performed IFAs when the parasites were tropho-
zoites. These analyses demonstrate that in the presence of WR, the
reporter proteins were restricted to the parasite circumference proba-
bly at the PV and likely near the PTEX complex, as evidenced by their
colocalization with EXP2 and PTEX150 (Figure 3A,B).

To assess export in the Nluc-DH-Halo parasites, live trophozoites
were labelled with Oregon green Halotag dye before fixation and
probing for EXP2. Consistent with the Nluc-DH and Nluc-DH-APEX
parasites, the Halotag fusion protein was efficiently exported
(Figure 3C). After treatment with WR, the Nluc-DH-Halo fusion pro-
tein was also blocked at the PV, colocalizing with EXP2 (Figure 3C).

Interestingly, in WR-treated trophozoites EXP2 often labelled
loop structures attached to the PVM that were also partly labelled for
all the Nluc-DH reporters (Figure 3A-C, white arrows). To determine if
these loops contained the PTEX150, Nluc-DH and Nluc-DH-Halo tro-
phozoites were probed with anti-HA IgG to detect PTEX150-HA and
this indicated its near absence from the loops (Figure 3A,C).

The export assay indicated that in addition to an increase in PV
signal following WR trapping of the reporter proteins there was
almost as much trapping within the parasite (Figure 2C). Microscopy
of the WR-treated parasites detected some perinuclear labelling as
well as other features indicative of the ER and secretory structures
(Figure 3D). We note that similar Nluc localizations were also some-
times observed in untreated parasites albeit not as strongly labelled
indicating that WR enhances trapping within the secretory system.

We also attempted transmission electron microscopy on
diaminobenzidine-treated Nluc-DH-APEX parasites to visualize the
APEX tag of the trapped cargo proteins at high resolution. Unfortu-
nately, regions of high contrast corresponding to trapped APEX cargo
were not clearly discernible at the parasite surface possibly because
the expression of the fusion protein was too low (Figure S3). Electron

microscopy did, however, reveal in WR-treated cells various

membranous structures extending from the parasite surface that
could correspond to the loops observed by fluorescence microscopy
(Figure S3).

2.4 | Super resolution microscopy indicates that
WR-blocked exported proteins colocalize with PTEX
at the parasite surface

For improved resolution of the WR-trapped Nluc-DH fusion protein
with EXP2 we used structured illumination microscopy (SIM), which
increases the volume resolution compared with conventional micros-
copy by 8-fold.*2 The WR-trapped Nluc-DH fusion protein sometimes
adopted the appearance of a “necklace of beads” around the periph-
ery of the parasite, and frequently showed colocalization with similarly
sized EXP2 “beads” at the PVM (Figure 4A, top). In other cells, the
profile of labelling of both proteins at the PV was more uniform
(Figure 4B, top). Maximum projections of serial optical sections
through the cells (Figure 4A,B, bottom) and three-dimensional
(3D) rotations indicate WR-trapped Nluc-DH and EXP2 colocalized as
a patchwork of irregular surface structures at the PV (Videos S1 and
S2). As with the previous widefield imaging, EXP2 and WR-trapped
Nluc-DH frequently formed strongly labelled “bubble-like” loops ema-
nating from the PVM (Figure 4A,B, white arrows).

The Nluc-DH trophozoites were also probed for PTEX150 where
it colocalized with the WR-trapped Nluc-DH protein as punctate
structures at the PV (Figure 4C,D and Videos S3 and S4). As seen in
the widefield images, PTEX150 was almost completely excluded from
the surface loops containing the trapped Nluc-DH. Because both
EXP2 and PTEX150 localized with Nluc-DH at the punctate PV struc-
tures, we assume these are regions enriched for PTEX to which the
fusion protein has been trafficked for export.

We next probed for HSP101, another component of PTEX. Our
rabbit anti-HSP101 IgG labelled the PV and not the loops but also
labelled the cytoplasm of the parasites (Figure S4A). Unsure if this
was specific or not, we probed HSP101-HA parasites that were not
transfected with Nluc reporter constructs with a HA monoclonal.?
SIM images clearly showed HSP101-HA colabels the PV with EXP2
(Figure 4E, top). Large EXP2 loops were rarely observed in the
HSP101-HA parasites but small EXP2 loop “buds” were common and
did not label for HSP101 (Figure 4E, bottom and 4F). HSP101 labelling

FIGURE 2 Export of Nluc reporters are blocked in the PV with WR in a concentration-dependent manner. (A) Western blot analysis of
differentially permeabilized Nluc-DH-Halo trophozoites previously treated =WR for 16 hours. After permeabilization with equinatoxin Il (EQT),
saponin (sap) or Triton X-100 (TX-100) to expose red blood cell (RBC), RBC and parasitophorous vacuole (PV) or all cellular proteins, respectively,
the cells were treated with 420 pg/mL proteinase K. The cell lysates were then centrifuged to separate soluble (S) and pellet (P) fractions that
were separated by SDS-PAGE. Western blots were probed with various IgGs (right) and molecular markers are on the left. (B) Diagram
highlighting similarities and differences of the protein export assays used in (A, top) vs (C, bottom). The membranes of the infected erythrocyte
were similarly permeabilized in both assays. In (A), the susceptibility of the Nluc cargo proteins to proteinase K proteolysis was assessed by
western blot and in (C) the ability of the Nluc proteins to access their NanoGlo substrate was being measured. (C) Nluc-DH, Nluc-DH-APEX and
Nluc-DH-Halo and Nluc control parasites, expressing exported nanoluciferase (Nluc), were treated with different concentrations of WR99210
(WR) for 16 hours at ring stage. At the late trophozoite stage (~28 hpi) bioluminescence activity of the Nluc reporter was measured after
differentially lysing the erythrocyte (exported), PV and parasite cytoplasmic compartments. Export of the reporter proteins was blocked with WR
in a concentration-dependent manner, and there was a significant decrease observed in export with some WR concentrations compared with
untreated parasites. *P < .05, **P < .01, ***P < 001, ****P < 0001. The exported Nluc reporter expressed in the control line lacks a mDHFR
and shows no significant WR-induced inhibition of export. P-values were calculated by one-way analysis of variance (ANOVA) with Dunnett's
correction. Three independent biological replicates were performed, each with 2 technical replicates. Error bars represent SE of the mean.
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FIGURE 3 Widefield immunofluorescence microscopy of Nluc-DH,
Nluc-DH-APEX and Nluc-DH-Halo trophozoites reveals treatment
with WR blocks protein export into the erythrocyte compartment. (A-
C) Parasite lines imaged are indicated on the left, antibody probes are
shown at the top of the image panels and the concentration of WR
used is on the right. For Nluc-DH-Halo the Halotag was stained with
the Oregon green dye. White arrows indicate the EXP2 and trapped
reporter protein loops appearing to project from the parasitophorous
vacuole membrane. (D) A selection of Nluc-DH parasites treated with
+WR showing Nluc (green) trapped within the parasite especially
around the nuclei (blue). Scale bar = 5 pm. DIC, differential
interference contrast; BF, Bright field.

was therefore most similar to PTEX150 with 1 exception, which was
that some HSP101 labelling within the parasite particularly around
the nucleus was also observed (Figure 4F).

To determine whether the loops contained parasite cytoplasm or
were likely extensions of the PVM, immunofluorescence was per-
formed for the soluble cytoplasmic HSP70-1 protein. Anti-HSP70-1
IgG did not label the loops despite the signal being concentrated
beneath the parasite surface, indicating that the parasite cytoplasm is

not contained within the loops (Figure S4B).

