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ABSTRACT

Plasmodium falciparum malaria parasites export several hundred proteins to the cytoplasm of infected red blood
cells (RBCs) to modify the cell environment suitable for their growth. A Plasmodium translocon of exported
proteins (PTEX) is necessary for both soluble and integral membrane proteins to cross the parasitophorous
vacuole (PV) membrane surrounding the parasite inside the RBC. However, the molecular composition of the
translocation complex for integral membrane proteins is not fully characterized, especially at the parasite plasma
membrane. To examine the translocation complex, here we used mini-SURFINy 1, consisting of a short N-terminal
region, a transmembrane region, and a cytoplasmic region of an exported integral membrane protein SURFINy ;.
We found that mini-SURFIN, ; forms a translocation intermediate complex with core PTEX components, EXP2,
HSP101, and PTEX150. We also found that several proteins are exposed to the PV space, including Pf113, an
uncharacterized PTEX-associated protein. We determined that Pf113 localizes in dense granules at the merozoite
stage and on the parasite periphery after RBC invasion. Using an inducible translocon-clogged mini-SURFINy ;,
we found that a stable translocation intermediate complex forms at the parasite plasma membrane and contains
EXP2 and a processed form of Pf113. These results suggest a potential role of Pf113 for the translocation step of
mini-SURFIN, ;, providing further insights into the translocation mechanisms for parasite integral membrane
proteins.

1. Introduction

The pathologies associated with malaria are due to the Plasmodium
parasite intraerythrocytic life cycle stage in which the parasite develops

Malaria remains a public health concern in the tropical and sub-
tropical regions of the world [1]. Among the causative protozoan
pathogens of malaria, Plasmodium falciparum is responsible for the most
severe form in humans and leads to high mortality of young children and
pregnant women, especially in Sub-Saharan Africa. The emergence of
P. falciparum resistance to artemisinin, the current front line anti-
malarial drug, highlights the need to develop new anti-malarial drugs
targeting essential biological steps of malaria parasites [2].

within and extensively modifies red blood cells (RBC). During this
process P. falciparum exports several hundred parasite-encoded proteins
to the RBC cytoplasm and surface [3]. The severity of P. falciparum is
linked to RBC modification by malarial exported proteins; for example,
parasite-encoded proteins by which the parasite-infected RBCs (iRBCs)
gain a cytoadherence capacity for microvasculature endothelial cells
[3]. Exported proteins by parasites are generally categorized into two
types based on their sequence information. The first group possess a
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pentameric amino acid motif RXxLxE/Q/D, termed Plasmodium export
element (PEXEL) or vacuolar targeting sequence (VTS) [4,5]. The sec-
ond group lacks the PEXEL/VTS motif and is termed PEXEL negative
exported proteins (PNEPs) [6,7]. Both groups of exported proteins are
composed of many soluble and integral membrane proteins, which
cooperatively work to support the nutrient uptake pathway, alter RBC
rigidity, assign cytoadherence activity, and generate membranous
structures within the iRBC such as Maurer’s clefts [8-12]. This protein
transport system is essential for parasite survival, and is therefore
considered a potential drug target.

P. falciparum integral membrane proteins exported to the RBC sur-
face play essential roles in parasite virulence mechanisms such as
cytoadhesion, rosetting, and alteration of RBC rigidity [13]. Exported
proteins include PfEMP1, RIFINs, STEVORs, and SURFINS, all encoded
by multigene families in the P. falciparum genome [14-17]. PfEMP1 is
exposed on the iRBC surface and its extracellular region binds to
endothelial cells of blood vessels, resulting in severe outcomes such as
cerebral malaria and placental malaria. Specific subtypes of RIFINs and
STEVORs mediate binding to uninfected RBCs, leading to clumping
termed rosetting [15,16]. A sub-type of SURFINSs is additionally related
to RBC rigidity, which is associated with malaria severity [10]. In an
early step of trafficking these proteins are recruited to the parasite
endoplasmic reticulum and Golgi network, then transferred to the
parasite plasma membrane (PPM) by vesicular trafficking, where pro-
teins are proposed to be exported by translocons in the PPM and para-
sitophorous vacuole membrane (PVM) to reach the RBC cytoplasm
[6,18,19]. The PPM translocon was proposed based on the observation
that the inhibition of the unfolding of REX2, an integral PNEP, resulted
in the accumulation of this protein in the parasite cytoplasm [6]. The
presence of a PPM translocon was also supported by a study showing
that a transmembrane protein was unfolded before reaching to the PV
space in Plasmodium berghei [20]. However, this hypothetical translocon
remains to be identified.

A recent study described a translocation intermediate complex
composed of an export-arrested protein and a pore component of the
PVM translocon, termed Plasmodium translocon of exported proteins
(PTEX) [21]. PTEX is a high molecular weight complex composed of
three core proteins EXP2, HSP101, and PTEX150, and two accessory
proteins PTEX88 and Trx2 [22-24]. A series of reverse genetic analyses
revealed that the PTEX complex is essential for transport of many sol-
uble and integral membrane proteins exported to the RBC in
P. falciparum and the rodent malaria parasite P. berghei [25-28]. In this
trafficking process the oligomeric EXP2 complex functions as a trans-
location pore for export substrates in the PVM [22,24,28-30]. Using an
exported protein fused with a conditionally regulated unfoldable tag,
Mesén-Ramirez et al. (2016) showed that the EXP2 pore complex was
clogged with an export-arrested integral membrane protein, resulting in
the formation of a translocation intermediate complex containing the
exported protein and EXP2 [21]. PTEX components HSP101 and
PTEX150 also interact with soluble PEXEL proteins [22,23,31]. An
additional recent study has shown that PTEX components interact with
an integral membrane protein PfEMP1 [32]. Based on these findings,
PTEX is considered to translocate both soluble and integral membrane
proteins. However, additional components in the translocation inter-
mediate complex remain to be identified.

To characterize a translocation intermediate complex, we sought to
isolate a membrane protein complex with SURFIN4 1, an exported inte-
gral membrane protein for which we have dissected sequence re-
quirements for trafficking to the RBC [33,34]. SURFINs are integral
membrane PNEPs, encoded by 10 surf genes in the P. falciparum 3D7 line
genome [17,35]. SURFIN, > was originally identified as a protein traf-
ficked to the parasite-iRBC surface via Maurer’s clefts [17,36,37]. We
have shown that SURFINy ; is similarly transported across the PPM and
PVM to Maurer’s clefts, and this export is minimally determined by an
N-terminal short sequence (N), transmembrane region (T), and a short
cytoplasmic tail (C) [33]. The total length of the dissected SURFIN4 1
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region is 104 amino acids, which is comparable to the length of REX2,
one of the smallest PNEPs (94 amino acids in length) [38]. Such a short
sequence is useful to characterize the likely interactions with trafficking-
related proteins, yet removing possible non-specific interactions medi-
tated by other functional domains.

In this study, we identify a translocation intermediate complex with
an exported integral membrane protein based on SURFIN4; without
using a conditionally regulated unfoldable tag. We used a transfectant
expressing SURFIN4 1N-T-C-TyGFP  (mini-SURFIN4;), which is
composed of minimal trafficking motifs identified in our previous study
[33], a Tyl peptide tag sequence, and green fluorescent protein (GFP).
We applied immunoprecipitation, and mass spectrometric analyses
using the transfectant expressing mini-SURFIN,4 ;. We also performed
proximity-dependent biotin identification (BioID) to identify proteins
interacting with SURFIN,4 ;. These approaches identified three core
PTEX components EXP2, HSP101, PTEX150, plus a dozen uncharac-
terized or poorly characterized proteins including Pf113, which is
released from merozoite dense granules and after invasion co-localizes
with EXP2 on the parasite periphery. Our study provides insight into
the protein translocation mechanism trafficking P. falciparum integral
membrane proteins across the PPM by an unidentified translocon, and
the PVM, which is driven by PTEX.

