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Abstract

Newly synthesized secretory proteins are transported from the endoplasmic reticulum
(ER) via the Golgi apparatus to be delivered to plasma membrane. Sarl GTPase plays a
critical role as a molecular switch for the cargo sorting at the ER. Arf and Rab GTPases
regulate protein transport at the Golgi apparatus. All small GTPases are activated by a
guanine nucleotide exchange factor (GEF), and activated GTPases recruit specific
effectors to regulate downstream reaction. These discoveries are mainly reported from
human and yeast, and findings from protozoan parasite has been limited.

Plasmodium parasites, the causative agents of malaria, export hundreds of parasite
proteins toward host erythrocytes membrane. Many of exported proteins possess a
conserved Plasmodium export element (PEXEL), whereas PEXEL negative proteins
(PNEPs) are also exported. Currently, how small GTPases regulate the transport of export
proteins remains poorly understood.

N-acylated Rab5 isotype, called Rab5b, localizes at adjacent to the ER and regulates
export of Plasmodium falciparum adenylate kinase 2 (PfAK?2), which is one of PNEPs
and possesses N-acylation. To elucidate the mechanism how PfRab5b regulates the export
of PfAK2, three candidates of PfRab5b binding proteins have been isolated: PfArfl,
PfRablb, and Arfl GEF, PfSec7. In this study, I characterized the role of three candidate

proteins on the cargo selection in Plasmodium.



First, sub-cellular localization of Sec7 was analyzed. I used rodent malaria parasite P,
berghei with the advantage of genetic recombination into chromosomes. PbSec7 formed
dimer in the parasite cytosol, and specific amino acids required for the dimerization were
conserved in PbSec7. Although Arfl, Rablb and Sec7 are localized to the Golgi in other
organisms, PbSec7 was localized to the close to the ER. Colocalization of PbSec7 with
PbRab5b or PbArfl were also observed. These results were the first report from P, berghei.

Next, detailed localization of Arfl and Rab1b was observed in P. falciparum. A super-
resolution microgram revealed that the ER marker PfBiP was located closer to PfArfl
than to PfRab1b, suggesting that the two GTPases localized to different ER subdomains.
The expression of an active or inactive PfArfl mutant specifically inhibited the export of
PfAK2 to the parasitophorous vacuole membrane, while expression of the inactive PfArfl
or PfRab1b mutant decreased the export of PEXEL-positive Rifin. These results suggest
that PfArfl is extensively involved in the transport of PfAK?2, and PfArfl and PfRablb
are involved in the transport of Rifin, indicating the sequential roles of PfArfl and
PfRablb in cargo selection.

This work is the first report on the cargo selection on the different ER subdomain by
three GTPase, PfRab5b, PfArfl and PfRablb, via Sec7, and is unique to Plasmodium spp.
My findings also indicated the diversity of trafficking system mediated by Rab GTPases

in eukaryotes.



General Introduction

0-1 Membrane traffic in the eukaryotic cell

In the process of evolution, eukaryotic cells developed complicated membrane structures
which compartmentalize organelles and vesicles. These membranes enclose various
materials including proteins and traffic in the cell by moving dynamically. This
phenomenon is called “Membrane traffic” and highly conserved in all eukaryotes
(Nakayama, 2004). The membrane traffic is categorized into four pathways: secretory
pathway, biosynthesis pathway, endocytosis pathway and autophagy pathway. All
pathways play essential roles to maintain biological function in a eukaryotic cell and
various diseases will be caused by collapse to maintain cell function, even if a small part
of the membrane traffic failed (Yarwood et al., 2020). Especially, the secretory pathway
plays fundamental roles in eukaryotic cells. In the secretory pathway, newly synthesized
proteins which possess signal peptide at the N-terminus are transported from the
endoplasmic reticulum (ER) to the Golgi apparatus (Viotti, 2016). The cargo proteins are
processed by glycosylation at the Golgi apparatus and sorted to various destination like
plasma membrane at the trans-Golgi network, then transported to plasma membrane and
outside of the cell (Viotti, 2016). Protein transport consists three steps: cargo sorting and
vesicle budding at the donor organelle, vesicle trafficking from the donor organelle to the

acceptor organelle, vesicle docking and fusion at the acceptor organelle. Cargo proteins



are transported to the destination by repeating these three steps and many molecules are
involved in regulation of membrane traffic. For instance, SNARE complex, AP complex
and small GTPases classified as Sar/Arf and Rab families play main role to mediate
transporting proteins (Scales et al., 2000; D’Souza-Schorey and Chavrier, 2006; Stenmark,

2009; Wang et al., 2017).

0-2 Small GTPases as a key regulator of membrane traffic

Secretory proteins are synthesized in the endoplasmic reticulum (ER) and are delivered
to their destinations via the Golgi apparatus. ER-to-Golgi trafficking is highly conserved
among eukaryotes, and two types of Ras super families of GTPases, the Sar/Arf and Rab
families, mediate protein sorting and transport as molecular switches between these
organelles (Suda et al., 2018; Kurokawa and Nakano, 2019). A guanine nucleotide
exchange factor (GEF) acts on GDP-bound form of GTPase to convert it to a GTP-bound
active state, and a GTPase accelerating protein (GAP) binds to the GTPase to catalyze
hydrolysis of the bound GTP to GDP and thereby convert the GTPase back to its inactive
state (Hutagalung and Novick, 2011). The GTPase cycle between GDP-and GTP-bound
forms causes conformational changes and specific effector molecules are recruited to the
GTP-bound active form to complete various membrane trafficking events (Stenmark,

2009; Donaldson and Jackson, 2011). Many regulatory functions performed by the



proteins in the Sar/Arf and Rab families were identified by their interaction with diverse
effector proteins that select cargo, promote vesicle movement, and verify the correct site
for fusion (Hutagalung and Novick, 2011).

The Sar/Arf and Rab families of GTPases regulate the bidirectional transport between
ER and the Golgi in mammalian cells and land plants (Brandizzi and Barlowe, 2013).
Newly synthesized secretory proteins translocate into the ER lumen using the N-terminal
signal peptide (Nickel and Rabouille, 2009). The ER luminal chaperone BiP assists in
folding newly synthesized proteins to maintain protein homeostasis (Craig et al., 1993).
Activation of the ER-localized GTPase Sarl and its GTP hydrolysis triggers the
recruitment of the COPII coat component and causes the enrichment of cargo proteins
into the ER exit sites (ERES) where COPII-coated vesicles form (Kung et al., 2012;
Yorimitsu and Sato, 2012). The COPII machinery performs two critical functions: first,
Sarl and the inner layer Sec23-Sec24 COPII subunits bind to and select specific cargo
for packaging; second, polymerization of the outer layer of Sec13-Sec31 COPII subunits
occurs into a cage structure to drive vesicle formation (Bi et al., 2007). After uncoating
of the COPII coat, diffusive vesicles are anchored to cis-Golgi membranes by the
extended coiled-coil domain that tethers factor protein p115, the yeast homolog of Usol,
as well as the multi-subunit TRAPPI (transport protein particle I) complex that activates

Rabl GTPase (Cai et al., 2007). The fusion of vesicles depends on the assembly of



integral membrane SNARE complexes between the donor and acceptor membranes
(Allan et al., 2000). In contrast, a heptameric complex COPI-coated vesicle facilitates the
retrieval of escaped ER luminal proteins that contain KDEL signals, which are recognized
by the resident KDEL receptor ERD2 in the cis-Golgi, and by SNARE proteins (Lewis et
al., 1990; Semenza et al., 1990). Once Arfl is activated by the GEF which contains a
conserved Sec7 domain, the membrane-localized Arfl recruits the COPI coat to the cis-
Golgi membranes (Zhao et al., 1999). The COPI subunits recognize the sorting motifs of
transmembrane cargo proteins and are incorporated into nascent COPI vesicles and
subsequently retrieve cargo proteins to the ER (Eugster et al., 2000). Most Rab and Arf
GTPases carry lipid modifications that are necessary for membrane recruitment. In the
case of Rab, a carboxy-terminal geranylgeranylation (20-carbon unsaturated fatty acid)
group at the C-terminal cysteine residue is responsible for the membrane attachment of
the Rab-GTP form (Leung et al., 2006). In contrast, the N-terminal glycine residue of Arf

is myristoylated (14-carbon saturated fatty acids) (Pasqualato et al., 2002).

0-3 Malaria and the malaria parasite
Malaria is one of the most severe disease and counted in three major infectious diseases
of the world with tuberculosis and acquired immunodeficiency syndrome (AIDS).