2.5 | WR-induced trapping of exported reporter
proteins increases PV loop formation

To resolve the extent to which WR treatment of the reporter lines
induced the formation of PV loops, we treated Nluc-DH-Halo and
Nluc-DH-APEX parasites +10 nM WR for 14 to 18 hours and
counted the loops. Although the super resolution 3D cell reconstruc-
tion approach used previously was ideal for observing all the PV loops
in a cell it was too time-consuming for large-scale analysis. Instead,
we imaged dozens of cells with widefield microscopy and deconvolu-
tion and counted the loops in just a single z plane at the widest point
of the cell as delineated by EXP2 (Figure 4G). Although we found that
in the absence of WR some Nluc-DH-Halo and Nluc-DH-APEX para-
sites contained loops, there were significantly more loops per cell
when the cargo was trapped with WR (Nluc-DH-Halo: 0 nM WR,
mean 0.10 SEM 0.06; 10 nM WR, mean 1.2 SEM 0.19. Nluc-DH-
APEX: 0 nM WR, mean 0.14 SEM 0.06; 10 nM WR, mean 0.91 SEM
0.21) (Figure 4G).

We also examined late ring and early trophozoite stages corre-
sponding to the period when the Nluc reporters began to be
expressed. Expression of the Nluc-DH reporter first appeared in the
ER before being exported into the erythrocyte (Figure S5). Small PV
loops were observed in 17% of untreated parasites and in 35% of
WR-treated parasites. Loops were nearly always observed in young
trophozoites containing small hemozoin deposits rather than in rings
not containing hemozoin. In contrast, loops were observed in 9% and
10% of untreated Nluc-DH-APEX and Nluc-DH-Halo ~28 hpi tropho-
zoites, respectively (Figure 4G). This increased to 63% and 73%,

respectively, following WR treatment.

2.6 | Removal of the WR-induced trapping partially
restored protein export

Previous experiments with WR-trapped GFP-mDHFR reporter pro-
teins indicated that once WR was removed there appeared to be no
resumption of export of PV-trapped, fully folded GFP reporter into
the erythrocyte.?° Instead, the work indicated that GFP reporters
exported after WR removal were likely newly synthesized protein.
Because the export assay with the Nluc reporter proteins provides a
quantitative measure of trapping and export we re-examined resump-
tion of protein export using these reporters. Ring stage parasites were
treated with O or 10 nM WR and when trophozoites (~28 hpi) the
drug was removed and the relative amount of reporter protein

exported at O, 2, 4 and 8 hours afterwards was quantified by the
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export assay (Figure 5A). Removal of 10 nM WR led to a significant
increase in export of the Nluc-DH fusion protein but only at 8 hours
post-drug removal (Figure 5A). Having additional protein domains on
the Nluc-DH reporter was associated with opposite effects in the
Nluc-DH-APEX and Nluc-DH-Halo parasites. The additional APEX
domain permitted a significant recovery of export only 2 hours after
WR removal in Nluc-DH-APEX parasites. In contrast, in the Nluc-DH-
Halo parasites there was no export recovery even after 8 hours
(Figure 5A). Interestingly, the recovered Nluc activity came from the
parasite compartment rather than from the PV fraction (Figure 5A).
This raised the question of whether the fraction of parasite reporter
that was exported after WR removal was unfoldable protein trapped
in the parasite or newly synthesized material that had not been
affected by the WR.

One unexpected observation was that the parasite compartment
fraction of the untreated Nluc-DH parasites at 25% of the total signal
was much higher than the few per cent normally observed
(Figure 5A). The parasite compartment signals for 10 nM WR treated
was even higher at 50% of the total signal. We believe this may have
been due to these parasites being several hours younger than esti-
mated (~20 cf. 28 hpi, see also Figure S5) when the efla promoter was
just becoming active.?! At this stage there may have been much more
newly synthesized reporter in the parasite relative to the protein that
had already been exported thereby increasing the relative contribu-
tion from the parasite compartment.

2.7 | WR-trapped Nluc-DH-APEX fusion protein
exported 2 hours after drug removal is not newly
synthesized protein

The translation inhibitor cycloheximide (CHX) was used to prevent
new protein synthesis to enable us to determine if the fraction of
Nluc-DH-APEX exported into the parasite after WR removal was old
or new material. To determine if the CHX was functioning as expected,
Nluc-DH-APEX parasites were treated with and without 100 pM of
the inhibitor and after 0.5 hours, total Nluc activity was measured to
establish baseline levels. After 2.5 hours, the total Nluc levels were
measured again and without CHX were found to have increased by
25% (Figure 5B). In 100 uM CHX, Nluc levels only increased by 5%
indicating the drug potently arrested translation (Figure 5B).

To determine the effects of CHX upon protein export, ring stage
parasites were treated with 10 nM WR and when trophozoites, they

were supplemented with +CHX for 0.5 hours. Export assays were

then performed indicating the Nluc-DH-APEX reporter was trapped
as expected (0 hours, Figure 5C). The WR was then removed and an
export assay was performed 2 hours later. As anticipated, in parasites
not treated with CHX there was an increase in the proportion of
exported Nluc-DH-APEX and a relative decrease in parasite-trapped
reporter (Figure 5C). In the CHX-treated parasites export of the Nluc-
DH-APEX reporter increased to the same degree as in parasites not
treated with CHX indicating that removal of WR allowed export of
older previously blocked reporter and not newly synthesized reporter.
The other reporter lines were not tested because the recovery of
reporter export was insufficient within the 2-hour period after WR
removal. The origin of the increased reporter protein export observed
for Nluc-DH parasites 8 hours post-WR removal was not tested using
the CHX approach, as this length of translation inhibition would likely
have been toxic.

2.8 | The WR-trapped Nluc-DH-APEX and Nluc-DH-
Halo reporters weakly reduce parasite growth

We next investigated if WR-trapped forms of the Nluc-DH-APEX and
Nluc-DH-Halo reporters could reduce parasite growth by clogging
PTEX and presumably decreasing the efficient export of essential pro-
teins. WR-trapping has previously been shown to be deleterious to
parasite growth with some exported GFP-mDHFR reporters.?’ To
explore this we treated ring stage Nluc-DH-APEX and Nluc-DH-Halo
parasites with different concentrations of WR and harvested parasites
at the trophozoite stage over multiple cycles. Parasite growth was
measured by parasite LDH3® and compared to a no WR control at
each time point (Figure 6A). At the lowest concentrations of 1.25 and
2.5 nM WR, growth of Nluc-DH-Halo parasites after 5 intraerythrocy-
tic cell cycles was significantly decreased relative to the no WR con-
trol (Figure 6B). At the highest WR concentrations of 5 and 10 nM,
the growth of all lines was significantly reduced relative to the no WR
controls although the effect was greater in the Nluc-DH-Halo and
Nluc-DH-APEX parasites than in control parasites.