2. Experimental procedures
2.1. P. falciparum cultivation and transfection

P. falciparum MS822 was isolated in Thailand and maintained at
Nagasaki University [39]. The 3D7 line was obtained from Dr. L. H.
Miller [40], and the 3D7attB line was generated by Nkrumabh et al. [41]
and obtained through The Malaria Research and Reference Reagent
Resource Center (MR4). Parasites were cultured essentially as described
[42], in RPMI-1640 medium containing O+ RBCs at 2% hematocrit
supplemented with 5% heat-inactivated pooled type AB+ human serum
and 0.25% AlbuMAX I (Invitrogen), 200 pM hypoxanthine (Sigma), and
10 pg/mL gentamicin (Sigma). Human RBCs and plasma were obtained
from the Nagasaki Red Cross Blood Center, Nagasaki, Japan.

P. falciparum transfection was performed by the spontaneous uptake
method [43]. Plasmid DNA (100 pg) constructs were electroporated to
uninfected RBCs in a 2 mm cuvette using the Gene Pulser Xcell Elec-
troporation System (Bio-Rad). Transfected parasites were selected with
5 nM anti-folate drug WR99210 (a gift from D. Jacobus) or 1.25 pg/mL
blasticidin-S from 4 days post-transfection. The WR99210 concentration
was increased up to 20 nM during the maintenance.

2.2. Plasmid construction

To generate an expression vector for a BirA*-HA fusion protein, the
BirA*-HA sequence was PCR-amplified using pcDNAj;;MCS-BirA
(R118G)-HA (Addgene) as a template DNA [44]. The amplified BirA*-
HA region was introduced into the pCHD-CRT-5U-based expression
vector by In-Fusion cloning (Takara, Japan). The pCHD-empty vector
was firstly cloned by Gateway BP reaction and LR reaction using pB13,
pENTR4/1_PfCRT5’, and pCHDR-3/4 (gifts from G. McFadden; Univer-
sity of Melbourne, Australia) [45,46]. Then the BirA*-HA or SUR-
FIN4 1N-T-C-HA regions were inserted at a Stul site by In-Fusion cloning.
To make a construct for expression of SURFIN,4 1N-T-C-BirA*-HA, a new
Stul site within the 5 primer was used for introduction of the SUR-
FIN4 1N-T-C region.

To generate an expression vector for mini-SURFIN4 ;-mDHFR, the
TyGFP coding region was firstly introduced into the Smal site of the
pB13 plasmid, then the SURFIN, ;N-T-C region was PCR-amplified and
introduced into the EcoRYV site, resulting in the intermediate plasmid
coding control mini-SURFIN4 ; protein. Finally, the mDHFR coding re-
gion was PCR-amplified using pSEL1 (obtained from Addgene) as a
template DNA, then introduced into the Stul site. These pB13-based
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intermediate plasmids coding mini-SURFIN,4 ;-mDHFR or control pro-
tein were subjected to a Gateway Multisite LR recombination reaction
with pENTR4/1 _PfCRT5’ and pLN-DEST-R43(I) containing a
blasticidin-S deaminase (BSD) selectable marker [45]. TyGFP expression
plasmids were constructed by introducing a TyGFP fragment into pB13
by the BP reaction and following LR reaction with pENTR4/1_PfCRT5’
and pCHDR-3/4. The final expression plasmids were confirmed by
diagnostic restriction enzyme digestion and nucleotide sequencing. In-
formation of all oligonucleotide primers used in this study are shown in
Table S3.

2.3. Solubilization of parasite proteins, chemical cross-linking, and
immunoprecipitation

Ring and late trophozoite parasites-iRBCs were obtained by 60 h
cultivation after sorbitol synchronization and were harvested by
centrifugation. Parasite soluble protein and membrane proteins were
prepared as described [33]. Parasite-iRBCs were treated with 0.15% (w/
v) saponin and parasite pellets were suspended with PBS containing 1
mM EDTA and a proteinase inhibitor cocktail (PI; cOmplete, EDTA-free,
Roche), then adjusted to a final concentration of 1 x 107 parasite/pL.
After three cycles of freezing and thawing followed by centrifugation,
supernatants were collected as freeze-thaw (F.T.) fractions containing
soluble parasite proteins. The pellets were washed twice in PBS con-
taining 1 mM EDTA and PI. The pellets were then resuspended in 1%
Triton X-100 solubilization buffer (PBS containing 1 mM EDTA, 10%
glycerol, and PI) and adjusted to 1 x 107 parasite/pL. Solubilization was
performed on ice for 1 h. After centrifugation, the supernatants were
collected as Triton X-100 solubilized fractions. Solubilized fractions
were stored at —80 °C until use. Approximately 300 mL culture (~3 X
10° parasites) was used for purification of proteins interacting with
mini-SURFIN4 ;. Ring and late trophozoite parasite-iRBCs were har-
vested by centrifugation. After saponin treatment and extraction of
soluble protein described above, parasite pellets were resuspended in
solubilization buffer (3 x 10° parasite/pL). A 1/10 volume of DSP
(Sigma) dissolved in dimethyl sulfoxide (DMSO) was mixed with the
parasite suspension. Parasites were incubated on ice for 15 min. Then,
cross-linking with DSP was quenched by addition of 1 M Tris HCI (pH
7.5), and the Tris concentration was adjusted to 20 mM. After centri-
fugation, supernatants were removed.

Immunoprecipitation with DSP chemical cross-linking was per-
formed using a protocol described for the isolation of a translocation
complex in chloroplasts [47]. DSP-treated parasite pellets were solubi-
lized with 2% SDS and 0.5% Triton X-100 in Tris-buffered saline (TBS)-
based solubilization buffer containing 1 mM EDTA, 10% glycerol, and PI
(final 1 x 107 parasite/pL) at room temperature for 30 min. After
centrifugation, the supernatants were collected as an input fraction. To
enable antibodies to interact with target antigens, solubilized fractions
were 20-fold diluted with 0.5% Triton X-100 in TBS-based solubilization
buffer. Diluted parasite proteins (5 x 10 parasites) were mixed with 2
pL of mouse monoclonal anti-Tyl (2 pg/upL), rabbit polyclonal anti-
EXP2, rabbit polyclonal anti-HSP101, rabbit polyclonal anti-PTEX150,
or rabbit polyclonal Pf113, and incubated at room temperature for 2 h
with gentle rotation. Solubilized fractions were then mixed with 20 pL of
a 50% suspension of Gamma bind G plus Sepharose (Protein G beads;
Amersham) at room temperature for 2 h with gentle rotation. The
mixture was centrifuged and the supernatant was collected as an un-
bound fraction. Beads were washed four times with 0.5% Triton X-100 in
TBS-based solubilization buffer. To elute mini-SURFIN4; protein com-
plexes, the beads were then mixed with Tyl peptide (2.4 pg/pL) dis-
solved in 0.5% Triton X-100 in TBS-based solubilization buffer (final 1
x 10® parasite/pL). After incubation with gentle rotation at 4 °C for 12
h, the beads were centrifuged and the supernatants were collected as an
immunoprecipitated fraction. Alternatively, the beads were boiled in
SDS-PAGE loading buffer to elute bound proteins (final 1 x 108 parasite/
pL).
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2.4. Generation of Pf113 antibodies

To characterize Pf113 we generated a recombinant N-terminal GST
tagged Pf113 using the wheat germ cell-free protein synthesis system
(WGCFS) as described [48]. Briefly, a fragment encoding Pf113
(PF3D7_1420700: amino acid positions [aa] Kg7—So4g) sequence, was
PCR-amplified from cDNA obtained from schizont-rich P. falciparum
3D7 parasites using primers Pfl13-sense and Pfll3-antisense
(Table S3). The amplified DNA fragment was cloned into the pEU-EO1-
GST-TEV-MCS-N2 plasmid (CellFree Sciences, Matsuyama, Japan) and
GST-fused recombinant protein was expressed using WGCFS (CellFree
Sciences). Expressed recombinant GST-Pf113 was then affinity purified
using a glutathione-Sepharose 4B column (GE Healthcare, Camarillo,
CA, USA). To generate Pf113 antisera, 250 ug or 20 pg of purified re-
combinant GST-Pf113 with Freund’s complete adjuvant was used to
subcutaneously immunize a Japanese white rabbit or intraperitoneally
immunize two BALB/c female mice (Kitayama Labes, Ina, Japan), fol-
lowed by two booster immunizations of 250 pg in rabbit or 20 pg in
mouse of GST-Pf113 with Freund’s incomplete adjuvant at 3-week in-
tervals. Antisera was collected 14 days after the last immunization. The
animal work was conducted by Kitayama Labes (Ina, Japan) in
compliance with the guidelines based on “Charter for Laboratory Animal
Welfare” (Japanese Society for Laboratory Animal Resources).