According to the World Malaria Report 2020 reported from WHO, there were about 230



million cases and 409,000 deaths in 2019. Malaria is prevalent in 87 countries, mainly in
tropical and subtropical regions (WHO, 2020). The protozoan parasite the genus
Plasmodium is the causative agent of malaria and it is transmitted by the Anopheline
mosquito. Five species of Plasmodium spp. infect human: P. falciparum, P. vivax, P. ovale,
P. malariae and P. knowlesi. These malaria parasites proliferate drastically in human liver
cell and start proliferate in human erythrocytes. Proliferating parasites in human
erythrocytes cause the malaria symptoms including fever, anemia and splenomegaly.
Especially, P. falciparum cause lethal symptoms, for instance, malarial nephropathy and
cerebral malaria. Therefore, it is important to understand the behavior of Plasmodium

parasites in human erythrocytes.

0-4 Protein secretion in the malaria parasite

Plasmodium falciparum extensively remodels the human erythrocytes in which it resides
(de Koning-Ward et al., 2016). The remodeling process is conducted by hundreds of
proteins exported from the parasites into the host cell compartment, and these enable
virulence-related functions including cytoadherence to the vascular endothelium, immune
evasion, and nutrient uptake (Miller et al., 2013). Many of the exported proteins contain
a five amino acid motif termed the Plasmodium export element (PEXEL) which is found

~20 amino acids downstream of the signal peptide (Hiller et al., 2004; Marti et al., 2004).



The PEXEL motif is removed in the ER lumen of the parasite by the ER resident aspartic
protease plasmepsin V before exit of the ER (Boddey et al., 2010; Russo et al., 2010). All
repertoires of COPII and COPI components are conserved in the Plasmodium spp. (Kibria
et al., 2019), suggesting that the early secretory system of Plasmodium may resemble that
in higher eukaryotes. Several studies have reported that the fungal metabolite brefeldin A
(BFA), which inhibits the Golgi-localized GEF Arfl, disrupts the accurate export of
PEXEL-containing proteins (Akompong et al., 2002; Chang et al., 2008), indicating that
these proteins are trafficked through the classical ER-Golgi pathway. Subsequently, the
exported proteins are transported across the parasite plasma membrane and the
parasitophorous vacuole membrane (PVM) via the multimeric Plasmodium translocon of
exported proteins (PTEX) into the erythrocyte cytosol (de Koning-Ward et al., 2009).
Several exported proteins lacking an N-terminal PEXEL motif and are called PEXEL-
negative proteins (PNEPs). These also translocate through PTEX for export into the
erythrocyte cytosol (Spielmann and Gilberger, 2010; Elsworth et al., 2014). For example,
the skeleton binding protein 1 (SBP1), which is a PEXEL-negative transmembrane
protein, is supposed to export via the classical secretory pathway, because the truncated
SBPI internalized in the perinuclear staining corresponding to the ER (Saridaki et al.,
2009). However, recent report that SBP1 was included within electron-dense materials in

the parasite cytoplasm (Iriko et al., 2020), strongly suggests that the presence of alternate



export pathways except for the classical ER-to-Golgi transport pathway in the parasite
trafficking system.

In these Plasmodium trafficking systems, the roles of small GTPases are poorly
understood such that the subcellular localization and function of only one Sarl and six
Rab GTPases has been being characterized functionally; i.e., PfSarl, PfRabla, PfRab5a,
PfRab5b, PfRab6, PfRab7, and PfRabl1a (Adisa et al., 2001; Struck et al., 2005; Elliott
et al., 2008; Agop-Nersesian et al., 2009; Rached et al., 2012; Krai et al., 2014; Ebine et
al., 2016; Morse et al., 2016). However, effectors and binding proteins have only been
identified for PfRablla (Agop-Nersesian et al., 2009). Further, PfRabl1a is associated
with the myosin-tail-interacting-protein and is crucial for the parasite invasion of host

cells (Agop-Nersesian et al., 2009).

0-5 N-acylated Rab5b, a unique small GTPase in the malaria parasite

Almost all Rab GTPases are geranylgeranylated at the cysteine residue in the C-terminal
region for membrane attachment of the Rab-GTP form in eukaryotic cell (Leung et al.,
2006). In Plasmodium spp., 11 Rab GTPase are conserved: Rabla, Rablb, Rab2, Rab5a,
Rab5b, Rab5c, Rab6, Rab7, Rablla, Rabl1b and Rab18 (Kremer et al., 2013). All Rab
GTPases, except for Plasmodium Rab5b, are modified with geranylgeranylation same as

other eukaryotic cell, however, Rab5b modified with myristoylation (14-carbon) and



palmitoylation (16-carbon saturated fatty acid) at the N-terminal glycine and cysteine
residues, respectively (Ezougou et al., 2014; Ebine et al., 2016). In rodent malaria P.
berghei, gene-deletion of PbRab5b was unsuccessful, indicating Plasmodium Rab5 is
essential for the blood stage growth (Ezougou et al., 2014; Ebine et al., 2016). Subcellular
localization of PfRab5b is proximal to the region of the BiP-positive ER, and segregated
from COPII subunit Sec13-positive ERES (Ebine et al., 2016). PfRab5b mainly localized
adjacent to the ER, but the secretion of PfRab5b observed from the parasite cytoplasm to
the RBC-cytoplasmic face of the PVM (Ebine et al., 2016). Interestingly, Plasmodium
falciparum adenylate kinase 2 (PfAK2), which lacks a signal peptide and the PEXEL
motif, but retaining the N-terminal myristoylation and palmitoylation motif that is similar
to PfRab5b, were inhibited exporting to the PVM by the overexpression of PfRab5b,
however the export of neither the PEXEL-positive erythrocyte vesicle protein 1 (PfEVP1)
nor SBP1 were inhibited (Ebine et al., 2016). These findings suggested that PfRab5b may
regulate the transport of PFAK2 by the COPII independent non-classical pathway (Ebine
et al., 2016).

Currently, none of GTPase, which regulates the trafficking of PNEPs including PfAK?2,
is elucidated. A bioinformatic technique previously identified casein kinasel as a PfRab5b
binding protein (Rached et al., 2012); however, it remains unclear how PfRab5b is

involved in the selective export of PFAK2. To understand the mechanisms underlying the
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PfRab5b-dependent specific export pathway, PfRab5b associated proteins were isolated
by using coimmunoprecipitation and mass analysis approaches (Hirai, 2016). Lysates
prepared from PfRab5b expressing parasites, which were C-terminally fused with the
YFP and FLAG-tags (PfRab5b-YFP-FLAGQG) or a negative control PfRab5b-YFP, were
immunoprecipitated with an anti-FLAG antibody and eluted using the FLAG peptide.
The eluted samples were analyzed via LC-ToF MS/MS, and 677 peptides were identified
from the PfRab5b-YFP-FLAG expressing lysate (Hirai, 2016). Five candidate proteins
showing a 3.5—fold change in the expression of PfRab5b-YFP-FLAG relative to PfRab5b-
YFP were obtained. These included the ADP-ribosylation factor (PfArf GTPase)
(PF3D7_1020900), protein transport protein SEC7 (PfSec7) (PF3D7 _1442900), early
transcribed membrane protein 10.2 (ETRAMPI10.2) (PF3D7 1033200), PfRablb
GTPase (PF3D7_0512600), and the PVM protein S16 (Pfs16) (PF3D7 _0406200) (Table
0)(Hirai, 2016). Six Sar/Arf proteins are conserved in P. falciparum 3D7 genome database
(Figure 0A) (Taku et al., 2021). Amino acid sequencing showed that five of these proteins
are Arf family GTPases (PF3D7 1020900, PF3D7-1034700, PF3D7 1442000,
Pf3D7 0920500, Pf3D7 1316200), and one is a Sarl homolog (PF3D7 0416800) based
on the conserved effector sequence and the overall amino acid identities (Figure 0C).
PF3D7 1020900, which was obtained as PfRab5b interacting protein (Table 0) (Hirai,

2016), showed the highest identity (75%) to human Arfl among the Plasmodium and

11



human Arf families (Figure 0B). Thus, the PfRab5Sb-associated protein candidate
PF3D7 1020900 is a Plasmodium Arfl homolog and was annotated as PfArfl (GenBank
Accession number, BRO01667). In other organisms, the Arfl GTPase, Sec7, and Rablb
are involved in the transport from the cis-Golgi to the ER (Monetta et al., 2007).
ETRAMP10.2 is expressed at an early point of the intraerythrocytic stage and is localized
at the parasite periphery, which is assumed to be the PVM (Spielmann et al., 2003). The
Pfs16 is expressed in gametocytes and is localized at the parasite periphery, similar to
ETRAMP10.2 (Bruce et al., 1994).