To determine whether trapping the construct in the PV prevents
export of other proteins we performed fluorescence microscopy with
the Nluc-DH-Halo parasites. As the construct is under ef1a promoter
the reporter protein is strongly expressed from 20 hpi onwards.?? To
investigate if there is inhibition of export of an endogenous protein
we performed IFA with GBP130 because it is similarly expressed as
the reporter and later than most other PEXEL proteins whose expres-

sion peaks in rings.3* Qualitatively, WR treatment caused some

FIGURE 4 Structured illumination microscopy of WR-treated Nluc-DH trophozoites showing trapped cargo proteins localizing with Plasmodium
translocon for exported (PTEX) proteins in the parasitophorous vacuole membrane (PVM). (A, B) (Top) Single z optical sections of parasites stained
with anti-Nluc and anti-EXP2 IgGs showing both proteins colocalized to parasitophorous vacuole (PV) puncta and loops projecting from the PYM
that are indicated with white arrows. (Bottom) Maximum intensity projections of serial optical z sections showing both proteins colocalized into
punctate regions on the parasite surface. (C, D) (Top) Single sections of Nluc-DH parasites stained with anti-Nluc and anti-PTEX150-HA IgGs
showing both proteins localize to PV puncta but PTEX150 does not colocalize to the surface loops. (Bottom) Maximum intensity projections
showing both proteins localize to surface micro-domains. Yellow arrow in maximum projection of (D) indicates second parasite co-infecting the
erythrocyte. Scale bars = 1 pm. (E, F) Respective SIM and widefield images of HSP101-HA trophozoites not transfected with Nluc reporters
probed for EXP2 and HSP101 via HA monoclonal IgG. Arrows indicate small EXP2 positive PVM loop “buds” that do not stain for HSP101. Blue
arrows in (F) indicate perinuclear HSP101 labelling. Scale bars for SIM (E) and widefield (F) images are 1 and 5 pm, respectively. (G) Number of
Nluc positive loops seen in 0 and 10 nM WR samples in both Nluc-DH-Halo (left) and Nluc-DH-APEX (right). N = number of cells analysed,

Mann-Whitney analysis where **P = 0001, *#* P < .0001.
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GBP130 to colocalize with the Nluc-DH-Halo reporter at the PV but
much of the GBP130 was still exported (Figure 6C). WR-induced trap-
ping of the reporter therefore did not appear to robustly block the
export of endogenous proteins and this is probably why parasite
growth was not strongly reduced.

2.9 | WR-trapped Nluc reporter proteins bind PTEX
components

To establish if more WR-trapped Nluc reporters than non-trapped
reporters were bound to PTEX we performed co-immunoprecipitation
assays of PTEX150-HA via its HA-epitope. Ring stage Nluc-DH-
infected erythrocytes were treated overnight with +10 nM WR and
when trophozoites, were magnet purified from uninfected erythro-
cytes. Western blots confirmed that the total levels of Nluc-DH were
similar (Figure 7A). To increase the stringency of the PTEX150-HA IP
assay was performed in RIPA buffer containing the strong ionic deter-
gents deoxycholate and SDS. To prevent PTEX and its cargo dissociat-
ing in this buffer, protein interactions in live parasites were covalently
stabilized by treatment with the reduction sensitive crosslinker DSP
(dithiobis(succinimidyl propionate)). We have previously used this
approach to determine that PTEX preferentially bound PEXEL tagged
GFP rather than PV resident secreted GFP.2 PTEX150-HA was then
immunoprecipitated with anti-HA 1gG beads and the co-precipitation
of other PTEX components as well as Nluc-DH cargo was quantified
by western blot analysis. This revealed that the PTEX was intact and
contained EXP2 and HSP101 and that this was associated with
greater levels of Nluc-DH following WR treatment than in untreated
parasites (Figure 7B). In contrast, control IPs with anti-GFP IgG beads
captured very little PTEX or Nluc-DH (Figure 7B) but did capture GFP
from similarly treated parasites expressing GFP (Figure 7C).

IPs were also performed on Nluc-DH-APEX and Nluc-DH-Halo
trophozoites that had been treated with +WR overnight. The tropho-
zoites were first saponin lysed and all soluble PV and exported Nluc
reporter proteins were washed out only leaving that bound to PTEX
or trapped in the parasite. The cells were then lysed in less stringent
Triton X-100 buffer and western blot analyses of the PTEX150-HA
IPs indicated both HSP101 and EXP2 were co-purified (Figure S6A).
However, only low levels of the Nluc-DH-Halo reporter were cap-
tured and no Nluc-DH-APEX could be detected at all.

To improve detection sensitivity, the IP eluates were analysed by
mass spectrometry-based protein sequencing. For Nluc-DH-APEX
parasites, more Nluc-DH-APEX peptides were detected in the
PTEX150-HA pull-down for WR-treated parasites than for untreated
parasites (Figure 7D, top left). This pattern was also observed in Nluc-
DH-Halo parasites, where more peptides were detected in the
PTEX150-HA pull-down following treatment with WR than in
untreated parasites (Figure 7D, top right). These experiments were
repeated and produced similar trends (Table S1). The Nluc reporter
peptide counts for both experiments were combined and the pie
charts beneath the column graphs clearly indicate much more of the
reporters were engaged with PTEX when in their WR-induced unfold-
able form than without WR (Figure 7D, bottom).

The mass spectrometry data clearly indicates that the Nluc reporters
were likely bound to the full PTEX complex since HSP101, EXP2,
PTEX88 and Trx2 peptides were detected (Figure 7D). It was therefore
likely cargo becomes progressively trapped in the full PTEX complex as it
becomes more difficult to unfold supporting PTEX's role as a protein
translocon. PTEX-associated proteins Pf113 and HSP70-x were also
detected as well as some members of the PV-localized EPIC complex and
their peptide counts were not very different +WR (Figure 7D).*>8

We also attempted reciprocal experiments where we utilized the
Halotag in the Nluc-DH-Halo protein. Parasite lysates were incubated
with HaloLink resin to facilitate covalent binding of the Halotag fusion
protein to the resin. The resin was treated with TEV protease to
cleave the fusion protein upstream of the Halotag (Figure 1A) releas-
ing a 51-kDa Nluc-DH fragment detected with Nluc IgG (Figure S6B).
Although a little EXP2 was also co-precipitated with Nluc-DH-Halo,
no PTEX150 and HSP101 were present. It is possible we could not
detect binding of PTEX to Nluc-DH-Halo because the fusion protein
when bound to PTEX during export may have been in an unfolded
form in which the Halotag was non-functional and unable to bind to

the HaloLink resin.

2.10 | PTEX150 and EXP2 bind similar levels of
cargo despite both EXP2 and trapped cargo localizing
to the PVM loops

Previous binding experiments with PTEX and GFP reporters indicated
that EXP2 but not HSP101 bound WR-trapped reporter.!? This