2.5. SDS-PAGE and Western blotting

Parasite protein fractions were subjected to electrophoresis on
5-20% polyacrylamide gradient mini gels (ATTO, Japan) under
reducing or non-reducing conditions, then transferred to PVDF mem-
branes (Millipore). The membranes were probed with mouse anti-Ty1l
monoclonal antibody (1:500, Diagenode), rat anti-HA monoclonal
antibody (1:1000, 3F10 Roche), rabbit anti-EXP2 polyclonal antibody
(1:5000), rabbit anti-HSP101 polyclonal antibody (1:1000), rabbit anti-
PTEX150 antibody (1:1000), or mouse or rabbit anti-Pf113 polyclonal
antibodies (1:1000) for 1 h at room temperature. Rabbit polyclonal
antisera against EXP2 (Dys to Eog7; PF3D7_1471100), HSP101 (A27-Pgoo;
PF3D7.1116800), and PTEX150 (E;30-Ngos; PF3D7_1436300) were
generated as described above (Generation of Pf113 antibodies). The
membranes were then incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse, anti-rabbit, or anti-rat antibodies (Prom-
ega) at a concentration of 1:25,000. Bands were visualized with
Immobilon Western Chemiluminescent HRP substrate (Millipore) or ECL
Select Western Blotting Detection Reagent (GE Healthcare) and detected
using a chemiluminescence detection system (LAS-4000EPUVmini;
Fuyjifilm). The relative molecular sizes of the proteins were measured
based on a molecular size standard (Precision plus Dual colour stan-
dards; Bio-Rad).

2.6. Blue native PAGE (BN-PAGE)

BN-PAGE was performed using the NativePAGE™ Novex® Bis-Tris
Gel system (Invitrogen) according to the manufacturer’s protocol. Pro-
tein samples were mixed with loading buffer containing 0.25% Coo-
massie Brilliant Blue (CBB) G-250 and 1% Triton X-100. Solubilized
fractions were subjected to electrophoresis at 4 °C with 120 V for 2 h.
After electrophoresis, proteins were denatured by incubating the gels in
SDS-PAGE electrophoresis buffer for 10 min, transferred to PVDF
membranes using a Mini Trans-Blot® Cell (Bio-Rad) with 25 V at 4 °C for
12 h, then processed for immunoblot analysis.

2.7. Mass spectrometric analysis

Mass spectrometric analysis of immunoprecipitated proteins was
performed as described [49]. The protein samples were briefly electro-
phoresed to introduce them into a gel and the bands (containing whole
mixture of protein) were excised. The gel pieces were fixed with an



S. Miyazaki et al.

acetic acid/methanol solution, followed by fixation with 50% methanol.
The gel pieces were then washed with distilled water and stored at
—30 °C. LC-MS/MS analysis was performed at the W. M. Keck
Biomedical Mass Spectrometry Laboratory, University of Virginia, USA
according to their standard LC-MS/MS protocol. The data were analyzed
using the SEQUEST search algorithm against a P. falciparum predicted
protein database. The quantitative value (QV) is a normalized value with
the sum of the unweighted spectrum counts for each sample and rep-
resents a relative quantity of each protein in the sample. Candidate
interacting proteins were determined by the following criteria: proteins
that showed QV 2 1 in the test sample and QV = 0 in the control sample,
or QV in the test sample at least two-fold higher than control QV.

2.8. Proximity dependent biotinylation (BiolD)

Approximately 200-300 mL of parasite-iRBC cultures were used for
purification of biotinylated proteins. After sorbitol synchronization,
transfectants expressing BirA*-fused proteins were cultured in the
presence of 150 pM biotin (Wako, Japan) for 20 h. BirA* is a mutated
biotin ligase from E. coli. Parasite-iRBCs were treated with 0.15% (w/v)
saponin. Then parasite pellets were solubilized with 2% SDS and 0.5%
Triton X-100 in TBS-based solubilization buffer. Solubilized fractions
were diluted 20-fold with 0.5% Triton X-100 in TBS-based solubilization
buffer. Diluted parasite proteins were subjected to affinity purification.
One mL of solubilized fractions (2 x 108 parasites) were mixed with
Dynabeads (MyOne streptavidin C1; Invitrogen), and incubated at room
temperature for 4 h with gentle rotation. Dynabeads were washed four
times with 0.1% SDS and 0.5% Triton X-100 in TBS-based solubilization
buffer and the biotinylated proteins were eluted by boiling in 0.1% SDS
and 0.5% Triton X-100 in TBS-based solubilization buffer (final 1 x 108
parasite/pL). Eluate fractions were applied to LC-MS/MS and Western
blotting with HRP-conjugated streptavidin (1:40,000, Invitrogen).

2.9. Indirect inmunofluorescence assay (IFA) and live imaging

IFA was performed basically as described [33]. Thin smears of mixed
stages of parasite-iRBCs on glass slides were dried and fixed with 4%
paraformaldehyde/0.075% glutaraldehyde (PFA) or acetone at room
temperature, followed by blocking with 50 mM glycine in PBS for PFA
fixation or Image-iT ™ FX Signal Enhancer (Molecular Probes) for
acetone fixation. Smears were probed with anti-Tyl (mouse mono-
clonal, 1:500), anti-HA (rat monoclonal 3F10, 1:100), anti-Pf113
(mouse polyclonal, 1:500), anti-SBP1 (rabbit polyclonal, 1:500), anti-
EXP2 (rabbit polyclonal 1:500), anti-HSP101 (rabbit polyclonal,
1:1000), or anti-PTEX150 (rabbit polyclonal, 1:1000). Rabbit polyclonal
antisera against SBP1 (Q2s53 to T337; PF3D7_0501300) was generated as
described above (Generation of Pf113 antibodies). Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI, 1:500). Blood smears were
then incubated with either Alexa-Fluor 488 goat anti-mouse antibody,
Alexa-Fluor 594 goat anti-rabbit antibody, Alexa-Fluor 568 goat anti-
rabbit antibody, and/or DyLight™ 488 goat anti-rat IgG antibody. For
live imaging, parasite-iRBCs stained with Hoechst were spotted onto
glass slides and cover slip. IFA and GFP fluorescence images were
captured with a fluorescence microscope (LSM780; Carl Zeiss Micro-
Imaging, Thornwood, NY) and processed on a Zeiss Axio Observer Z2
using Axiovision software. IFA smears were also observed by super
resolution structured illumination (SR-SIM) imaging (LSM780/ERYRA
PS1) using a 100x N.A. 1.46 alpha Plan-Apochromat oil-immersion
objective (Zeiss), Diode laser, and EM-CCD camera iXon DU885 (Andor,
UK) with 1900 x 1900 pixels. Filter sets used were DAPI (excitation /
emission = 405 / BP420-480 nm), Alexa Fluor 488 (488 / BP495-560
nm), Alexa Fluor 568 (561 / BP570-640 nm). SR-SIM images were
processed using ZEN software (Zeiss).

For co-localization of Pf113 and secretion organelles, IFA was per-
formed as follows. Infected blood smears were fixed on glass slides with
4% paraformaldehyde at RT for 10 min, permeabilized with PBS-T (PBS
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containing 0.1% Triton X-100) at room temperature for 15 min, and
blocked with PBS containing 5% nonfat milk (blocking solution) at 37 °C
for 30 min. The slides were then incubated with rabbit anti-Pf113 an-
tibodies (1:500) and co-stained at 37 °C for 1 h with mouse anti-AMA1
(PF3D7_1133400) antibody (1:100) as a microneme marker [48], mouse
anti-RAP1 (PF3D7_.1410400) antibody (1:1000) as a rhoptry body
marker [50], mouse anti-RON2 (PF3D7_1452000) antibody (1:100) as a
rhoptry neck marker [51], or mouse anti-RESA (PF3D7_0102200) mAb
(1:200) as a dense granule marker [51]; followed by incubation at 37 °C
for 30 min with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invi-
trogen, Carlsbad, CA) and Alexa Fluor 546-conjugated goat anti-mouse
IgG (Invitrogen) as secondary antibodies (1:500). Nuclei were stained
with DAPI (2 pg/mL) mixed with a secondary antibody solution. The
slides were mounted in ProLong Gold Antifade reagent (Invitrogen) and
observed using a confocal scanning laser microscope (LSM710; Carl
Zeiss Microlmaging).