In this study, I focused on three candidates of PfRab5b associated protein, PfArfl,
PfRablb and PfSec7 which activate PfArfl, and attempted to elucidate the mechanism
that PfRab5b mediate PfAK2 export to the PVM by characterizing these three candidates
in Plasmodium spp. Characterization of Plasmodium Sec7 is reported in Chapter 1.
Domain structure of Plasmodium Sec7 were determined from multiple alignment of
Sec7s in eight different Plasmodium species. Amino acid residues which are necessary
for homodimerization of Sec7s were conserved at N-terminal region of Plasmodium Sec7
(Ramaen et al., 2007) and it was confirmed that PbSec7 formed homodimer in parasite
by Western analysis using reduced and non-reduced protein samples. Indirect
immunofluorescence assay for PbSec7-mCherry expressing parasite revealed that PbSec7

localized adjacent to the ER in some population of parasites. Colocalization of PbSec7

12



with PbArfl or PbRab5b were also observed in dual expressing parasites. These data
suggested that PbSec7 may interact with PbRab5b and PbArfl and mediate the protein
transport at near the ER. Characterization of PfArfl and PfRabl1b is reported in Chapter
2. I found that the PfArfl and PfRab1lb GTPases were colocalized with PfRab5b in the
compartment close to the ER. Indirect immunofluorescence assay for PfArfl- or
PfRab1b- expressing parasites using super-resolution microscopy revealed that PfArfl
and PfRablb were localized to different ER subdomains. Further, using a genetic
approach to express an active or inactive mutant indicated that PfArf1, but not PfRablb,
was involved in the export of PfAK2 to the PVM. Unexpectedly, PfRab1b participates in
the trafficking of the PEXEL-positive export protein Rifin. These data suggest that the
export pathways of PFAK2 and Rifin are separated in the PfArf1-positive ER subdomain,
and this is the first report for the identification of GTPase which regulates export of

PfAK2 in Plasmodium species.

Figure Legends

Figure 0. Pf3D7 1020900 is a mammalian homolog of Arfl. (A) Amino acid percentage
identity matrix of the six Plasmodium Sar/Arf familiy of GTPases and human Arfl and
Sarl. Plasmodium protein sequences for the Sar/Arf family of GTPases were retrieved

from the PlasmoDB genome database (release 46, Nov 2019) using the Pathema
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Bioinformatics Resource Center (https:// plasmodb.org/plasmo/) (Collaborative, 2001).
Plasmodium Sar/Arf homologs were retrieved via the BLASTP algorithm using the
human Arfl and Sarl GTPases as queries in the P falciparum 3D7 database. (B)
Sequence alignment of Homo sapiens Arfl and Sarl and six Plasmodium Sarl/Arf
families of proteins. Amino acid sequences were aligned using Clustal Omega (EMBL-
EBI, Welcome Genome Campus). The N-terminus myristoylation site with a glycine
residue specific for the Arf family and the GTP-binding consensus boxes are indicated in
blue and red boxes, respectively (Pereira-Leal and Seabra, 2000). The effector regions of
the Arf/Arf-like (Arl) and Sarl families are indicated in light blue and magenta,
respectively. Note that PF3D7 1442000 and PF3D7 1316200 lack an N-terminal glycine
residue. PF3D7 0920500 and PF3D7 1316200 are missing the second GTP-binding box.
Two conserved residues, that are substituted to create constitutively active and inactive
mutants, are indicated by black and white arrowheads, respectively. (C) Amino acid

percentage identity matrix of Pf3D7 1020900 and the five human Arfl.
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Table 0

Candidates for PfRab5b associated proteins.

p—_— oduct | koa | oo | Peptide coveragey
(RGF/RG)

PF3D7_1310600 Rab5b GTPase 23 72111 62/7.2
PF3D7_1020900 Arf1 GTPase 21 7.9/1.1 48/7.7
PF3D7_1442900 Sec7 405 11/2.3 4.6/1.2
PF3D7_1033200 ETRAMP10.2 39 5.2/1.1 17/7.6
PF3D7_0512600 Rab1b GTPase 23 4.31.1 23/5.5
PF3D7_0406200 Pfs16 17 3.5/0 33/0
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PF3D7_1442000 TDLFRLOLCSFELKQILKEERL--YGSTLLILYNKVDIDKSLTINQIVEILKLNEMN--—- 148
PF3D7_0920500 SDQGRLKIAKKGFYKVLQDFDH---VDNVLVVASKQODKKGCMTLDHVRKELKIDKIV--— 151
PF3D7_1316200 VQKGNLSEARDDFIRILYEFRFIYRKCKFLIFMNKQDSNGCLSSQEIINFFALPKDL-—- 174
HsSarla-NP_064535 ADHSRLVESKVELNALMTDETI--SNVPILILYNKIDRTDAISEEKLREIFGLYGQTTGK 160
PfSarl1-PF3D7_0416800 TDRSRFDEAREELRHLLETEEL--SNVPFVVLQNKIDKPDAASEDELRQHLNLFSNITVH 155
. . .. EES . . .
HsArf1l-NP_001649 —————ue RHRNWY IQATCATSGDGLYEGLDWLSNQLRNQK— -~ ———————— - ——— o — 181

PfArf1-PF3D7_1020900 - ~-RERNWFIQSTCATRGDGLYEGFDWLTTHLNNAK— - 181
PF3D7_1034700 - ——-RDROQWAIFSTSATKNIGITEALDWLVNNIK--— - 178
PF3D7_1442000 - MDRHWCINECSAFSGKGLLKSFMWLIDDITDRIDS———~—— - 183

PF3D7_0920500 - ~DRNCFLAECSSKTGHGIEYSMNWLFNQLMIKRKKSLCLLK~- - 191

PF3D7_1316200 = @ ———mmm——— LIRCNFISCSTLSGQGLKEGLEWLLYYNLPFYNNELNCIDRRTATKHLEL 224

HsSarla-NP_064535 GNVTLKELNARPMEVFMCSVLKRQGYGEGFRWLSQYID-——=—==——————m—mm 198

PfSarl-PF3D7_0416800 NNM-KGGSGVRPVELFMCSVIRRMGYAAAFKWISQFLT———=—==—=———————————— 192
* . ks
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Chapter 2. RabSb-associated Arfl GTPase regulates export of N-myristoylated

adenylate kinase 2 from the endoplasmic reticulum in Plasmodium falciparum

2-1 Introduction

In mammalian cell, GBF1 and BIG1, BIG2, Arf-GEFs which activate Arf GTPase,
localize at cis-Golgi and trans-Golgi, TGN, respectively (Yamaji et al., 2000; Kawamoto
et al., 2002; Zhao et al., 2002). Arfl GTPase is activated by GBF1 on the cis-Golgi
membrane, and recruits COPI coat proteins for the retrograde transport from the Golgi to
the ER (Sager et al., 2021). Another Arf1-GTPase, which activates at the trans-Golgi and
TGN membrane through BIGI and BIG2, recruits coat proteins of clathrin-coated
vesicles directed to the transport to the plasma membrane (Lefrancois and McCormick,
2007). Two isoforms of Rabl, Rabla and Rablb, are known in mammalian cells.
Activated Rabl GTPase involves in tethering and fusion of COPII vesicle at ERGIC and
cis-Golgi by recruiting tethering protein p115 which compose tethering complex with
GM130 and GRASP65 (Allan et al., 2000; Moyer et al., 2001; Appenzeller-Herzog and
Hauri, 2006). Not only for anterograde transport, Rablb GTPase also plays role in Arfl
and GBF1-mediated COPI recruitment at the cis-Golgi for retrograde transport (Alvarez
et al., 2003; Monetta et al., 2007; Martinez et al., 2016).

In P. falciparum, colocalization of PfArfl with the cis-Golgi marker GRASP1 was
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reported previously (Thavayogarajah et al., 2015). PfRabla and PfRablb have been
reported as two human Rabl homologs (Quevillon et al., 2003). In contrast, PfRabla
colocalized with Rap1 and Ron4, marker of the apical organelles known as rhoptries, and
regulates trafficking from the ER to the rhoptry (Morse et al., 2016), but cellular
localization and function of PfRab1b has not been reported. Based on the result, PfArfl
and PfRab1b were listed as binding protein of PfRab5b which localizes at adjacent to the
ER (Table 0) (Ebine et al., 2016; Hirai, 2016), I presumed PfArfl and PfRab1b localize
also close to the ER with PfRab5b not only at the Golgi. Microscopic analysis by using
super-resolution microscopy was demonstrated to determine the cellular localization of
PfArfl and PfRab1b in this chapter.