FIGURE 5 Export recovery of pre-synthesized Nluc reporter proteins after removal of WR is reporter construct dependent. (A) Ring stage
parasites were treated £10 nM WR and when late trophozoites (~28 hpi) the WR was removed. After 0, 2, 4 and 8 hours, Nluc activity was
measured by the export assay. *P < .05, **P < .01, ***P < 001, ****P < 0001. P-values were calculated by one-way analysis of variance
(ANOVA) with Dunnett's correction. Experiments were repeated on 3 independent occasions and 2 technical replicates were completed per
biological replicate. Error bars represent SE of the mean. (B) To determine if the Nluc reporter proteins exported after WR removal, were old or
newly made proteins, export assays were performed following treatment with the translation inhibitor cycloheximide (CHX). To confirm that CHX
functioned as intended +£100 pM of the drug was added to inhibit protein synthesis at the late trophozoite stage (~28 hpi). Half-an-hour later
(0.5 hours) total Nluc activity was measured to establish a baseline. Two hours later (2.5 hours) the increase in total bioluminescence signal was
measured to determine how much CHX inhibited of protein synthesis. The experiment was repeated 3 times and error bars represent error
weighted SD. (C) (Left) To determine if export recovery in WR-treated (10 nM) Nluc-DH-APEX parasites after WR removal was due to pre-
existing or newly synthesized protein, the export assay was performed on parasites treated with +100 pM CHX. Half-an-hour after CHX addition
baseline export was established and the WR was removed (O hour). After 2 hours, export was measured again there was a significant degree of
export recovery (**#*P < ,001) in parasites treated with and without CHX. Importantly, there was no significant difference (NS) observed between
export +CHX suggesting most of the protein exported was pre-existing. P-value was calculated using an unpaired Student's t test. Experiments
were repeated 3 times with 2 technical replicates per assay. Error bars represent error weighted SD
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FIGURE 6 WR-induced trapping of Nluc-DH-Halo and Nluc-DH-APEX reporters leads to reduced parasite growth over 5 intraerythrocytic cell
cycles. (A) Nluc-DH-Halo, Nluc-DH-APEX and Nluc control parasites were synchronized at ring stage and treated with different concentrations of
WR as indicated. Trophozoite stage parasites were harvested at each of 5 intraerythrocytic cell cycles of WR treatment and then lactate
dehydrogenase activity was measured. Growth was calculated as a percentage compared to growth in no WR (0 nM) at each time point. Data is
representative of 3 independent experiments done in triplicate and error bars represent SD. (B) Mean percentage growth after 4 cycles at various
WR concentrations compared to no WR. Two-way analysis of variance (ANOVA) of growth compared to 0 nM WR with #*P < 01, ***P < 001,
#¥#%P < 0001. (C) Widefield immunofluorescence images of 0 and 10 nM WR-treated Nluc-DH-Halo trophozoites stained with rabbit anti-Nluc
1gG and a mouse monoclonal for GBP130. Although Nluc-DH-Halo is trapped there is no substantial trapping of GBP130. Scale bar = 5 pm

finding is compatible with our observation that both EXP2 and
trapped cargo proteins are localized to PVM loops that exclude other
PTEX proteins. If within these loops the WR-trapped Nluc reporters
were lodged inside putative EXP2 pores we would anticipate that iso-
lation of EXP2 could co-purify substantially more cargo than PTEX150
and HSP101 that do not localize to the loops. To confirm this, the
exp2 gene was appended with a HA tag sequence as per ptex150 and
was transfected with the Nluc-DH fusion protein. Western blots of
purified erythrocytes infected with EXP2-HA/NIluc-DH parasites
revealed they expressed the HA-tagged EXP2 target protein as well as
the Nluc-DH fusion protein (Figure 7A). As observed for the other
reporter parasites, WR supplementation had little effect on protein

expression after half an intraerythrocytic cell cycle (Figure 7A).

IP of PTEX150-HA and EXP2-HA and

purifying proteins by mass spectrometry indicated that there were

identification of co-

more Nluc-DH peptides associated with the PTEX proteins when
WR-trapped than when not (Figure 7E, top). Pie charts of the com-
bined peptides counts from 2 experimental replicates clearly indicate
as per the other Nluc fusion proteins, there were more Nluc-DH pep-
tides co-precipitating when the
(Figure 7E, bottom, Table S2).

If EXP2 was binding more WR-trapped Nluc-DH than PTEX150
the combined +WR peptide counts for PTEX150-HA and EXP2-HA IP
replicates should have been greater for EXP2. Instead, Nluc-DH pep-
tide counts for PTEX150-HA vs EXP2-HA were very similar at 44 cf.
39, respectively (Figure 7C, bottom, Table S2). Both PTEX IPs were of

reporters were WR-trapped



CHARNAUD ET AL.

2 | WILEY

A X
(A) Af'\% =~
A
WR - + - +__Probe
kDa 150-| e ===
100-
75-
a-HA
50-
— — — — | %
37-
| —
25-
37-
—— —— a-EXP2
25-
50-

| & = | oNluc

37-

E

512 PTEX Cargo PV

No. protein matches (log2)

PTEX150-HA/Nluc-DH-APEX

(B) PTEX150-HA

GFP

immunoprecipitation immunoprecipitation

Probe

250 [
kDa 150 -|-~ ._...._.
100 -

a-HA (PTEX150)

150 -[==

75 - [w—

*

a-HSP101
*

=
T e p——
el

50 -
37 -

| +
R 1R

a-EXP2

| —
—

25 - [ w—— —
75 - [e—
- —

50 -
37-

a-Nluc

e
- e
75 - [w— =
50 - e S — —
37 - |-—

1 ll
1

S

a-Nluc (repeat)

(C) GFP

immunoprecipitation

p—
Parasites Nluc-DH SS-GFP

p—— —

=

kDa 37 -

25 | a-GFP

20 -

R -+ - Probe

EPIC 512 PTEX Cargo

1
1
1
1
|
16 .
1
1
1
1
1
1

PTEX150-HA/Nluc-DH-Halo

PV EPIC
B +WR

B -WR

0.
ORI SR RE SO 7 ORI LR IR N K R
AT ¥ LY TR ANNGTE LY Ty
GELT T E GFL 4
Combined peptide ratios
B APEX -WR B Halo -WR
B APEX +WR B Halo +WR
(E) PTEX150-HA/Nluc-DH EXP2-HA/Nluc-DH
_ 512 PTEX 'Cargo' PV EPIC _ 256 PTEX ‘Cargq PV EPIC
128 B +WR
6 M WR

DDV °Q~
LSS S g
Q«@Q?) Q’Q& é\\\ ] Qg,q

\"“f\c"'

FIGURE7 Legend on next page.

WA £
QAQ\\Q:\S

w
N

No. protein matches (log2
® >

2
1
0.5

Combined peptide ratios

I PTEX150-WR
[ PTEX150 +WR

SOLES & O 0@
ARG FTE P LY TEF
&EET S E ¢

[ EXP2 -WR
I EXP2 +WR



CHARNAUD ET AL

WILEY 847

similar efficiencies with comparable number of HSP101 peptides com-
ing down for the combined replicates (+WR peptides, EXP2-HA
347 cf. PTEX150-HA 475). It is therefore likely that WR-trapped
cargo could be lodged within the whole PTEX complex in the PV and
once segregated into the loops structures the cargo dissociates from
EXP2 or that these loops only represent a minor proportion of the

total population of EXP2 and cargo (Figure 8).

3 | DISCUSSION

Survival of Plasmodium spp. parasites inside host erythrocytes is
dependent on host cell remodelling, facilitated by parasite protein
trafficking through the PTEX complex.> While more is now known
about the components of the PTEX complex itself, including their

essentiality,“’12

not a great deal has been established about the
mechanistic process of export itself. Here, we have utilized a series of
sensitive and quantifiable reporter proteins to better define export of
cargo with different properties. We have demonstrated that trapped
cargo colocalizes with PTEX, particularly with EXP2, and appears to
promote the appearance of PV loops containing trapped cargo protein
that is segregated from both the host cytosol and PV space. Further-
more, through utilizing quantifiable Nluc reporter constructs we have
shown that ~50% of trappable reporter can be blocked from export at
either the PV where it interacts with PTEX components or within the
parasite itself. We have shown here that the reversibility of this trap-
ping appears to be dependent on the specific protein under investiga-
tion. Importantly, addition of increasing concentrations of WR, which
renders reporters progressively more difficult to unfold, presumably
increases their association with the PTEX, providing further evidence
of the complex's role as a protein unfolding translocase.