3. Results

3.1. Mass spectrometric analysis of mini-SURFIN4 ; protein complexes
identified potential interacting proteins including PTEX components and
exported proteins

In this study we sought to identify the components of a malaria
parasite protein export translocation intermediate using multiple
biochemical approaches and utilizing a probe, mini-SURFIN4 ;. We
previously established a P. falciparum transfectant line expressing mini-
SURFIN, ; and showed that mini-SURFIN, ; was translocated to the RBC
cytoplasm and reached Maurer’s clefts (Fig. 1A, Fig.S1) [33]. To stabi-
lize transient protein-protein interactions with mini-SURFINy ;, we used
dithiobis(succinimidyl propionate) (DSP), a cell-permeable thiol-cleav-
able chemical cross-linker, which has been validated for stabilization of
the PTEX complex [22,23]. We performed Blue Native polyacrylamide
gel electrophoresis (BN-PAGE) using Triton X-100-solubilized fractions
followed by Western blotting with anti-Ty1. Without DSP treatment, we
observed an ~200-kDa mini-SURFINy ; protein complex (Fig. S2A). DSP
cross-linking (2 mM) promoted formation of high molecular weight
protein complexes (Fig. S2A). The presence of smear bands suggests that
a mixture of protein complexes contain mini-SURFIN,4 ;. DSP chemical
cross-linking was dose-dependent as shown by non-reducing SDS-PAGE
(Fig. S2B). Because 1 mM DSP treatment was saturating (Fig. S2B), we
selected this DSP concentration for further experiments.

Next, we performed immunoprecipitation to purify cross-linked
mini-SURFINy4 ; high molecular weight protein complexes. In our pre-
vious study, we observed that SURFIN,4 ; was not completely solubilized
with Triton X-100 [33]. Thus, for immunoprecipitation experiments we
solubilized parasite membrane fractions by a combination of sodium
dodecyl sulfate (SDS) and Triton X-100. Electrophoresis analysis
confirmed that mini-SURFIN4; protein complexes were cross-linked
(Fig. 1B, input lane) and that mini-SURFIN,4 ; protein complexes were
efficiently purified by immunoprecipitation (Fig. 1B, IP lane). SDS-PAGE
followed by ruby staining of these immunoprecipitated fractions
revealed bands with sizes greater than 50 kDa, unique to the immuno-
precipitated fraction from transfectants with cross-linking (Fig. 1C).

To identify components of mini-SURFIN,; protein complexes, we
used whole mixtures of immunoprecipitated fractions of transfectant
and parent lines for liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis. Mass spectrometry identified 71
parasite proteins (Table S1). We excluded 29 proteins for which no
signal peptide sequence and transmembrane regions were predicted and
12 proteins which were localized in the parasite cytoplasm, such as
within the endoplasmic reticulum, food vacuole, and mitochondrion.
The remaining 30 proteins included three core components of the PTEX
complex [22], EXP2, HSP101, and PTEX150; and two PTEX-associated
proteins, parasitophorous vacuole protein 1 (PV1) and Pfl113 [52]
(Table 1). Two accessory PTEX components, PTEX88 and Trx2, were not
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identified by our mass spectrometric analysis (Table S1). Our proteomic
analysis further identified seven PVM-residing proteins, EXP1, EXP3,
ETRAMP4, 5, 10.1, 10.2, and Pfs16; and two PPM-residing proteins,
PfATP4 and NCR1 (Table 1). Seven proteins exported to the iRBC
cytoplasm were found, including SBP1, REX1, GBP130, PTP1, SEMP1,
PEXEL-negative exported protein (PF3D7_0830400), and Plasmodium
exported protein with unknown function (PF3D7_0301700), which
might associate with mini-SURFIN,; in the iRBC cytoplasm after
translocation (Table 1). In addition, we identified the rhoptry body
proteins RhopH2 and RhopH3, which were proposed to be translocated
via the PTEX translocon [53]; and rhoptry neck protein 3 (RON3), which
is essential for PTEX function (Table 1) [54]. The remaining six proteins
included MFR4, MFR5, a putative thioredoxin-related protein, and three
conserved  Plasmodium  proteins  with  unknown  function
(PF3D7_0811600, PF3D7_0721100, and PF3D7_0706100).

We performed a second LC-MS/MS analysis using parasite samples
prepared independently. This analysis identified HSP101, EXP2, PV1,
ETRAMP10.2, Pfl113, and two exported proteins REX1 and GBP130
(Table 1, Experiment 2); however, PTEX150 was not detected. This
analysis confirmed the reproducible interaction of the mini-SURFIN4
with PTEX components and other proteins known to localize at the PV or
exported to the iRBC cytoplasm, such as Pf113, PV1, ETRAMP10.2,
REX1, and GBP130. MFR4 and MFR5 were also detected in this second
experiment. Disruption of the gene loci encoding MFR4 or MFR5
orthologs in P. berghei revealed their roles in the mosquito stage or both
blood and mosquito stages, respectively; however, their localization has
not been determined [66].

3.2. BiolD analysis of the SURFIN4 ;N-T-C region also identified PTEX
components and a different set of interacting proteins

To cover a broader range of interactions with the SURFIN,4 1N-T-C
region, we applied proximity dependent biotinylation identification
(BioID) [44]. We generated a transfectant expressing the SURFIN, 1N-T-
C region fused with BirA*, a mutated biotin ligase from Escherichia coli,
and a hemagglutinin (HA) tag (SURFIN4 ;N-T-C-BirA*-HA); as well as

analysis.

Ruby staining
SDS-PAGE

two control transfectants expressing the SURFIN,4 1N-T-C region fused
with only an HA tag (SURFIN,4 ;N-T-C-HA) and BirA* fused with an HA
tag (BirA*-HA) (Fig. 2A). Protein expression of each transfectant was
confirmed by Western blotting (Fig. 2B). IFA confirmed that SUR-
FIN4 1N-T-C-BirA*-HA co-localized with the Maurer’s cleft marker SBP1
in addition to the parasite cytoplasmic signal (Fig. S3), whereas BirA*-
HA localized within the parasite (Fig. S3). These results indicate that
SURFIN,4 1N-T-C-BirA*-HA was translocated across the PPM and PVM
and was correctly exported to Maurer’s clefts.