As a cargo protein of PfRab5b-mediated pathway, PFAK2 which lacks signal peptide
and the PEXEL-motif but possesses dual acylation at the N-terminus, has been identified
based on the transport inhibition of PFAK2 by overexpression of PfRab5b (Ebine et al.,
2016). In contrast, EVP1, a signal peptide and PEXEL positive protein, did not inhibit the
transport to human erythrocyte by overexpression of PfRab5b, it indicates that PfRab5b-
mediated pathway is independent to the conventional ER/Golgi pathway (Ebine et al.,
2016). In this chapter, localizations of PfFAK?2 and Rifin which possesses signal peptide
and the PEXEL-motif were observed under the expression of constitutively active or

inactive mutant of PfArfl or PfRablb, to elucidate how these GTPases are involved in
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the regulation of the PfRab5b-mediated pathway and the conventional ER/Golgi pathway.

2-2 Materials and Methods
2-2-1 Ethics statement
Human RBCs and plasma were obtained as donations from anonymized individuals at the

Japanese Red Cross Society (No. 28J0023).

2-2-2 Strain culture and Transfection

Plasmodium falciparum line MS822 (Nakazawa et al., 2011) was cultured as described
previously (Alexandre et al., 2011), and transfection was performed as described (Deitsch
et al., 2001; Alexandre et al., 2011). Transfected parasites were selected with 5 nM of
WR99210-HCI (a kind gift from D Jacobus) or 2.5 pg/ml of blasticidin S-HCI1 (BSD,

Funakoshi). Transfectants were selected 2 weeks after the addition of drugs.

2-2-3 Plasmid construction

The artificial centromere plasmid PfCenV-efl-double, whose expression was regulated
under the Plasmodium berghei elongation factor 1 (Pbefla) and maintained by the P,
falciparum centromere of chromosome 5, was used to stably express PfRab5b and PfArf1

or PfRablb (Iwanaga et al., 2012). Fusion construct of PfRab5b?°* - yellow fluorescent
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protein (YFP) - destabilization domain (DD) (Armstrong and Goldberg, 2007; Watanabe
et al., 2020) was inserted into the Ncol site, and PfArfl-red fluorescent protein (RFP) or
RFP-PfRabl1b encoding genes were ligated into the Ndel site of PfCenV-efl-double,
respectively (See Figure 9A and 9B). For expression of AK2-RFP or Rifin-RFP,
fragments were inserted into the Ndel site of PfCenV-efl-double. The AK2-RFP fragment
was amplified from PfAK2-RFP/pCHD43(I1)-BSD. A fragment of Rifin (PlasmoDB
accession number PFA0745w) was amplified from gDNA from the P. falciparum 3D7
line (Walliker et al., 1987). The fusion construct consisting of PEXEL signal (1-51aa) of
the Rifin-RFP-transmembrane domain (102-336aa) was described previously (Marti et
al., 2004). PfArfl and PfRablb fragments were amplified using cDNA from the P
falciparum 3D7 line and the episomal plasmids expressing PfArf1-YFP-DD or DD-YFP-
PfRablb were inserted into pCHD43(I[)-BSD (Ebine et al., 2016). To construct
constitutively active or inactive PfArfl (Q71L and T31N) and PfRab1b (Q67L and S22N)
mutants, the PrimeSTAR Mutagenesis Basal Kit (TaKaRa Bio) was used to introduce
point mutations (See Figure 9C). The former substitution at specific sites in the guanine
nucleotide consensus domains of human Ras?!l impaired GTP hydrolysis activity
(Haubruck and McCormick, 1991), and the latter substitution of human RasS17A altered
the guanine nucleotide binding affinity for GTP to GDP (Feig and Cooper, 1988),

respectively. The oligonucleotides used in this chapter are listed in Table 2.
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2-2-4 Indirect immunofluorescence assay

Transgenic parasites carrying the PfRab5b, PfArfl, or PfRab1b mutant proteins fused
with a DD system with artificial centromere plasmid PfCenV-efla-double were stabilized
with 0.5 uM Shldl for 24 h (Clontech) (Armstrong and Goldberg, 2007). Indirect
immunofluorescence assay was performed as described in Chapter 1. Primary antibodies
were used at the following dilutions: anti-BiP (1:100, kindly gift from Prof. Kita) and
anti-ERD2 (1:100) (Elmendorf and Haldar, 1993). Alexa 488-conjugated anti-rabbit IgG

(1:1,500, Molecular Probes) was used as the secondary antibody.

2-2-5 Reciprocal coimmunoprecipitation and immunoblot analysis

Transgenic parasites carrying the PfArfl1-RFP, or PfArfl1-RFP and PfRab5b®”’L-YFP-DD
with artificial centromere plasmids PfCenV-efla-double were cultured in 250 mL
medium (5% hematocrit, 5.4% parasitemia), and collected iRBCs were permeabilized
with saponin-PBS. The iRBCs were crosslinked with 2 mM DSP in 500 pL PBS for 30
min at room temperature with rotate. Samples were quenched with 50 mM Tris-HCI
(pH7.5) for 15 min at room temperature with rotate, and then washed two times with 50
mM Tris-HCI (pH7.5). The sample pellets were resuspended in 500 pL lysis buffer (50
mM Tris-HCI, 150mM NaCl, Complete protease inhibitor (Roche), 1% TritonX-100,

pH7.5) and homogenized by 30-times pipetting subsequently incubated on ice for 20 min.

52



After unbroken cells were removed by centrifugation at 2000 X g for 5 min, the
supernatants were transferred to new tubes and incubated with 20 pL Protein G Sepharose
(Sigma-Aldrich) for 30 min at room temperature to reduce non-specific binding during
coimmunoprecipitation. After centrifugation at 800 X g for 5 min, the supernatant was
reacted with 5 pg rabbit anti-RFP polyclonal antibody (GeneTex, GTX127897) at 4 °C
for overnight and precipitated with 30 uL Protein G Sepharose for 1 h at room temperature.
The Protein G Sepharose was washed with 1 mL Lysis buffer for 3 times, and protein
complexes were eluted with 40 uL of SDS sample buffer (250 mM Tris-HCI, 8% SDS,
8% 2-mercaptoethanol, 40% glycerol, 0.004% bromophenol blue, pH 6.8) at 95 °C for 5
min. Bound proteins were eluted and loaded on 12% SDS-PAGE gels, followed by
immunoblotting using mouse anti-GFP monoclonal antibody (1:100, Merck,
11814460001, clone 7.1 and 13.1) and mouse anti-RFP monoclonal antibody (1:200, Cell
Biolabs AKR-021, clone RF5R), mouse anti-Hsp90 monoclonal antibody (1:500, Sigma,
clone AC-16), and anti-mouse IgG conjugated HRP-linked antibody (1:10000, Cell

Singling, 7076S).

2-2-6 Microscopy techniques

Images were acquired using an LSM700 or LSM780 confocal laser-scanning microscope

(Zeiss, Germany). For distance measurements between PfBiP and PfArfl or PfRablb,
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super-resolution imaging was performed using the Zeiss LSM880 with Airyscan confocal
laser-scanning microscope, that is equipped with an oil-immersion 100 objective lens
(alpha Plan-Apochromat 100x/1.46 Oil DIC M27 Elyra) (Zeiss, Germany). Raw data
were processed using the Zeiss Zen2 software to measure fluorescent intensities. The
images were analyzed using the Zeiss Zen2 software or Fiji-Image J software (Schindelin

et al., 2012).