It was previously shown that mDHFR-GFP reporters become
partly trapped at the PV upon addition of WR, leading to the conclu-
sion that protein unfolding is therefore necessary for export.1%2027:28
By incorporating Nluc into these constructs we have been able to
quantify the profile of blockage, and then release, at a population
level. Our data indicated that trapping not only occurred in the PV
itself, but surprisingly also within the parasite, suggesting that the PV

may become “overloaded” with excess trapped protein causing a
build-up of exported proteins throughout the secretory system of the
parasite. It is also possible that some internally WR-trapped reporter
could be lodged in the ER secé1 translocon particularly if PEXEL pro-
teins are post-translationally transported into the ER compartment
from the cytoplasm. The export assay also demonstrated that the
degree of export of the reporter proteins can be regulated by adding
different concentrations of WR as previously established for an
mDHFR-GFP reporter.?°

Although attachment of additional APEX and Halo domains to the
core Nluc-DH reporter proved of limited use for microscopy, these
constructs did result in different export efficiencies. The efficiency of
WR-induced blockage of export increased as follows: Nluc-DH-
APEX > Nluc-DH > Nluc-DH-Halo. Interestingly, reporter export was
most rapidly reinstated in the same order after WR removal. It is pos-
sible that without WR the Nluc-DH-APEX protein is more amenable
to unfolding and export than the other reporters and therefore
becomes more readily trapped at low levels of WR. The ease of
unfolding may facilitate rapidly re-initiation of Nluc-DH-APEX export
following WR removal.

Both widefield microscopy and SIM revealed that the trapped
reporters were often confined to punctate domains within the PV,
which overlapped with PTEX components. This was previously
observed with mDHFR-GFP reporters in ring stage parasites and the
phenomenon is conserved here in trophozoites expressing Nluc
reporters.3> A punctate distribution of PV-located reporter proteins>®
and PTEX components3” have been reported previously, and referred
to as a “necklace of beads.” Examination of dozens of cell images
acquired during the course of this study indicated that PTEX150 and
HSP101 almost invariably had punctate distribution while EXP2 was
only punctate in 24% of images. EXP2 was uniformly distributed
about 60% of cells with the remainder having a mixed appearance.
The Nluc reporters in WR-treated cells were punctate in 60% of cells
with the rest being uniformly labelled. The punctate PTEX complexes
could represent “export zones” located at sites where exported pro-
teins are deposited by the vesicular transport system into underlying
regions of the parasite plasma membrane. As suggested previously,

having PTEX concentrated at so-called “export zones” could enhance

FIGURE 7 Co-immunoprecipitation (IP) experiments indicate more Nluc reporter proteins are bound to PTEX when trapped with WR.
(A) Western blots of whole erythrocytes infected with PTEX150-HA and EXP2-HA trophozoites expressing the Nluc-DH reporter. Anti-HA

chicken IgY indicates PTEX150-HA and EXP2-HA parasites have been successfully tagged and express the Nluc-DH reporter protein. Anti-EXP2
IgG indicates all lanes are similarly loaded and there is no difference with =10 nM WR treatment for 16 hours. (B) IP of PTEX150-HA from whole
magnet purified Nluc-DH parasites treated with =10 nM WR indicates more of the reporter associates with PTEX when trapped with WR. Two
western blot panels probed with anti-Nluc IgG are shown. Control IPs with anti-GFP IgG beads did not purify substantial amounts of PTEX or
reporter. Asterisks indicate non-specific bands recognized by the anti-HA IgY and HSP101 IgG. (C). IP with anti-GFP IgG beads on £WR-treated
Nluc-DH parasites and secreted GFP (SS-GFP) parasites indicates only GFP is purified. (D) PTEX150-HA was immunoprecipitated from parasites
expressing the Nluc-DH-APEX and Nluc-DH-Halo reporters following treatment +£10 nM WR. The IP eluates were subjected to LC-MS/MS-
based protein sequencing which identified all 5 PTEX components as well as bound Nluc-DH-APEX and Nluc-DH-Halo reporters particularly
when trapped with WR. The graphs show the number of peptides matching their respective proteins (log2 scale) and are representative of 1 of

2 experiments. Red text indicates the primary IP target. (A, bottom) Pie graphs showing the proportions of Nluc reporter peptides from parasites
treated with =WR co-precipitating with PTEX150-HA. The peptide numbers from 2 combined biological replicates are shown. (E, top) Protein
peptide counts of anti-HA IPs from PTEX150-HA/Nluc-DH and EXP2-HA/Nluc-DH trophozoites treated with 10 nM WR99210. Binding of the
Nluc-DH reporter to the PTEX proteins was greater when WR-trapped than when not. The number of reporter peptides binding to either PTEX
protein was similar. Representative graph of 1 of 2 experiments is shown and red text indicates the primary IP target. (E, bottom) Pie graphs
showing the proportions of Nluc-DH reporter peptides from parasites treated with =WR co-precipitating with PTEX150-HA and EXP2-HA. The
peptide numbers from 2 combined biological replicates are shown
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FIGURE 8 Diagram showing how parasites putatively export proteins into their erythrocyte host via PTEX and cope with blocked PTEX
complexes. (Left) Exported proteins are delivered to PTEX-enriched export zones (red) at the parasite surface via vesicular transport. HSP101 and
PTEX150 presumably assemble on the proteins and deliver them to EXP2 through which they are exported in an unfolded form. (Right) When
mDHFR-containing exported proteins are made refractory to unfolding by addition of WR99210, the reporter proteins accumulate in the PV at
the export zones. The blocked proteins gradually migrate to PVM extensions called the tubulo-vesicular network (TVN) along with EXP2 but not
the rest of PTEX. The blocked reporter proteins once spatially segregated from the export zones cannot be exported when the WR ligand is
removed. The disassembly of PTEX allows all the non-EXP2 components to be recycled for further export

the efficiency and selectivity of the translocation process.®®> The uni-
form labelling seen for EXP2 and trapped Nluc reporter could repre-
sent protein that is no longer restricted to the PTEX regions and is in
the process of re-distribution to PVM loops.

PV loops often contained WR-trapped reporter protein and
EXP2, but not the other PTEX components. 3D reconstructions using
SIM reveals that the “loops” are spherical membranous structures.
They are likely equivalent to structures observed by electron tomogra-
phy that are occasionally observed close to the PVM, even in parasites
without the trapped reporters.®” These loops did not appear contigu-
ous with the parasite cytoplasm as they were not positive for the par-
asite cytosolic protein HSP70-1. They are probably examples of the
tubulo-vesicular network (TVN) which are PVM-derived projections
that extend into the erythrocyte compartment and may even bud off
from the main PVM enveloping the parasite.>4*%3? EXP2 has previ-
ously been localized by immuno-electron microscopy to the PVM and
to membranes in the erythrocyte cytoplasm®® and here using SIM we
confirm that the TVN structures are positive for EXP2. Distinct mem-
branous structures positive for EXP2 have also been observed in the
cytoplasmic compartment of reticulocytes but not mature erythro-
cytes.! It would be interesting to determine if misfolded exported
proteins could also be localized to these membranous structures,
however, we did not have access to reticulocytes to confirm this.