Next, we assessed the biotinylation of parasite proteins using the
SURFIN4 1N-T-C-BirA*-HA. In the absence of biotin, a smeared band was
detected by Western blotting with streptavidin-HRP only for the control
BirA*-HA (Fig. 2C). In contrast, in the presence of biotin, smeared bands
were detected in the lane for transfectants expressing SURFIN4 ;N-T-C-
BirA*-HA or control BirA*-HA, but not in two control lanes expressing
no BirA* (Fig. 2C). This suggests that exogenous biotin promotes the
biotinylation of parasite proteins in a BirA* dependent manner. To
identify the parasite proteins biotinylated by SURFIN4 1 N-T-C-BirA*-HA,
we affinity-purified biotinylated proteins with streptavidin beads from
the eluate fractions of SURFIN4iN-T-C-BirA*-HA and BirA*-HA
(Fig. 2D) and subjected them to LC-MS/MS analysis. The mass spectro-
metric analysis identified 51 parasite proteins (Table S2). After
excluding 35 proteins lacking both a signal peptide sequence and
transmembrane region, the list contained two core PTEX components,
EXP2 and PTEX150; one PTEX-associated protein, Pf113; and eight
iRBC-exported proteins, including REX1, SBP1, Pf332, MAHRP1, and
four PEXEL-positive uncharacterized exported proteins (Table 2). The
remaining three proteins were a putative transmembrane emp24
domain-containing protein (PF3D7_1308400), a conserved Plasmodium
protein with unknown function (PF3D7_1308400), and a putative
thioredoxin-related protein. The last protein has a signal peptide
sequence followed by a Pfam thioredoxin domain, a transmembrane
region, and a short cytoplasmic tail, similar to Trx2 except that Trx2
does not possess a transmembrane region. It would be interesting to
explore the possibility that this thioredoxin domain-containing protein
plays a role on behalf of Trx2 for membrane proteins in the PV space.
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Table 1
Selected P. falciparum proteins identified from immunoprecipitated materials with mini-SURFIN, ;.
Annotation Gene ID Experiment 1 Experiment 2 Features
Quantitative value Quantitative value
Parental line mini- TyGFP mini-
(control) SURFIN, 1 (control) SURFIN,4 1
PTEX component
1 Heat shock protein 101 (HSP101) PF3D7_1116800 0 7 0 1 Signal peptide (+)
2 Exported protein 2 (EXP2) PF3D7_1471100 0 3 0 1 Signal peptide (+)
3 Translocon component PTEX150 PF3D7.1436300 0 3 0 0 Signal peptide (+)
(PTEX150)
Other proteins with PVM, PPM, or PV localization
4 Parasitophorous vacuolar protein 1 (PV1) PF3D7.1129100 0 5 0 1 Signal peptide (+)
5 Early transcribed membrane protein 10.2 PF3D7.1033200 0 4 0 2 Signal peptide (+), one TM
(ETRAMP10.2) region
6 Early transcribed membrane protein 5 PF3D7.0532100 0 2 0 0 Signal peptide (+), one TM
(ETRAMPS) region
7 Pf113 PF3D7.1420700 0O 1 0 2 Signal peptide (+), GPI-anchor
“H)
8 Sexual stage-specific protein precursor PF3D7.0406200 0 1 0 0 Signal peptide (+), one TM
(Pfs16) region
9 Early transcribed membrane protein 10.1 PF3D7_.1001500 0O 1 0 0 Signal peptide (+), one TM
(ETRAMP10.1) region
10  Early transcribed membrane protein 4 PF3D7.0423700 0O 1 0 0 Signal peptide (+), one TM
(ETRAMP4) region
11 Exported protein 1 (EXP1) PF3D7.1121600 O 1 0 0 Signal peptide (+), one TM
region
12 Exported protein 3 (EXP3) PF3D7.1024800 O 1 0 0 Signal peptide (+), one TM
region
13 Non-SERCA-type Ca2+ — transporting P- PF3D7.1211900 0 1 0 0 Eight TM regions
ATPase (ATP4)
14  Niemann-Pick type Cl-related protein PF3D7.0107500 0O 1 0 0 Twelve TM regions
(NCR1)
Exported to iRBC cytoplasm
15  Skeleton-binding protein 1 (SBP1) PF3D7.0501300 O 3 0 0 One TM region (PNEP)
16  PEXEL-negative exported protein PF3D7.0830400 0 2 0 0 Signal peptide (+), one TM
region (PNEP)
17  Ring-exported protein 1 (REX1) PF3D7.0935900 0 1 0 1 One TM region (PNEP)
18  Glycophorin binding protein 130 (GBP130) = PF3D7_.1016300 0 1 0 1 PEXEL motif (+), one TM
region
19 EMP1-trafficking protein (PTP1) PF3D7_0202200 0 1 0 0 PEXEL motif (+), two TM
regions
20  Small exported membrane protein 1 PF3D7.0702400 0 1 0 0 One TM region (PNEP)
(SEMP1)
21  Plasmodium exported protein, unknown PF3D7.0301700 0 1 0 0 PEXEL motif (+), two TM
function regions
Rhoptry localization
22 Rhoptry neck protein 3 (RON3) PF3D7.1252100 O 1 0 0 Signal peptide (+), three TM
regions
23 High molecular weight rhoptry protein 2 PF3D7.0929400 0 1 0 0 Signal peptide (+)
(RhopH2)
24 High molecular weight rhoptry protein 3 PF3D7.0905400 0 1 0 0 Signal peptide (+)
(RhopH3)
Unknown localization
25  Major facilitator superfamily-related PF3D7.0914700 0 2 0 1 Ten TM regions
transporter (MFR4)
26  Major facilitator superfamily-related PF3D7.1129900 0 1 0 1 Twelve TM regions
transporter (MFR5)
27  Thioredoxin-related protein, putative PF3D7_1352500 0O 1 0 0 Signal peptide (+), one TM
region
28  Conserved Plasmodium protein, unknown PF3D7.0811600 0 1 0 0 Signal peptide (+)
function
29  Conserved Plasmodium protein, unknown PF3D7.0721100 O 1 0 0 Signal peptide (+)
function
30  Conserved Plasmodium protein, unknown PF3D7.0706100 0 1 0 0 Signal peptide (+)
function

Signal peptides were predicted using SignalP v3 (Bendtsen et al., 2004). Transmembrane (TM) regions were predicted using TMHMM v2 (Krogh et al., 2001) and those
predicted as signal peptide sequences were excluded. GPI-anchor attachment sites were predicted by big-PI predictor. The presence of PEXEL/PEXEL-like motifs is
according to previous reports (Marti et al., 2004; Schulze et al., 2015). PNEP, PEXEL-negative exported protein.
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Fig. 2. BioID to identify proteins interacting with the SURFIN4 ;N-T-C region.
(A) Schematic representations of the BirA* and HA-fused SURFINy4 ;-N-T-C re-
gion (SURFIN, ;N-T-C-BirA*-HA) and control proteins (SURFIN,4 ;N-T-C-HA and
BirA*-HA). BirA* is a mutated biotin ligase and HA is a hemagglutinin tag. The
expected size of each protein is indicated. (B) Western blot (WB) analysis of
parasite proteins solubilized from transgenic parasites expressing SURFIN, 1N-
T-C-BirA*-HA or from control parasites with anti-HA. A parasite transfected
with a vector plasmid backbone only was used as a negative control (Empty
vector). (C) Biotinylation of parasite proteins in transfectants expressing SUR-
FIN4;1N-T-C-BirA*-HA or in control parasites. Biotinylated proteins were visu-
alized by Western blotting using streptavidin-conjugated horseradish
peroxidase (streptavidin-HRP) and its substrate. Proteins were extracted from
parasites cultured with biotin (right panel) or without biotin (left panel). Smear
bands for the BirA*-HA sample without biotin is likely due to the biotinylation
of parasite proteins with endogenous biotin in the cell culture. (D) Western
blotting with streptavidin-HRP for the fractions solubilized then purified from
transfectants expressing SURFIN4;N-T-C-BirA*-HA treated with biotin using
streptavidin beads. Biotinylated proteins from control parasites expressing
BirA*-HA cultured with or without biotin were also assessed.
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HSP101 was not identified, which may be due to the low abundance of
peptide or that the biotinylation site was far from the BirA* region.

3.3. Immunoprecipitation followed by specific antibody detection
confirmed that mini-SURFINy ; interacted with three core PTEX
components and Pf113

Interaction of SURFIN4; with PTEX components and Pf113 was
indicated by two approaches in this study, and we therefore sought
additional validation of their interaction. To characterize Pf113, we
raised mouse and rabbit antibodies against Pf113 (Fig. 3A). We
sequentially solubilized parasite proteins under stringent conditions
with SDS, because Pf113 was identified as a detergent-resistant mem-
brane (DRM)-resident protein [55,56]. Western blotting with anti-Pf113
serum under a reducing condition detected several bands around ~250
kDa, ~150 kDa, ~100 kDa, and ~ 60 kDa (Fig. 3B). Given that the
expected full length of Pf113 is 113 kDa, the bands smaller than the
expected size are possibly derived from processed or degradation
products. The ~250 kDa band may be derived from an SDS-resistant
multimeric form of Pf113 or a protein complex with unknown inter-
acting proteins, in agreement with published observations [57].