2-3 Results

2-3-1 PfArfl and PfRab1b colocalized with PfRab5b

The intracellular colocalization of PfRab5b with PfArfl or PfRablb was demonstrated
using double-expressing parasites. First, the constitutively active mutant PfRab5b4t
was fused with YFP and a DD (PfRab5b®**L-YFP-DD) and expressed in a Shld1 ligand-
dependent manner (Armstrong and Goldberg, 2007; Ebine et al., 2016). The Q-to-L
substitution in the conserved GTP binding consensus domain impairs intrinsic GTPase
activity which favor formation of the active GTP-bound form to small GTPases (Der et
al., 1986; Stenmark et al., 1994). As conventional Rab GTPases are modified with C-
terminal geranyl-geranylation (Joberty et al., 1993), PfRablb was fused with the N-
terminal RFP (RFP-PfRablb). In contrast, Arfl is modified with N-terminal

myristoylation (Sewell and Kahn, 1988), and PfArfl was fused with a C-terminus RFP
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fusion (PfArfl-RFP). PfRab5bQ®*.-YFP-DD and RFP-PfRablb, or PfArfl-RFP were
placed under the control of the Pbefla dual promoter and the constructs were transformed
into parasites (Figure 9A). Immunoblots using an anti-RFP antibody showed the 48kDa
and 50kDa bands of PfArfl-RFP and RFP-PfRablb, respectively (Figure 10). The anti-
GFP antibody detected a 62kDa band corresponding to PfRab5b®*L-YFP-DD, indicating
that the full length fusion constructs were expressed (Figure 10). In the early trophozoite
stage, the RFP signals of PfArfl-RFP and RFP-PfRab1b were observed as juxtanuclear
punctate structures, and these colocalized with the YFP fluorescence from PfRab5bQ4L-
YFP-DD (Figures 11A, 11B). PfRab5b®**.-YFP-DD showed good colocalization with
PfArf1-RFP (average Pearson's correlation coefficient: R =0.51 + 0.088. n= 10 parasites).
PfRab1b-RFP showed mild colocalization with PfRab5bQ**.-YFP-DD, as analysed by
YFP and RFP signals (average Pearson's correlation coefficient: R = 0.34 + 0.05, n= 10
parasites). This result indicated that PfArfl-RFP rather than PfRabl1b-RFP closely
associated to PfRab5bQ**L-YFP-DD (Figure 11C). The interaction of PfRab5bQ**.-YFP
and RFP-PfArfl was confirmed by reciprocal coimmunoprecipitation of RFP-PfArfl and
PfRab5b¥*L-YFP double-expressing parasites with anti-RFP antibody (Figure 11D). The
immunoprecipitated PfRab5b?**:-YFP was recognized as 62kDa band using mouse anti-
GFP antibody together with RFP-PfArf1 visualized with mouse anti-RFP antibody, while

the negative control marker cytosolic protein Hsp90 was not detected in the sample. The
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interaction between PfRab5bQ®L-YFP and PfRab1b-RFP was not confirmed in this

reciprocal coimmunoprecipitation (data not shown).

2-3-2 PfArfl and PfRab1b were localized in different subdomains of the ER and the
cis-Golgi

In an analysis conducted previously, Ebine et al. have shown that PfRab5b was localized
adjacent to the ER (Ebine et al., 2016), which was labeled with the ER luminal chaperone
PfBiP (Kumar et al., 1991; Kumar and Zheng, 1992). To examine the subcellular
localization of PfArfl and PfRablb, which were colocalized with PfRab5b (Figure 11A,
11B), PfArf1-RFP or RFP-PfRablb expressing parasites (Figure 9B) were stained with
the anti-P{BiP antibody. Punctate structure signals for PfArfl-RFP and RFP-PfRablb
were closely localized with the P{fBiP signals (Figure 12A). More than 70 % of PfArfl-
RFP expressing parasites showed colocalization of the PfArfl1-RFP and P{fBiP signals
(71 % £ 11 %). This proportion is higher than that of RFP-PfRab1b and P{fBiP in RFP-
PfRablb expressing parasites (46 % + 7 %, p < 0.05) (Figure 12B). This result was
unexpected because the Arfl and Rab1 GTPases were previously reported to be localized
and targeted to the cis-Golgi in most other organisms (Stearns et al., 1990; Moyer et al.,
2001). Next, PfArf1-RFP and RFP-PfRab1b expressing parasites were stained with an

anti-PfERD2 antibody, which stained the Plasmodium homolog of the cis-Golgi
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membrane protein ERD2 (Lewis and Pelham, 1990; Elmendorf and Haldar, 1993). Most
of the PfArfl-RFP expressing parasites did not show colocalization of the PfArf1-RFP
and PfERD2 signals (32 % £+ 9 %) (Figures 12C, 12D). The ratio of PfRablb
colocalization with PfERD2 was increased to 59 % + 3 % in PfRab1b-RFP expressing
parasites (p < 0.05) (Figures 12C and 12D). These results indicate that both PfArfl and
PfRab1b simultaneously localize to the ER and cis-Golgi in this organism; however, the
subcellular localization fraction differed between PfArfl and PfRablb, as most of the
PfArfl was localized to the proximal region of the ER, and half of PfRablb was
individually localized to the ER and the cis-Golgi.

Detailed analysis using super-resolution microscopy enabled the identification of the
distinct subcellular localization of PfArfl and PfRablb on the ER, and whether both
GTPases localize to the same subdomain or reside in distinct regions. The immunostained
slides were processed with a super-resolution microscope LSM880 with Airyscan and
processed with Zeiss Zen2 software, which provides a lateral resolution of 140 nm, to
analyze the precise cellular locations of the proteins. Peak signal intensities of the most
proximal staining between PfBiP and PfArf1-RFP (Figure 13A) or PfRab1b (Figure 13B)
were calculated. The average distance from P{fBiP was closer to PfArf1-RFP than to RFP-
PfRabl (PfArf1-RFP: 0.33 £0.08 um vs. RFP-PfRab1 0.45+0.11 um, p <0.001) (Figure

13C). These data indicate the presence of compartmentalization in the ER or ER adjacent
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novel membrane structures, and PfArfl showed significant localization close to the

PfBiP-positive ER rather than PfRab1b.

2-3-3 PfArfl and PfRablb are involved in the transport of the PEXEL-positive
transmembrane protein Rifin

Blood stage parasites export several proteins into the host erythrocyte cytosol and the PV
(Sargeant et al., 2006; van Ooij et al., 2008). The PEXEL sequence is a five-residue motif
in the downstream N-terminal signal peptide, and it has been detected in many exported
proteins (Hiller et al., 2004; Marti et al., 2004). PEXEL-positive proteins have been
suggested to pass through the classical ER/Golgi pathway (Akompong et al., 2002).
However, the presence of several PNEPs indicates the existence of an alternative export
pathway (Moskes et al., 2004; Thavayogarajah et al., 2015). It has been shown previously
that overexpression of PfRab5b did not disrupt the export of the PEXEL-positive
transmembrane protein EVP1 to the iRBC cytosol (Ebine et al., 2016). To examine
whether PfArfl and PfRablb are involved in trafficking of PEXEL-positive export
proteins, I chose a Rifin variant PFA0745w, whose fusion construct with YFP was
secreted into the erythrocyte cytosol (Marti et al., 2004). The N-terminal PEXEL domain
and the C-terminal transmembrane region were fused with RFP (Rifin-RFP) and co-

expressed with the PfArfl and PfRab1b mutant constructs, whose expression was driven
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by the Shldl ligand (Figure 9C). No growth defect was detected in these transformants
(Figure 14). In parasites expressing the PfArf1WT-YFP-DD and active mutant PfArf1?7!L-
YFP-DD constructs, Rifin-RFP signals were detected in the iRBC plasma membrane and
at the parasite periphery (PfArf1VT: 91 % + 4 %, PfArf197't: 88 % + 6 %) (Figures 15A
and 15B). In contrast, the export of Rifin-RFP reduced the inactive PfArf1 3!N-YFP-DD
expressing parasites (53 % + 12 %) (Figures 15A and 15B), suggesting that PfArfl is
involved in PEXEL-positive Rifin transport. Similarly, the expression of wild-type DD-
YFP-PfRab1b and the active mutant DD-YFP-PfRab1b%¢’t did not show differences for
the export of Rifin-RFP (PfRab1b"T: 89 % + 2 %, PfRab1b?®"t: 90 % + 10 %), whereas
the expression of the inactive mutant DD-YFP-PfRab1b%%2N reduced the export activity

(39 % = 9 %) (Figures 15C and 15D).