Given that the TVN loops were not positive for PTEX150 and
HSP101 and were more abundant in WR-treated parasites compared

to age-matched untreated parasites, we hypothesize that the TVN

could represent a mechanism to remove misfolded proteins from
PTEX positive protein translocation sites in the PVM. It is interesting
to note that TVN structures seem particularly well developed in para-
sites over-expressing difficult-to-unfold secreted GFP reporter pro-
teins.2¢*8 WR-induced trapping of mDHFR-GFP reporter proteins has
been previously observed to induce mobile and “worm-like” protru-
sions of the PV in live cells.r” Parasites might therefore sequester
difficult-to-unfold proteins into the TVN to prevent inhibition of
PTEX-associated export and growth reduction. Alternatively, the
accumulation of trapped reporters and EXP2 into the TVN might be
passive with the remaining PTEX actively excluded from the TVN and
retained within PV punctate regions for protein translocation.

In contrast to our PTEX observations in P. falciparum, the tagging
of EXP2, HSP101 and PTEX88 with mCherry fluorescent protein or
GFP in P. berghei indicated that these proteins are not only localized
to the PV but also to membranous tubules extending from the PV.*?
These tubules were observed in live cells and are probably equivalent
to the TVN loops we imaged in our fixed cells. It is possible that the
differences observed are species-specific and that PTEX components
are not segregated in P. berghei. Alternatively, the attachment of large
fluorescent proteins (compared with the small HA epitope in
P. falciparum) may have reduced the efficiency of PTEX assembly lead-
ing the fusion proteins to freely disperse throughout the PV-TVN net-
work in P. berghei.

Our previous native protein gel analyses of PTEX indicated that

only about half of PTEX subunit proteins were assembled into the full
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sized >1200 kDa complex with the remaining existing as smaller
homo-oligomers.*> This suggested that PTEX could be a dynamic
complex assembled from cargo-binding subunits which could engage
the EXP2 pore at the PVM to initiate translocation of the cargo.!® The
ability to disassemble PTEX and recycle its subunits for other translo-
con complexes would be particularly useful when the complex
becomes jammed with unfoldable cargo. A consequence of PTEX dis-
assembly is that the trapped cargo may remain lodged in EXP2 pores
triggering segregation into TVN structures. If the Nluc-DH reporter
remained trapped in EXP2, we would have expected that IP of EXP2
from WR-treated parasites should have yielded larger amounts of
trapped cargo than PTEX150 IPs. Unexpectedly, the experiments indi-
cated that there was little difference between EXP2 and PTEX150 IPs
with similar levels of trapped Nluc-DH. This indicates that EXP2 and
unfoldable Nluc-DH cargo are possibly not associated within the TVN
structures. This result stands in contrast to previous results indicating
trapped mDHFR-GFP reporter proteins are bound to EXP2 but not
HSP101.1° A key difference between these studies and ours is that
we used mass spectrometry to detect binding rather than western
blot which we have found to be less sensitive. Additionally, our Nluc-
mDHFR reporters were soluble proteins and the GFP-mDHFR
reporters used previously were fusions with transmembrane domain
containing exported proteins (SBP1, MAHRP1 and REX2). When
trapped with WR these transmembrane reporters would likely be
retained in membranes where they could interact with EXP2. The
addition of a HA-epitope to HSP101 may also reduce the efficiency
with which it was retained as part of the PTEX/GFP-mDHFR
complex.t?

Interestingly, after removing WR and reinstating export, most of
the trapped protein appeared to derive from the parasite compart-
ment rather than the PV because the cytoplasmic Nluc pool declined
more than the PV pool. Based on our observations that some of the
trapped reporter proteins are localized with EXP2 to the TVN loops
and away from the rest of PTEX, the spatial separation may ensure
most of the segregated reporter is never exported. It could be that fol-
lowing the removal of WR, the only pre-existing reporter proteins that
can be exported are poised at the ER or are in cytoplasmic vesicles
possibly bound to chaperones, so they can be unfolded for export
once delivered to the PV.

Although the WR-induced trapping of highly expressed reporter
proteins appears to enhance the formation of PV loops, these TVN
structures do form naturally particularly in older parasites.3”3?
Although, the TVN could naturally form to sequester an accumulating
burden of aggregated endogenous proteins resistant to unfolding
away from PTEX, the TVN could also have other functions. Foremost
would be to increase the surface area of the PVM for enhanced
exchange of low molecular weight molecules (eg, amino acids, purines,
vitamins) as the parasite begins to grow and replicate. The fact that
EXP2 can complement the loss of GRA17, a presumed nutrient pore
in Toxoplasma gondii parasites supports an additional role for EXP2 in
nutrient uptake.*> We note, however, that once the TVN structures
have detached from the PVM nutrient exchange would no longer be
possible.

Interestingly, a study with fluorescent membrane dyes indicated

PVM loops begin forming in rings before expanding to tubules in

trophozoites.®? We did not observe EXP2 or Nluc reporters accumu-
lating in loops in ring stage parasites. Instead, we only observed this in
trophozoites particularly as they aged and when export was blocked
with WR. Whether WR induced blocking of reporter export induces
de novo formation of PVM loops or favours the accumulation of pro-
teins into membranous loops that have already formed awaits further
investigation.

When the endogenous gene for the exported protein sbpl was
appended with the sequence for mDHFR-GFP, this potently arrested
parasite growth following treatment with 4 nM WR.2? The probable
reason was that the SBP-mDHFR-GFP fusion was clogging PTEX in
all cells thereby preventing the export of other essential proteins. In
contrast, we measured relatively weak growth inhibition following
WR treatment for Nluc-DH-Halo and Nluc-DH-APEX reporters and a
partial block of GBP130 export. This could be because of the fact
that our Nluc reporters were expressed later in the intraerythrocytic
cell cycle from ~20 hpi under the efla promoter from an episome
compared with the endogenous sbp1 promoter used previously that
was expressed in all of the early ring cells.*??* As a consequence,
many exported proteins would have already gained access to the
erythrocyte compartment by the time the WR-trapped Nluc con-
structs were maximally expressed. Additionally, 10 nM WR only
blocked the export of our reporters by 50% suggesting PTEX was
not completely clogged and was able to continue exporting essential

proteins.

4 | CONCLUSION

Protein export is essential for parasite survival and data generated
here suggests that the parasite could have multiple mechanisms to
avoid growth arrest when exported proteins are trapped in the PTEX
complex. Specifically, we have shown that artificially trapped cargo
can be exported upon release of the trapping pressure (WR removal),
presumably because of the action of unfoldases throughout the sys-
tem allowing unfolding. Additionally, the appearance of TVN loops
containing EXP2 and trapped reporter suggests that a segregation
mechanism potentially exists for clearing blockages from the PTEX to
ensure export of essential effector proteins can continue (Figure 8).
These data suggest that the TVN loops seen upon trapping could rep-
resent “molecular garbage bins” to help ensure parasite survival under
times of stress when proteins are presented to the PTEX in an inap-

propriate state.

5 | MATERIALS AND METHODS

51 |

Plasmodium falciparum was cultured in human RBCs (Australian Red
Cross Blood Bank, blood group OF) at 4% haematocrit in AlbuMaxll
media (RPMI-HEPES, 0.5% AlbuMaxll [GIBCO], 0.2% NaHCOs,
0.37 mM hypoxanthine) at 37°C as described previously.**

Parasite culture
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5.2 | Transgenic parasite lines

pLuc-GFP-HA-DD24*° was digested with Hindlll and BamHI to excise
the hdhfr sequence which was replaced with that of blasticidin deami-
nase (BSD). The Nluc-DH-APEX construct was made by inserting a
synthetic DNA sequence encoding hyp1-flag-nanoluciferase-mdhfr-
ty1-apex (Genscript) into the pLuc-GFP-HA-DD24-BSD plasmid after
removing Luc-GFP-HA-DD24 via Xhol and Mlul sites. The Nluc-DH-
Halo plasmid was made by excising the apex sequence from the Nluc-
DH-APEX plasmid via Avrll and Mlul and replacing with the halotag
sequence amplified by PCR from pHTC HaloTag CMV-neo (Promega).
The Nluc-DH plasmid was made by excising the apex sequence from
Nluc-DH-APEX via Avrll and Mlul ligating the DNA ends after blunt-
ing. The transgenic P. falciparum parasites expressing the various
Nluc-DH plasmids were made by cultivating PTEX150-HAgImS para-
sites (strain C52),*? in erythrocytes electroporated with 100 pg of the
plasmids as per.*® Transgenic parasites were selected with 5 pg/mL
Blasticidin S.