Immunoprecipitated fractions with anti-Tyl from the parasite
expressing mini-SURFIN, ; or TyGFP were probed with anti-EXP2, anti-
HSP101, anti-PTEX150, or anti-Pf113, and corresponding bands were
detected predominantly from the parasite expressing mini-SURFINy
(Fig. 4A-C). For Pf113, only an ~250-kDa band was detected. We also
detected smear bands around 1000 kDa from the parasite expressing
mini-SURFIN, ; with anti-EXP2, anti-HSP101, and anti-Pf113 by elec-
trophoresis using NativePAGE Bis-Tris Gel (Fig. 4A-C).

Reciprocal immunoprecipitation using lysates of transfectant
expressing mini-SURFINy ; revealed the existence of mini-SURFIN,; in
all fractions immunoprecipitated with anti-EXP2, anti-HSP101, anti-
PTEX150, or anti-Pf113 (Fig. 4D and E). These four proteins were
additionally detected in the fractions immunoprecipitated with anti-
EXP2, anti-HSP101, anti-PTEX150, or anti-Pf113 (Fig. 4D and E), sug-
gesting that mini-SURFINy ; interacts with PTEX and Pf113 and results
in the formation of high molecular weight protein complexes.

3.4. Pf113 localized to the merozoite apical end in the segmented
schizonts and the parasite periphery after RBC invasion

Three core PTEX components, EXP2, HSP101, and PTEX150, localize
to merozoite dense granules at the schizont stage [23] and are released
to the parasitophorous vacuole space during merozoite invasion [58]. To
explore if Pf113 is also a dense granule protein, we performed IFA using
antibodies against Pf113 in combination with marker proteins for
secretion organelles. Pf113 signal was observed at the late schizont stage
and co-localized with a dense granule marker protein RESA, but not with
the microneme marker protein AMAI, or the rhoptry body and neck
marker proteins RAP1 and RON2, respectively (Fig. 5); supporting that
Pf113 is a dense granule protein.

To determine the localization of Pf113 after RBC invasion and its
spatial association with the PTEX complex on the parasite periphery, we
performed IFA using anti-Pf113 and anti-EXP2, anti-HSP101, or anti-
PTEX150 under acetone fixation conditions. At the ring and late
trophozoite stages, Pf113 signal was observed on the parasite periphery
and in most cases co-localized with signals of core PTEX components
(Fig. 6A-C), suggesting PPM or PVM location. SR-SIM imaging data also
indicated parasite peripheral location of Pf113; which were, partially co-
localized with EXP2 signals (Fig. 6D), suggesting that the complex for-
mation of these proteins is temporal. Nonetheless, these observation are
consistent with a study showing Pf113 co-localized with EXP1, a marker
of PVM protein at the trophozoite stage [57].

Next, we performed IFA with antibodies against a Ty1 tag and EXP2
using a transfectant expressing mini-SURFIN4 ;. We observed co-
localization of Tyl signal and EXP2 or Pf113 signal on the parasite
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Table 2
Selected P. falciparum proteins identified by the BioID method.
Annotation Gene ID Experiment 3 (BioID) Quantitative value Features
BirA*-HA SURFIN4 1N-T-C-BirA*-
(control) HA
PTEX component
1 Exported protein 2 (EXP2) PF3D7_1471100 O 2 Signal peptide (+)
2 Translocon component PTEX150 (PTEX150) PF3D7_1436300 0 1 Signal peptide (+)
Other proteins with PVM, PPM, or PV localization
3 Pf113 PF3D7_1420700 0 2 Signal peptide (+), GPI-anchor (+)
Exported to the iRBC cytoplasm
4 Ring-exported protein 1 (REX1) PF3D7.0935900 0 5 One TM region (PNEP)
5 Skeleton-binding protein 1 (SBP1) PF3D7_0501300 0 3 One TM region (PNEP)
6 Membrane associated histidine-rich protein (MAHRP1) PF3D7_1370300 0 2 One TM region (PNEP)
7 Antigen 332, DBL-like protein (Pf332) PF3D7.1149000 0 2 Signal peptide (++), one TM region
(PNEP)
8 Plasmodium exported protein, unknown function PF3D7.0831400 0 2 Signal peptide (+), PEXEL motif (+)
9 Plasmodium exported protein, unknown function PF3D7_0501000 0 1 PEXEL motif (+), one TM region
10  Plasmodium exported protein (hypl6), unknown function PF3D7.1001900 0 1 PEXEL motif (+), three TM regions
(PfJ23)
11 Plasmodium exported protein (PHISTb), unknown function PF3D7.1201000 0 1 Signal peptide (+), PEXEL motif (+)
Unknown localization
12 Thioredoxin-related protein, putative PF3D7.1352500 O 1 Signal peptide (+), one TM region
13 Conserved Plasmodium protein, unknown function PF3D7_1308400 0 1 Three TM regions
14  Transmembrane emp24 domain-containing protein, putative =~ PF3D7_0422100 O 1 Signal peptide (+), one TM region

Signal peptides were predicted using SignalP v3 (Bendtsen et al., 2004). Transmembrane (TM) regions were predicted using TMHMM v2 (Krogh et al., 2001) and those
predicted as signal peptide sequences were excluded. GPI-anchor attachment sites were predicted by big-PI predictor. The presence of PEXEL/PEXEL-like motifs is
according to previous reports (Marti et al., 2004; Schulze et al., 2015). PNEP, PEXEL-negative exported protein.
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Fig. 3. Western blotting with antibody against Pf113. (A) Schematic repre-
sentation of the Pf113 protein in P. falciparum. Pf113 consists of a signal peptide
(M;-Csy), cysteine-rich domain (Y23-K219), and a predicted GPI-anchor modi-
fication site (Gg4e). The region spanning Ko7 to Sgsg was used to generate a
recombinant protein. (B) Western blotting with anti-Pf113 (mouse and rabbit,
left and middle, respectively) against parasite proteins sequentially extracted
from transfectants expressing mini-SURFINy ;. The freeze-thaw (F.T.) fraction
contained soluble proteins. After extraction of soluble proteins, parasite pellets
were further solubilized with 1% Triton X-100, and then with 2% SDS to
completely extract integral membrane proteins. Western blotting with a control
pre-immune rabbit serum (right panel) indicates only faint background staining
in the SDS-fraction.

periphery (Fig. 6E and F), which was consistent with the detected
interaction between mini-SURFINg; and PTEX components by
biochemical analyses. Dotted mini-SURFINy ; signals in the RBC cyto-
plasm were previously confirmed to localize to Maurer’s clefts [33],
where mini-SURFIN4; might interact with other exported proteins
detected by biochemical analyses. Altogether, our microscopic analysis
indicated parasite peripheral and dense granule localization of Pf113

(Fig. 6G).

3.5. Pf113is a component of a stable translocation intermediate complex
with export-arrested mini-SURFIN4 ;

Export-arrested SBP1 has been shown to form a stable translocation
intermediate complex with the EXP2 pore component [21]. We were
interested in determining if export-arrested mini-SURFIN4; forms a
stable translocation intermediate complex and its link with PTEX and
Pf113. We generated a transfectant expressing the SURFINy4 1N-T-C re-
gion fused with murine dihydrofolate reductase (mnDHFR) and a TyGFP
tag (mini-SURFIN4 ;-mDHFR) and control protein (Fig. 7A). The binding
of mDHEFR to the drug WR99210 stabilizes the protein and its unfolding
is inhibited [19], thus protein unfolding of exported mDHFR-fused
proteins can be regulated by addition of WR99210. We confirmed the
protein expression by Western blotting with anti-Tyl in each trans-
fectant including the control line (Fig. S4A). Our IFA analysis also
confirmed that mini-SURFIN4;-mDHFR accumulated in the parasite
cytoplasm and was not trafficked to the iRBC cytoplasm in the presence
of WR99210 (Fig. S4B) and this inhibition was dependent on the tagged
mDHFR (Fig. S4B). We found that the export block by WR99210 does
not affect the replication of the transgenic parasite (Fig. S4C).

Next, we tried to detect high molecular weight protein complexes
from the lysate of a parasite expressing export-arrested mini-SURFINy ;-
mDHFR without any chemical cross-linking. We detected an ~160-kDa
protein complex by BN-PAGE with anti-Tyl, whereas control mini-
SURFINy ; forms an ~200-kDa protein complex like that observed in our
previous experiment (Fig. S4D). This suggests that mDHFR tagging af-
fects interaction of SURFIN, with the components of the protein
complex.