2-3-4 PfArfl, but not PfRab1b, regulates the export of N-acylated adenylate kinase
2 to the PVM

Adenylate kinase 2 (PfAK2) is an N-terminal myristoylated and palmitoylated protein,
which lacks the signal peptide and a transmembrane domain. It localizes to the parasite
plasma membrane face to the PV (Thavayogarajah et al., 2015; Ebine et al., 2016),
suggesting that PFAK2 was not exported through the classical ER/Golgi-dependent

pathway. Ebine et al. have previously reported that overexpression of PfRab5b-YFP-DD
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disrupted the transport of PFAK2-RFP to the PVM (Ebine et al., 2016). Overexpression
of PfRab5b-YFP-DD altered the peripheral staining of PfAK2-RFP in the parasite
cytoplasmic staining pattern, indicating that PfRab5b might be involved in the transport
of PfAK2 (Ebine et al., 2016). Therefore, I examined whether the overexpression of
PfArfl perturbs the transport of PFAK2-RFP to the PVM. Parasites that double-expressed
PfAK2-RFP and PfArfl WT, or the constitutively active PfArf1?’'L or inactive PfArf113!N
mutants (Figure 16A), whose expression is driven by the Shld1 ligand were established
(Figure 9C). The PfArf1?"'L and PfArf1T3!N mutants are corresponding to human Arf1Q7!t
and Arfl1 3N respectively (Dascher and Balch, 1994; Teal et al., 1994). In the PfArf1WV1-
YFP-DD expressing parasite, all PFAK2-RFP signals were localized at the parasite
periphery, indicating a typical PVM staining pattern (Figure 16A). In contrast, the active
mutant PfArf1Q"''-YFP-DD expressing parasites reduced PFAK2-RFP targeting to the
PVM (38 % + 6.7 %). Several parasites showed a faint RFP signal and a punctate RFP
signal within the parasite cytoplasm (faint: 35 % =+ 7.1 %, punctate: 27 % + 7.7 %,
respectively) (Figures 16A and 16B). In the inactive PfArfl™3!N-YFP-DD expressing
parasite, the export of PFAK2-RFP was reduced to 58 % + 6.8 %, and further, 13 % +
7.2 % and 29 % + 11 % of the parasites showed a faint RFP signal and a punctate pattern
in the cytoplasm, respectively (Figures 16A and 16B). The faint signal of PFAK2-RFP

was more abundant in PfArf1?7''-YFP-DD than in PfArfl13'N-YFP-DD (p < 0.05). These
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results indicate that PfArfl is directly involved in the correct export of PFAK2 to the PVM.
The specific role of PfArfl in the transport of PfAK2 was highlighted by the co-
expression of PfRablb mutants (Figures 16C). In the co-expression with the wild-type
DD-YFP-PfRabl1b, active DD-YFP-PfRab1b?¢’L, or the inactive DD-YFP-PfRab1b5?*N

constructs, which corresponds human Rab1b?’t and Rab1b522N

, respectively (Tisdale et
al., 1992), the transport of PFAK2-RFP was not inhibited and all parasites showed a
peripheral pattern for their expression (PfRab1b%™: 99 % + 2 %, PfRab1b2": 96 % +

4 %, PfRab1b522N: 94 % + 3 %) (Figures 16C and 16D). These results suggest that PfArf1

is extensively involved in the transport of the N-acylated protein PFAK2 to the PVM.

2-4 Discussion

2-4-1 PfArf1 exports the N-myristoylated protein PFAK2 to the PVM

The regulatory mechanisms underlying the trafficking of acylated proteins are not clearly
understood in Plasmodium species and other organisms. Dual acylated proteins are first
myristoylated at the ER membrane by N-myristoyl transferase after palmitoylation by a
palmitoyltransferase, and the acylated proteins are then trafficked to the apical organelle
and parasite plasma membrane surface (Cabrera et al., 2012). For other proteins, such as
the Plasmodium falciparum calcium-dependent protein kinase 1 (PfCDPK1) and the

Drosophila transgultaminase A (TG-A), the dual acylated proteins are packed into
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multivesicular bodies and are subsequently exported to the apical organelle or
extracellular space via the unconventional ER-Golgi-independent pathway (Moskes et al.,
2004; Shibata et al., 2017). Ebine et al. have previously shown that the transport of N-
myristoyl PFAK2 to the PVM was inhibited by the overexpression of PfRab5b, and that
PfAK2 accumulated in the punctate structure within the parasite cytoplasm together with
PfRab5b, indicating that PfRab5b and PFAK2 were included in the internal vesicle of the
multivesicular body and were then transported to the PVM (Ebine et al., 2016). In this
study, I have shown that PfArf1, but not PfRablb, is involved in the regulation of PfAK2
(Figures 16A and 16C). My results indicated that the expression of active or inactive
PfArfl mutants inhibited PfAK2 transport to PVM (Figure 16A), whereas the expression
of active or inactive PfRab1b mutants had no effect (Figure 16C). These results suggest
that GTP hydrolysis by PfArfl is required for proper PfAK2 recognition and further
transport. For mammalian Arfl, it has been biochemically demonstrated that GTP
hydrolysis by human Arfl promotes the selective cargo selection from the Golgi
membrane, and the concentration of cargo proteins into the COPI-coated vesicles (Lanoix
et al., 1999). This observation indicated that the role of GTP hydrolysis in cargo selection

1s similar between PfArfl and the human Arfl.
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2-4-2 Presence of subdomains near the ER and the sequential roles of PfArfl and
PfRabl1b in cargo selection

Both PfArfl and PfRab1b are localized close to the ER as punctate structures in the early
erythrocytic stage (Figure 11A and 11B). The punctate structure near the ER was observed
in other proteins, such as the COPII coat components PfSec13 and PfSec24 (Lee et al.,
2008; Struck et al., 2008) and in another PfRabl isotype PfRabla (Morse et al., 2016).
Previously, Ebine et al. have shown that PfRab5b did not colocalize with the COPII
component PfSec13 (Struck et al., 2008; Ebine et al., 2016), suggesting that PfArfl and
PfRab1b might be localized in different domains from the COPII vesicle budding site, the
ERES. In this study, the results indicate that the PfArfl signal was not completely
consistent with that for PfRab1b and was localized to different membrane subdomains
around the ER (Figure 13). These findings suggest that the previously reported COPII
component, PfArfl, and PfRab1b might be localized to an independent subdomain and
may have different roles in the transport of cargo proteins and cargo selection from the
ER. PfRablb was involved in the transport of the PEXEL-positive export protein, Rifin,
and the expression of the inactive PfRablb mutant showed decreased activity of Rifin
export to erythrocyte cytosol (Figure 15C and 15D). In contrast, the expression of the
active PfRab1b mutant did not inhibit Rifin export, indicating that the GTP-bound state

of PfRablb may be necessary for the proper functioning of PfRablb. A similar
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observation was reported in mammalian Rab5 during endosome fusion, where it was
demonstrated that the GTP-bound mutant form showed the same effect as the wild-type
Rab (Barbieri et al., 1996).

Interestingly, the export of Rifin was also decreased by the expression of inactive
mutants of PfArfl1, but not the active mutants and the wild-type PfArfl (Figures 15A and
15B). This result suggests that the GTP-bound state of PfArfl is necessary for the export
of Rifin, or for the correct activity of PfRablb. Although not included in this study, it is
notable that a Sec7 domain containing protein was listed as a candidate for the PfRab5b
binding protein using mass analysis (Table 0)(Hirai, 2016). The 200 amino acid residue
Sec7 domain is conserved among eukaryote and has the guanine nucleotide exchange
activity towards Arf (Arf GEF) (Cherfils et al., 1998). In other organisms, Sec7 is
involved in the "Rab cascade": activated GTPase triggers the recruitment of GEF for the
downstream GTPase, and thus a series of GTPase activations is feasible (Barr, 2013). For
example, in Saccharomyces cerevisiae, Yptl (in yeast Rab1) and the Arf-like GTPase Arll
recruit Sec7 to the Golgi membrane, and subsequently Arfl is activated by the GEF
activity of membrane-localized Sec7, following the stimulation of Ypt31 (yeast Rabl1)
on the trans-Golgi membrane for cargo sorting to secretory vesicles (McDonold and
Fromme, 2014). Thus, I generated a sequential hypothetical model of PfArfl and PfRab1b

adjacent to the ER that is presented in Figure 17. Membrane-localized PfRab5b may
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recruit PfSec7 to activate PfArfl in the adjacent ER subdomain, where the N-
myristoylated protein PfAK2 is selected and packed into the pathway destined for the
PVM. This is based on the finding that colocalization of the active mutant of PfRab5b
and PfArfl (Figure 11A), and wild-type PfArfl is necessary for the export of PfAK2
(Figure 16A). It has been shown that Plasmodium PfArfl possesses GTPase activity in
vitro (Stafford et al., 1996) and that PfSec7 accelerated the nucleotide exchange activity
against PfArfl (Baumgartner et al., 2001). Thus, the PfArfl may colocalize with PfSec7
adjacent to the ER. The role of PfSec7 in intracellular traffic remains elusive, and further
studies are needed to unravel the regulation of PfAK2 transport together with PfArfl.
Subsequently, the PfArfl positive membrane matures and recruits PfRablb at the
membrane. This model is based on my results that indicate that PfRab1b localizes to the
different subdomains of PfArf1 that are adjacent to the ER (Figures 11B and 13), and that
the sequential recruitment of different GTPases to the membrane occurs via Sec7
(McDonold and Fromme, 2014). The Rab1 positive membrane subdomain near the ER is
found in mammalian tubulovesicular membrane clusters of the ER-Golgi intermediate
compartment (ERGIC) (Appenzeller-Herzog and Hauri, 2006). ERGIC clusters lie close
to the COPII-positive ERES. Transport from the ER to the ERGIC is controlled by COPII
coat vesicles, and Rabl is involved in membrane tethering at the ERGIC in anterograde