5.3 | Differential permeabilization and western blot
analysis of parasite proteins

After 16 hours treatment with +10 nM WR99210, trophozoites
expressing Nluc reporters were separated from uninfected red blood
cells via a MACS magnetic column (Milteni Biotech) in serum-free
RPMI HEPES free. The =WR parasite were equally divided into
6 Eppendorf tubes and then pelleted (500g, 5’). Each pair of tubes was
treated with recombinant EQT (produced in-house diluted 1/100 from
a HisTrap purified preparation at a dilution empirically determined to
cause complete haemolysis); or EQT and 0.03% saponin; or EQT and
0.25% Triton X-100. All treatments were performed in PK buffer
(50 mM Tris, 150 mM NaCl, 1 mM CaCl,, pH 7.4) in a total volume of
500 pL. Parasites were incubated at room temperature for 10’ with
shaking at 800 rpm. Following incubation, 100 pL of Proteinase K in
PK buffer was added to 1 tube from each pair at a final concentration
of 20 pg/mL. Mock treatments with 100 pL of the same buffer con-
taining no protease were performed for the other tubes. Proteinase K
digestion proceeded for 15’ at 37°C with shaking at 800 rpm. The
Proteinase K was inhibited via the addition of 100 pL of complete
protease inhibitor cocktail tablets (Roche) made up at a high concen-
tration of 2 tablets per 3 mL PK buffer with the addition of 1 mM
PMSF (phenylmethylsulphonyl fluoride). Soluble supernatant material
was then separated from insoluble pellet material by centrifugation
(1000g, 5'). The supernatants were concentrated 7-fold to 100 pL via
10 kDa MW cut-off spin columns (MilliQ). Pellet and supernatant
material were resuspended in reducing sample buffer and electrophor-
esed via NUPAGE Bis Tris SDS-PAGE 4% to 12% (Thermo Fisher) in

MES buffer prior to electrotransfer for western blotting.

5.4 | Nanoluciferase export assay

Approximately, 12 hpi ring stage parasites were cultured for 16 hours
in the presence or absence of WR. Where indicated, WR treated para-
sites were washed twice in complete media without WR prior to
replating (initial time points were measured immediately after wash-
ing). CHX treatment (100 uM) was initiated in the indicated

experiments 1 hour prior to removing WR and washing cells, inhibi-
tion of protein synthesis was verified by measuring total Nluc signal in
hypotonic lysis buffer (described below) at 0.5 and 2.5 hours post-
treatment to measure the increase in signal. Parasites were adjusted
to 1% parasitaemia and 1% haematocrit in complete media, 5 pL each
culture were added to 8 replicate wells of a 96 well plate. As a spike-
in control to adjust for effects of different buffers, purified His-Nluc
was added to 3D7 parasites not expressing Nluc to 333 pg/mL, this
sample was also added to 8 replicate wells. For each of the following
4 buffers, 90 pL was added to 2 wells of each sample: Tris-phosphate
buffer (10 mM Tris-phosphate, 132 mM NaCl, 5 mM EDTA, 5 mM
DTT, pH 7.4) was added to determine background lysis, EQT buffer
(10 mM Tris-phosphate, pH 7.4, 132 mM NaCl, 5 mM EDTA, 5 mM
DTT, 4.89 pg/mL purified EQT [empirically determined to release
maximum signal from exported Nluc while releasing minimum signal
from a secreted Nluc reporter]) was added to release Nluc exported
into the RBC cytoplasm, saponin buffer (10 mM Tris-phosphate,
132 mM NaCl, 5 mM EDTA, 5 mM DTT, 4.89 pg/mL purified EQT,
0.03% saponin, pH 7.4) was added to release Nluc localized to the PV
and RBC cytoplasm. Hypotonic buffer (10 mM Tris-phosphate, 5 mM
EDTA, 5 mM DTT, 0.2% Igepal CA-630, pH 7.4) was added to release
total Nluc. In each well, 5 pL Tris-phosphate buffer containing 1:50
Nanoglo substrate (Promega) was injected using a CLARIOStar multi-
well reader (final dilution of Nanoglo 1:1000) prior to shaking the
plate for 30 seconds at 700 rpm, then reading luminescence at maxi-
mum gain (4095) for 1 second per well. All calculations were per-
formed using the mean of both wells as technical replicates,
propagating SE from mean. Each well was normalized to the spike-in
control of the corresponding buffer. Background was then subtracted
from EQT, saponin and hypotonic buffer for each sample. Localization
was calculated as follows for each buffer after normalizing and sub-

tracting background signal:

%Exported - EQT buffer

Hypotonic buffer x 100

%Secreted - (Saponin buffer - EQT buffer)

Hypotonic buffer x 100

%Retained - (Hypotonic buffer - Saponin buffer)

Hypotonic buffer x 100

Final values are of combined data from 3 biological replicates, of
2 technical replicates each. Statistical significance was determined by
one-way analysis of variance (ANOVA), with Dunnett's correction
comparing each sample to a control sample (without WR for WR titra-

tion, T = O time point for recovery from washing experiments).

5.5 | Immunofluorescence assays

Parasites were pelleted and washed twice in PBS before a final 10 pL
cell pellet was resuspended in 1 mL PBS. The cells were added to the
wells of a 24 well tissue culture plate containing a coverslip (13 mm)
coated in 0.1% poly-L-lysine. After the cells had settled, fixation was
performed in 4% paraformaldehyde and 0.0075% glutaraldehyde as
per.?” Coverslips were washed with PBS and permeabilized in 0.1%
Triton X100 in PBS for 15 minutes and then blocked with 3% bovine
serum albumin (BSA) in PBS. Primary antibodies (Table S3) were
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diluted in 3% BSA/PBS and incubated for 2 hours at room tempera-
ture. Samples were washed x3 with PBS and incubated with second-
ary antibodies (AlexaFluor), 1:2000 in 3% BSA/PBS for 1 hour.
Samples were washed as mentioned above and mounted in Vecta-
shield with DAPI (4’,6-diamidino-2-phenylindole). Images were taken
with a Zeiss Axio Observer Z1 inverted widefield microscope and
deconvolution performed with Zen software. Images were processed
and analysed using open java source FlJI software. Sub-diffraction
imaging was performed using SIM.32 The super resolution images
were collected using a Nikon N-SIM microscope equipped with
488, 561 and 640 nm lasers, an Andor iXON DU897 EM-CCD camera
and a x100 oil immersion lens having a numerical aperture of 1.49.
The z-series was acquired using NIS-Elements and analysed both

using NIS-Elements and the open java source, ImageJ/FIJI.