To isolate the stable translocation intermediate complex, we per-
formed chemical cross-linking and immunoprecipitation with anti-Ty1.
Both in the presence or absence of WR99210, we detected EXP2, but not
HSP101 and PTEX150, in the immunoprecipitated fraction from para-
sites expressing mini-SURFIN4 ;-mDHFR (Fig. 7B). This contrasts with
our observation for parasites expressing mini-SURFIN4; without a
mDHFR domain, for which EXP2, HSP101, and PTEX150 were detected
(Fig. 4). Western blotting with anti-Pf113 in the immunoprecipitated
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Fig. 4. mini-SURFIN, ; forms a protein complex with core PTEX components and Pf113. (A) Inmunoprecipitation from the transfectant expressing Tyl-tagged mini-
SURFIN, ; or a control protein TyGFP with anti-Ty1. The freeze-thaw (F.T.) fraction, the solubilized fraction with 2% SDS and 0.5% Triton X-100 after removing F.T.
fraction (Input), and the immunoprecipitated (IP) fraction with anti-Ty1 from the solubilized fraction were subjected to SDS-PAGE or NativePAGE gel electrophoresis
followed by Western blotting with anti-Ty1. Mini-SURFIN,4 ; was detected in both the input and IP fraction (arrow). TyGFP control protein was extracted in the F.T.
fraction because it is a soluble protein. (B) Co-precipitation of three core PTEX components by IP with anti-Tyl from the transfectant expressing Tyl-tagged mini-
SURFIN ;. Input and IP fraction were subjected to SDS-PAGE or NativePAGE gel electrophoresis followed by Western blotting with anti-EXP2, anti-HSP101, or anti-
PTEX150. (C) Western blotting with anti-Pf113 showing co-precipitation of Pf113 with Ty1-tagged mini-SURFIN, ;. The ~250-kDa form of Pf113 was detected in the
IP fraction after SDS-PAGE (top) and smeared bands indicating high weight protein complexes by NativePAGE Bis-Tris gel electrophoresis (bottom). (D) Reciprocal IP
using anti-EXP2, anti-HSP101, or anti-PTEX150 to purify protein complexes consisting of three core PTEX components and mini-SURFIN, ;. Input and IP fractions
with each antibody were applied to SDS-PAGE then probed with anti-EXP2, anti-HSP101, anti-PTEX150, or anti-Ty1 (arrow). (E) Reciprocal IP with anti-Pf113 rabbit
serum, confirmed the interaction of an ~250-kDa form of Pf113 with three core PTEX components, and mini-SURFIN, ;. Mouse anti-Pf113 was used to detect Pf113
on the membranes. Normal rabbit serum was used as a negative control for IP. An asterisk indicates a band originating from an immunoglobulin light chain derived

from the antibody used for immunoprecipitation.

fraction from parasites expressing mini-SURFIN41-mDHFR showed
increased intensity of an ~60 kDa band by addition of WR99210
(Fig. 7B), whereas the band intensity of Pf113 at ~250 kDa in the
immunoprecipitated fraction from parasites expressing mini-SURFIN4 1
is similar with and without WR99210 (Fig. 7C). This ~60 kDa band is
consistent with the band detected in Western blotting with anti-Pf113 in
this study (Fig. 3C). These results suggest that mDHFR tagging disrupts
the integrity of the PTEX complex with mini-SURFIN4; and that the
stable translocation intermediate complex contains an ~60 kDa form of
Pf113.

4. Discussion

Here we performed biochemical analyses to identify the components
of a translocation intermediate using mini-SURFIN4; as a probe. We
have shown that three core PTEX components and Pf113 comprise a
translocation intermediate complex. Our data provides further insight
into the translocation model of integral membrane proteins in the

P. falciparum PPM as well as PVM, which could aid the discovery of an
unidentified PPM translocon.

Given that SURFINy ; interacted with three core PTEX components,
EXP2, HSP101, and PTEX150, as well as Pf113, we propose that these
proteins comprise a native form of a translocation intermediate complex
for trafficking of integral membrane protein to the RBC (Fig. 8A). Mesén-
Ramirez et al. (2016) identified a “stable translocation intermediate
complex” composed of the EXP2 pore and clogged exported proteins
tagged with mDHFR [21]. In their study, however, the interaction of the
export substrate with other PTEX component HSP101 was not detected
in the stable translocation intermediate complex and involvement of
PTEX150 was also unclear. This is consistent with our results that only
EXP2 but not HSP101 and PTEX150 were co-precipitated with export-
arrested mini-SURFIN4 ;-mDHFR, suggesting that mDHFR tagging is
detrimental to the stability of the native form of the translocation in-
termediate (Fig. 8B). A recent study revealed that when its unfolding
was inhibited an mDHFR-fused soluble protein co-localized with EXP2,
and not HSP101 and PTEX150, at loop-like structures extending from
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Fig. 5. Pf113 is localized in dense granules at the
schizont stage. Segmented schizonts were co-stained
with antibodies specific to Pf113 and either RESA
(dense granule marker), AMA1 (microneme marker),
RAP1 (rhoptry body marker), or RON2 (rhoptry neck
marker). Co-localization of Pf113 with RESA, but not
others, in the merged image suggests that Pf113 is a
dense granule protein. Boxed areas labeled 1 to 4 in
the merged images indicate zoomed areas shown in
the rightmost panels. Parasite nuclei were stained
with DAPI (blue). DIC; differential interference
contrast microscopy image. Scale bars = 5 pm. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Pf113 localizes at the parasite periphery at the trophozoite stage. (A) Double staining IFA with anti-Pf113 and anti-EXP2, (B) with anti-HSP101, or (C) with
anti-PTEX150. Co-localization of Pf113 with three core PTEX components (EXP2, HSP101, and PTEX150) suggests the presence of Pf113 on the PPM or PVM. (D)
Blood smears were co-stained with anti-Pf113 (green) and anti-EXP2 (purple). Pf113 signals were detected at the parasite periphery, and only partially co-localized
with the EXP2 signal, suggesting that the complex formation of these two proteins is temporal. (E, F) Double staining IFA with anti-Ty1 and anti-EXP2 (E) or with
anti-Pf113 (F). In addition to the dotted Tyl signals in the iRBC cytoplasm, Tyl signals on the parasite periphery co-localize with EXP2 or Pf113 signals. (G)
Schematic representations of Pf113 localization in the RBCs. Blood smears were fixed with acetone and parasite nuclei were stained with DAPI (blue). DIC; dif-
ferential interference contrast microscopy image. Scale bars = 2 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

the PVM [27]. This observation is consistent with our study. However, the RBC without WR99210. Another recent study has described a
HSP101 and PTEX150 might be dissociated from the complex during the PfEMP1 interactome, suggesting interaction of PTEX components and
purification procedure; because these components were not detected PfEMP1 [32]. In that study all five components of PTEX were identified
even under the condition when mini-SURFIN,4 ;-mDHFR was exported to as mini-PfEMP1 interacting proteins, but interaction of Pf113 and
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Fig. 7. Export-arrested mini-SURFIN,; forms a stable trans-
location intermediate complex with Pf113 and EXP2. (A)
Schematic representations of mini-SURFIN,; fused with
mDHFR or a control mini-SURFIN,; expressed in the trans-
fectants. The mini-SURFIN4; composition is described in the
Fig. 1 legend. A Tyl tag was used for immunoprecipitation
and Western blotting. (B) Immunoprecipitation (IP) of mini-
SURFIN,4 ;-mDHFR (C) or control mini-SURFIN,4; using anti-