transport (Allan et al., 2000). Sorting in the ERGIC involves another protein coat of COPI
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and the Arf family (Goldberg, 2000). Thus, ERGIC is a sorting and recycling platform for
the transport between the ER and Golgi in mammalian cells. In Plasmodium, the
PfRab1b-positive compartment was involved in the export of the PEXEL-positive protein
Rifin (Figure 15) and this suggests the existence of a novel sorting compartment for
PEXEL-positive cargo proteins. The model shown in Figure 17 indicates the segregation
of the subdomain for sorting of different cargo proteins. Conversely, the expression of

active and inactive PfRab1b mutants did not affect the export of PFAK2 (Figure 16).

2-4-3 Transport to the Golgi and the presence of a few parts of PfArfl on the PFERD?2
positive Golgi membrane

In most mammalian secretory cells, electron microscopy has revealed the presence of
ribosome-coated rough ER and partly smooth surfaced structures in the vicinity of the
Golgi complex (Saraste and Kuismanen, 1992). Golgi is displayed as stacks of flattened
cisternae, which are often laterally linked into a ribbon-like structure (Zhang and Wang,
2016). In contrast, the ER and Golgi of malarial parasites are not well characterized and
are reported to be loosely associated vesicles (Aikawa, 1971). To overcome the difficulty
in the visualization of ER and the Golgi, I used super-resolution fluorescence microscopy
(Figure 13) and quantified the number of colocalized parasites (Figures 12, 13, 15,16). In

this study, about 70 % of parasites showed colocalization of PfArfl and the ER marker
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PfBiP, and 30 % showed colocalization with the cis-Golgi marker PfERD2 (Figure 12).
These results may explain the following two possibilities. One; PfArfl is a Golgi resident
which is involved in retrograde trafficking from the Golgi. This model is based on reports
from mammalian and yeast models, where Arfl is involved in different steps of cargo
sorting together with specific effector or Sec7 containing proteins such as retrograde
traffic from the cis-Golgi to the ER, or the secretory pathway from the trans-Golgi
(Donaldson and Jackson, 2011). As it is not yet characterized, the Golgi resident PfArfl
may be involved in retrograde trafficking to the ER because the homolog of ERD2 is
present and localized to the Golgi in Plasmodium (Elmendorf and Haldar, 1993). ERD2
retrieves the conserved C-terminal tetrapeptide sequence HDEL-containing ER luminal
proteins from the cis-Golgi in yeast and mammalian cells (Hsu et al., 1992; Townsley et
al., 1994). A second possibility is the presence of the Golgi subdomain in Plasmodium
species. The Plasmodium ERD2 was previously reported to colocalize with the Golgi re-
assembly stacking protein (GRASP) (Struck et al., 2005), and PfArfl was shown to be
colocalized with GRASP in the early trophozoite stage (Thavayogarajah et al., 2015).
Therefore, it appears that PfArfl, GRASP, and PfERD?2 are colocalized in the same Golgi
membrane. However, mammalian GRASPS55 is present in the medial/trans-cisternae of
Golgi stacks as shown by cryo-immunoelectron microscopy (Langreth et al., 1978). Thus,

this may be the reason for the Golgi-stacked protein GRASP and HDEL-receptor ERD2

67



to colocalize in the same Golgi subdomain in Plasmodium.

2-5 Figure Legends

Figure 9. Schematic structure of the constructs used in this study. (A) The artificial
centromere plasmid PfCenV-efl-double was inserted two fragments in Ncol and Ndel
sites, whose expression is regulated under the Plasmodium berghei elongation factor 1
(Pbefla). In Ncol site, PfRab5b®®*--YFP-DD was inserted and RFP- PfArfl (upper) or
PfRab1b-RFP (lower) was inserted in the Ndel site. (B) RFP-PfArf1 (upper) or PfRab1b-
RFP (lower) was inserted in the Ndel site of the centromere plasmid for the single
expression. (C) To double express GTPase (PfArfl and PfRablb) and cargo proteins
(PfAK2 and Rifin), PfArfl-YFP-DD (upper, left) or DD-YFP-PfRablb (lower, left)
fragment was inserted into episomal plasmid pCHD43(II), whose hDHFR cassette was
replaced with a blasticidin S-resistance cassette (Ebine et al., 2016). Cargo proteins,
PfAK2-RFP (upper, right) or Rifin-RFP (lower, right) fusion constructs, were inserted
into PfCenV-efl-double of Ndel site. Each GTPase and cargo protein construct was
transfected into the parasite, and simultaneously selected with WR99210 and blasticidin
S. proCRT, the constitutive P. falciparum chloroquine resistance transporter promoter:
PbDT, Plasmodium berghei dihydrofolate reductase terminator proPfCAM, P. falciparum

calmodulin promoter, hDHFR, human dihydrofolate reductase: PfHRPII, P. falciparum
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histidine-rich protein II termiator: rep20, element to improve episomal segregation at

mitosis: PfCenV, the centromere of chromosome 5: BSD, blasticidin S.

Figure 10. Immunoblots showing the expression of full length of PfArf1-RFP, and RFP-
PfRablb. Parasite lysates expressing PfRab5b®*L.-YFP-DD and Arfl-RFP or RFP-
PfRab1b were subjected to immunoblot analysis using anti- RFP and anti-GFP antibodies.
Anti-Hsp90 antibody was used as a loading control. Mock is the non-transformant

parasite.

Figure 11. Association of PfRab5b and PfArfl GTPases rather than PfRab1b in adjacent
to the nucleus. Transformant parasites carrying the PfArf1-RFP (A, red) or PfRab1b-RFP
(B, red) constructs with PfRab5b?**.-YFP-DD (green) under the dual Pfefla promoter
were stabilized with Shld1, and were then used in the immunofluorescence assay. The
fluorescence of RFP and YFP was captured. Arrowheads indicate the colocalization of
PfArfl and PfRablb with PfRab5b?®:, The nuclei were stained with DAPI (blue).
Representative images showing mononuclear early trophozoite (upper), two nuclear late
trophozoite (middle), and multinucleated early schizont (lower) stages are shown. White
arrowheads indicate the colocalization of PfRab5b?®*:-YFP-DD and PfArfI-RFP or

PfRab1b-RFP. The bars indicate 2 pm. (C) Pearson’s correlation coefficient between
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PfRab5b¥P*L.-YFP-DD and PfArf1-RFP or RFP-PfRablb. The fluorescence intensities of
the merged YFP and RFP signals were analyzed using Fiji-Image J software to generate
Pearson correlation coefficients. The scatter plot represents Pearson correlation
coefficients values from ten independent parasites, which are obtained from three
independent transfectants. The statistical significance was determined using Student’s #-
test. (D) Reciprocal immuoprecipitation experiments of PfArf1-RFP via interaction with
PfRab5bP*L-YFP-DD. P{Rab5bQ®*.-YFP-DD and PfArfl-RFP double- expressing
parasites were crosslinked with DSP as described in Materials and Methods, and
immunoprecipitated with rabbit anti-RFP antibody (IP: +). Immunoprecipitated PfArf-
RFP (a white arrowhead) and PfRab5b®®*--YFP-DD (a black arrowhead) was visualized
with mouse anti-RFP or anti-GFP antibodies, respectively. In the absence of rabbit anti-
RFP antibody during immnoprecipitation (IP: —), neither PfArf-RFP nor PfRab5b?%4:-
YFP-DD was detected. Anti-Hsp90 antibody was used as a negative control. Two 50 kDa
bands in pull down fraction (an asterisk) were non-specific recognition of secondary

antibody against anti- rabbit IgG.