5.6 | Electron microscopy

Erythrocytes infected with Nluc-DH-APEX parasites were treated
with either 0 or 10 nM WR99210. Parasites were harvested by mag-
netic separation at the trophozoite stage and were fixed in 2% para-
formaldehyde, 0.0075% glutaraldehyde for 30 minutes. Samples were
then washed in PBS and permeablized with EQT (0.33 mg/mL) in PBS,
then fixed in 2% paraformaldehyde, 0.0075% glutaraldehyde. After
guenching with 20 mM glycine in PBS, samples were washed twice in
PBS and then treated with 0.5 mg/mL 3,3'-diaminobenzidine (DAB) in
50 mM Tris HCI, 0.03% H,0O, for 5 minutes. The samples were
washed in PBS, fixed in 2% OsO,, washed in H,O then dehydrated in
an ethanol series followed by 100% acetone. The parasite samples
were then infiltrated with Procure epoxy resin for 24 hours at 60°C
before polymerization with benzyldimethylamine for 48 hours. Thin
sections were stained with uranyl acetate and lead citrate and

observed on a Tecnai Spirit electron microscope.

5.7 | Halotag experiments

For imaging of the parasites, Nluc-DH-Halo parasites were incubated
at 2% haematocrit in RPMI media (with no Albumax) containing Ore-
gon Green Halotag ligand (1:1000, Promega) for 1 hour. After washing
in PBS, the cells were settled onto to poly-L-lysine-coated coverslips
and were fixed and probed as indicated above. For pull-down experi-
ments lysates were made from whole magnet purified Nluc-DH-Halo
trophozoites as described below in IP assays. After solubilization in
0.25% TX-100, the lysate was diluted down to 0.05% with PBS before
addition to HaloLink beads (Promega) overnight. After washing in PBS,
bound proteins were eluted from the beads by digestion with TEV pro-

tease following manufacturer's instructions (Life Technologies).

5.8 | Western blotting

Infected erythrocytes at stages indicated were lysed in 0.09% saponin
prior to washing in PBS containing complete protease inhibitor cock-
tail tablets (Roche). Pellets were resuspended in non-reducing SDS-
PAGE sample buffer. Prior to electrophoresis on pre-cast 4% to 12%
acrylamide gradient bis-tris gels (Invitrogen) in x1 NuPAGE MOPS

SDS running buffer. Proteins were transferred onto nitrocellulose and
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subsequently blocked with 1% casein in PBS prior to probing with
specific antibodies (Table S3). Primary antibodies were detected with
fluorescent goat anti-mouse and anti-rabbit IgGs or goat anti-chicken-
HRP (Rockland Immunochemicals) and visualized with a LiCor

Odyssey infrared imager.

5.9 | Block and release export assay

Parasites were prepared as listed for the standard export assay. WR
was added at late ring stage approximately 16 hpi and washed out at
late trophozoite stage approximately 28 hpi. Parasites were put in
buffers as listed above (buffer alone, with EQT, with 0.03% saponin
and EQT, or with 0.2% NP40) and relative light units of all plates were
measured immediately (time 0), 2, 4 and 8 hours later with CLARIOs-
tar multimode plate reader. Experiments were repeated on at least
3 independent occasions and 2 technical replicates were completed

per biological replicate.

5.10 | Malstat growth assay

LDH was measured to determine parasite biomass as described previ-
ously.32 Briefly, parasites were synchronized and adjusted to 2% haema-
tocrit and 1% parasitaemia in 96 well plates with different
concentrations of WR. Late trophozoite stage parasites were diluted
1/8, and the remainder was harvested and stored at -80°C. Samples
were thawed for 4 hours and 30 pL of sample added to 75 pL Malstat
mixture (0.083 M Tris pH 7.5, 185 mM lactic acid, pH 7.5, 0.17% TX-
100, 0.83 mM acetylpyridine adenine dinucleotide [APAD], 0.17 mg/mL
Nitroblue tetrazolium [NBT], 0.08 mg/mL phenozine ethosulphate
[PES]). Samples were incubated in the dark at RT until a colour change
occurred (~45 minutes). Absorbance was measured at 650 nm. The
growth of treated parasites was compared to untreated parasites (100%

growth) in each cycle.

511 |

HA IP assay: PTEX150-HA/NIluc-DH, EXP2-HA/Nluc-DH, Nluc-DH-
APEX and Nluc-DH-Halo parasites were treated at ring stage £10 nM

Immunoprecipitation assays

WR for 16 hours and were saponin lysed as outlined above. Cell pel-
lets were resuspended in x25 pellet volume 0.25% TX-100/PBS with
complete protease inhibitor cocktail tablets (lysis buffer) at room tem-
perature for 1.5 hours. Insoluble material was subsequently pelleted
at 14 000g/10 min/4°C. An aliquot of each lysate was removed (input
sample) and remainder was added to anti-HA agarose (Sigma, washed
3 times in lysis buffer prior to use) prior to incubation overnight at
4°C. Samples were subsequently pelleted and washed twice in lysis
buffer, prior to transfer to micro-bio-spin columns and 3 additional
washes in lysis buffer. Bound proteins were eluted in non-reducing
sample buffer and input and eluted fractions were electrophoresed on
4% to 12% precast gradient gels. DSP crosslinking of parasites (1 mM)
and subsequent IP in RIPR buffer (25 mM Tris HCI, pH 7.6, 150 mM
NaCl, 1% TX-100, 1% sodium deoxycholate, 0.1% SDS.) were per-

formed as described in Reference 2.
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5.12 | Mass spectrometry

Following IP as described above, bead-bound proteins were denatured,
reduced and alkylated prior to on-bead tryptic digestion. Digested pep-
tides were bound to C18 resin (Pierce, Thermo Fisher Scientific),
washed, eluted and concentrated prior to analysis by Liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) using Orbitrap Lumos
mass spectrometer (Thermo Fisher Scientific) fitted with nanoflow
reversed-phase-HPLC (Ultimate 3000 RSLC, Dionex). The nano-LC sys-
tem was equipped with an Acclaim Pepmap nano-trap column and an
Acclaim Pepmap RSLC analytical column. Peptide mix of 1 uL was
loaded onto the enrichment (trap) column at an isocratic flow of 5 pL/
min of 3% CH3CN containing 0.1% formic acid for 6 minutes before the
enrichment column was switched in-line with the analytical column. The
eluents used for the LC were 0.1% v/v formic acid (solvent A) and 100%
CH3CN/0.1% formic acid v/v (solvent B). The gradient used was 3% B
to 20% B for 95 minutes, 20% B to 40% B in 10 minutes, 40% B to 80%
B in 5 minutes and maintained at 80% B for the final 5 minutes before
equilibration for 10 minutes at 3% B prior to the next sample. The mass
spectrometer was equipped with a NanoEsi nano-electrospray ion
source (Thermo Fisher) for automated MS/MS. High mass accuracy MS
data were obtained in a data-dependent acquisition mode with the Orbi-
trap resolution set at 75 000 and the top 10-multiply charged species
selected for fragmentation by HCD (Higher-energy C-trap Dissociation)
(single-charged and double-charged species were ignored). The ion
threshold was set to 15 000 counts for MS/MS. The capillary electro-
phoresis (CE) voltage was set to 27 kv. The resolution was set to
120 000 at MS1 with lock mass of 445.12003 with HCD fragmentation
and MS2 scan in ion trap. Top 3-second method was used to select spe-
cies for fragmentation. Singly charged species were ignored and an ion
threshold triggering at 1e4 was employed. CE voltage was set to 1.9 kv.
The “protein scores” in Tables S1 and S2 were generated by MASCOT

software (Matrix Science).
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