Input IP: anti-Ty1 o Tyl. Input and IP fraction with anti-Tyl were subjected to
mini-SURFIN, ., (control) Western blotting with anti-EXP2, anti-HSP101, anti-PTEX150,
WR99210 - + - + Input IP: anti-Ty1 anti-Pf113, or anti-Tyl. Arrows indicate each target protein.
kDa 37 —| An ~60-kDa form of Pf113 was co-precipitated with mini-
« gxpp WR99210 - + - + SURFIN,, ;-mDHFR when export was arrested with WR99210.
25— kD& i37 E -— . = | gxpp EXP2, but not other core PTEX components HSP101 and
150 — 25 _t PTEX150, was co-precipitated with mini-SURFIN,;-mDHFR
1 %)——._._ HSP101 150—r—_ with or without WR99210. (C) Core PTEX components EXP2
Tl s | 100— el e <HSP101  5nq HSP101, and an ~250-kDa form of Pf113 were co-
250 — PTEX150 & — precipitated with control mini-SURFINy4; in the presence or
150 — 250— < Pf113 absence of WR99210.
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Fig. 8. Model of the translocation of mini-SURFIN, ;. (A) Schematic of the translocation intermediate complex with mini-SURFIN,4 ;. PTEX150 and HSP101 are in the
same complex with the EXP2 pore complex and mini-SURFIN, ;. The ~250-kDa form of Pf113 interacts with core PTEX components. (B) Schematics of the trans-
location intermediate complex with mini-SURFIN, ;-mDHFR protein in the absence (left) or presence (right) of WR99210. Export-arrested mini-SURFIN4 ;-mDHFR
accumulated on the parasite plasma membrane and forms a stable translocation intermediate complex. A potential component is an ~60-kDa cleaved product of
Pf113. This intermediate complex is distinctive from the PTEX core complex. A putative translocon on parasite plasma membrane is shown.

PfEMP1 was not shown [32]. In contrast to their study, we clearly
demonstrated that mini-SURFIN,4 1, Pf113, and three core PTEX com-
ponents exist as a protein complex. This difference might be derived
from variant experimental conditions such as solubilization steps,
chemical cross-linking, or expression level of bait exported proteins.
Alternatively, Pf113 may not be involved in the translocation of
PfEMP1. Investigating the interaction of Pf113 with other integral
membrane proteins, such as PFEMP1, would be useful to make a general
translocation model for integral membrane proteins.

Interaction of HSP101 with mini-SURFINy4; protein may facilitate
the transport of the cargo by threading into the EXP2 pore complex
rather than unfolding in the PV. A recent study using a variety of
transgenic P. berghei lines suggests that partially functional HSP101,
which possesses threading motor activity but not unfolding activity, can
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support efficient transport of PbCP1, an integral membrane protein
containing a PEXEL motif [20]. This model implied a prior unfolding of
exported integral membrane proteins before they reach the PV, achieved
by a mechanism in which unidentified proteins in the PPM or unfolding
during vesicular trafficking are involved.

We have identified several parasitophorous vacuole or PVM-resident
SURFIN,; interacting proteins that are potentially involved in the
translocation of integral membrane proteins. PV1, a protein identified
by our study, was shown to interact with PTEX150, and contribute to the
trafficking of PfEMP1, suggesting that PV1 is a component of a novel
protein trafficking machinery [32,52]. In addition, PV1 can interact
with PTP5, a soluble PEXEL exported protein, for its trafficking to the
RBC [59]. Although we did not confirm interaction of mini-SURFIN4 ;
and PV1, this protein may function in translocation for integral
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membrane proteins such as SURFIN4 ; and PfEMP1. Other candidates
potentially involved in the translocation step include ETRAMPs, PVM-
resident single transmembrane proteins encoded in a multigene family
[60]. ETRAMPg 2 was shown to form an ~140-kDa protein complex in
DRM fractions [56]. One subtype of ETRAMP has the property to oli-
gomerize in the PVM [60]. ETRAMP;q > oligomers may therefore be
cross-linked with mini-SURFIN4; and form high molecular weight
protein complexes. The ETRAMP complex potentially functions in the
translocation step of integral membrane proteins, but this hypothesis
remains to be clarified in further studies. A panel of exported proteins
were also co-precipitated with mini-SURFINy ;. These proteins are likely
translocated across the PVM through the PTEX translocon indepen-
dently of each other, thus we consider that these exported proteins
might interact with mini-SURFIN4; during trafficking to or at the
Maurer’s clefts, directly or indirectly.

We propose that PTEX, Pf113, and exported integral membrane
proteins form a protein complex within a specific microdomain such as a
DRM on the parasite periphery. Two independent DRM proteomic an-
alyses detected PTEX and Pf113 [56,57]. Pf113 and mini-SURFINy ; are
not fully solubilized with the non-ionic detergent Triton X-100 and
require the ionic detergent SDS for complete solubilization. This result
supports the concept that the Pf113 complex exists in a DRM. DRM-
resident PTEX and Pf113 may be cooperatively involved in trans-
location of integral membrane proteins to the human RBC.

We demonstrated that Pf113 showed co-localization with dense
granule protein, RESA, at the schizont stage and parasite peripheral
localization at the trophozoite stage. It has been shown that PTEX
components are immediately released from dense granules during in-
vasion [58]. PV1, a PTEX associated protein, was recently shown to
localize to dense granules [59], and Pf113 is likely secreted similarly.
During the ring and late trophozoite stages, clear co-localization of PTEX
components and Pf113 was observed, suggesting that Pf113 interacts
with other PTEX components and forms a protein complex on the
parasite periphery during intraerythrocytic development. Our data favor
the concept that Pf113 plays a role in protein transport, rather than in
RBC invasion, which was proposed by a study showing that Pf113 binds
to one of the invasion ligands, Rh5 [61].

It will be interesting to evaluate the roles of Pf113 in P. falciparum life
cycle stages other than the asexual blood stage, because the Pf113
ortholog in the rodent malaria parasite P. berghei contributes not to
blood stage development, but to the conversion of sporozoites to the
liver stage [62]. A recent genetic screening analysis using a transposon
also indicated that Pf113 can be disrupted at the asexual blood stage in
vitro [63]. Thus, Pf113 may play an auxiliary role in protein transport to
iRBC cytoplasm. Pf113 transcripts are detectable in P. falciparum
matured gametocytes [64], oocysts, and sporozoites [65], which is
consistent with the ubiquitous expression of the Pf113 ortholog in
P. berghei and this implies potential roles in the mosquito and liver stages
[62].

We did not observe a growth defect of the transfectant expressing
mini-SURFIN,4 1-mDHFR in the presence of WR99210. Mesén-Ramirez
et al. (2016) suggested that the amino acid length between the trans-
membrane region and the mDHFR reporter region is critical to reach and
to be clogged at the PTEX translocon; in the case of the mDHFR-fused
SBP1 protein, it was 99 amino acids and protein export was blocked,
whereas in the case of the mDHFR-fused REX2 protein it was 34 amino
acids and the export was not blocked [21]. Our result is consistent with
this report, because the length between the transmembrane region and
the mDHFR region in our mini-SURFIN4 ;-mDHFR is only 28 amino
acids, which would not block the export of other proteins across the
PVM, and thus not affect parasite growth.

Our biochemical data suggests that mini-SURFIN4;-mDHFR is
possibly clogged at the PPM when export was arrested with WR99210,
which in turn might enhance the interaction between arrested mini-
SURFIN,4 ;-mDHFR and an ~60-kDa Pf113 product (Fig. 8B). The ~60-
kDa Pf113 product is potentially cleaved in the PV and may support the
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function of an unidentified PPM translocon for exported integral mem-
brane proteins such as SURFIN4;. Among three PTEX core complex
components, only EXP2 was detected in the stable translocation inter-
mediate complex with export-arrested mini-SURFIN4 ;-mDHFR.
Together with the lack of a growth defect with WR99210, this suggests
that export-arrested mini-SURFIN4;-mDHFR may be recruited to the
EXP2 pore and indirectly interacts with EXP2 via Pf113 or unknown
factors.

In conclusion, this study provides biochemical evidence for a trans-
location intermediate complex composed of integral membrane pro-
teins. This is the first report showing interaction of an exported integral
membrane protein and Pf113, a PTEX-associated uncharacterized pro-
tein. Reverse genetic approaches will contribute to characterize the role
of Pf113 in trafficking of integral membrane proteins. Characterizing the
whole biochemical composition of the translocation complex with a
soluble and an integral membrane protein would clarify if Pf113 is only
involved in the translocation of integral membrane proteins. Under-
standing the mechanistic framework of translocation is essential to
reveal protein trafficking mechanisms in malaria parasites and to pro-
vide new targets of anti-malarial drugs.
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