Figure 12. Localization of PfArfl and PfRablb in juxtaposition to the ER and the cis-

Golgi. (A) Synchronized parasites, expressing PfArf1-RFP (upper, red) or RFP- PfRab1b

(lower, red), were fixed at early trophozoite stage and subjected to the indirect
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immunofluorescence analysis with anti-PfBiP antibody (green) and DAPI (blue). The
fluorescence of PfArf1-RFP and RFP-PfRab1b is shown. PfBiP was stained with an anti-
PfBiP antibody. Both PfArfl-RFP and RFP-PfRablb localized adjacent to the P{BiP
signal (arrowheads). (B) Rate of colocalization of PfArf1-RFP and RFP-PfRablb with
PfBiP. The number of parasites that showed colocalization of the RFP and P{BiP signals
was counted in 20-30 trophozoites from three independent experiments. Error bars
indicate the standard deviations of three replicates. A test for statistical significance was
performed using the Student’s z-test. (C) Indirect immunofluorescence analysis of the
localization of PfArf1-RFP (upper, red), RFP- PfRab1b (lower, red), the cis-Golgi-marker
PfERD?2 (green), and DAPI (blue). The fluorescence from RFP-PfRab1b colocalized with
the PfERD?2 signal (arrowhead), but not with PfArfl-RFP. The bars indicate 2 pm. (D)
Rate of colocalization of PfArf1-RFP and RFP-PfRablb with PfERD2. The number of
parasites that showed colocalization of the RFP and PfERD?2 signals was counted in 20—
30 trophozoites from three independent experiments. A test for statistical significance was

performed using the Student’s #-test.

Figure 13. Super-resolution imaging showing the fine differences between P{BiP and

PfArfl or PfRablb. Synchronized parasites, expressing PfArfl1-RFP (A, red) or RFP-

PfRabl (B, red), were sampled at early trophozoite stage and fixed and subjected indirect
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immunofluorescence analysis with the anti-PfBiP antibody (green) and DAPI (blue).
Fluorescence intensities along the bold white lines are indicated in the graphs on the right.
The fluorescence intensity was calculated as the percentage of the highest signal
intensities. Black arrowheads depict the peaks of RFP and PfBiP intensities. The bars
indicate 2 um. (C) The smallest calculated distances between (A, B) in 15 independent
parasites were plotted, and the average (bold bars) and standard deviation (thin bars) are

indicated. A test for statistical significance was evaluated using the Student’s #-test.

Figure 14. Expressions of PfArfl or PfRablb mutants showed no effect on parasites
growth. The population doubling time of non-transformant MS822 line, PfArfl and
PfRab1b mutants were measured for 2 days cultivation from three independent assays.
The average (bar graph) and the standard deviation (thin bar) are indicated. Mock was
cultured without drugs and PfArfl, PfRablb mutants were cultured with BSD. Except
from MS822 line, transformed parasites were cultured in the presence of 2.5 pg/ml of
BSD and the expressions of PfArfl and PfRablb mutants were stabilized by 0.5 uM

Shld1. A statistical significance was evaluated using Student’s #-test.

Figure 15. PfArfl and PfRablb regulated the export of PEXEL-positive Rifin to the

erythrocyte cytoplasm. Parasites expressing Rifin-RFP and PfArfl-YFP-DD (A, B) or
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DD-YFP-PfRablb (C, D) were examined via the immunofluorescence assay.
Fluorescence signals from RFP (red), YFP (green), and DAPI (blue) are shown. Wild-
type PfArfl or PfRab1b (upper panels), active mutant PfArf1?7’!L or PfRab1b2’t (middle
panels), and the inactive mutant PfArf1™'N or PfRab1b522N (lower panels) are shown.
White dotted lines indicate the parasite plasma membrane. The arrowheads indicate dot-
like exported Rifin-RFP signals. The bars indicate 2 um. The rate of parasites that showed
a Rifin-RFP signal was detected in the erythrocyte cytoplasm in PfArfl-RFP (B) and
RFP-PfRablb (D) expressing cells are shown in graphs. Thirty individual early
trophozoites and early schizonts were counted from three independent experiments.
Infected RBCs, recognized by the DAPI and YFP signals under the microscope, were
imaged by the laser microcopy, and then analyzed for the localization of RFP and whether
Rifin-RFP was exported to the iRBC. The statistical significance was determined using

the Student’s 7-test.

Figure 16. The specific role of PfArfl in the transport of N-acylated PfAK2 to the PVM.
Parasites expressing PFAK2-RFP and PfArf1-YFP-DD (A, B) or DD-YFP-PfRab1b (C,
D) were examined using the immunofluorescence assay. Fluorescence signals from RFP
(red), YFP (green), and DAPI (blue) are shown. Wild-type PfArfl or PfRablb (upper

panels), the active mutant PfArf1?7!L or PfRab1b?’t (middle panels), and the inactive
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mutant PfArf173!N or PfRab1b3?2N (lower panels) are shown. Representative images for
PfAK2-RFP are shown and are divided into three patterns: peripheral PVM staining
(PVM), faint signal (faint), and dot-like punctate signal within the parasites (punctate).
The bars indicate 2 um. The parasites that showed a signal for PFAK2-RFP were classified
into three patterns based on the PfArfl1-RFP expressing cells (B) and then shown in bar
graph. The rate of parasites showing peripheral staining for PFAK2-RFP in RFP-PfRab1b
expressing cells (D). Thirty individual early trophozoites and early schizonts were
counted from three independent experiments. Infected RBCs, recognized by the DAPI
and YFP signals under the microscope, were imaged by the laser microcopy, and then
analyzed for the localization of RFP signal as PV, faint, and punctate. The statistical

significance was determined using the Student’s #-test.

Figure 17. A proposed model for the two pathways regulated by PfArfl and PfRablb.
PfRab5b (blue circle) recruited PfArfl (red circle) probably through the binding to PfArf1
activating protein (light grey ellipse) on the ER membrane (Figure 12). Membrane
targeted PfArfl selected the N-acylated AK2 and sorted into the pathway for the PV
(Figure 16). According to the partial involvement of PfArfl-positive membrane for the
selection of PEXEL-positive Rifin (Figure 15), and PfRab1b (yellow circle) localized to

distant membrane from the ER (Figure 14), PfArfl-positive membrane might be matured
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into PfRab1b-positive compartment. PfRab1b- positive compartment selects and further
transports the PEXEL-positive Rifin to the RBC surface. ER, endoplasmic reticulum,;
ERES, endoplasmic reticulum exit site; PV, parasitophorous vacuole; RBC, red blood cell.

PfAK2
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Figure 10
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Figure 13
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Figure 14
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Figure 15
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Figure 17
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Table 2

Sequences of the primers used in chapter 2.

construct

primer name

sequence

PfRab5b-YFP-FLAG

PbRab5b-YFP

PfArf1-RFP + PfRab5bQL-YFP-DD

RFP-PfRab1b + PfRab5bQL-YFP-DD

PfArf1-RFP

RFP-PfRab1b

PfArf1 (WT/QL/TN)-YFP-DD

DD-YFP-PfRab1b (WT/QL/SN)

AK2-RFP

Rifin-RFP

17-PfRGD2RFD-F
18-PfRGD2RFD-R

19-PIGF-F
20-PIGF-R

pCen-Rab5b-GFP-DD-f
pCen-Rab5b-GFP-DD-r
pCen-Arf1-RFP-f
pCen-Arf1-RFP-r

pCen-Rab5b-GFP-DD-f
pCen-Rab5b-GFP-DD-r
pCen-RFP-Rab1b-f
pCen-RFP-Rab1b-r

pCen-Arf1-RFP-f
pCen-Arf1-RFP-r

pCen-RFP-Rab1b-f
pCen-RFP-Rab1b-r

CRT-Arf1-GFP-DD-DHFR-1
CRT-Arf1-GFP-DD-DHFR-2
CRT-Arf1-GFP-DD-DHFR-3
CRT-Arf1-GFP-DD-DHFR-4
Arf1-GFP-DD-Q71L-f
Arf1-GFP-DD-Q71L-r
Arf1-GFP-DD-T31N-f
Arf1-GFP-DD-T31N-r

GFP-Rab1bconnect-f
CRT-GFP-connect-r-yet
Rab1b-DHFRconnect-r
vector-DD-f
DD-GFP-r-yet
Rab1b-S22N-r
Rab1b-S22N-f
Rab1b-Q67L-r
Rab1b-Q67L-f

pC-AK2-RFP-forl-r
pC-AK2-RFP-forl-f

RifF1-RFP-connect-r
RFP-RifF2-connect-f
RifF2-PbDHFR3'-concect-r
ef1-RifF1-conncect-r

TATAAGGATCATGACATTGACTACAAAGACGATGACGACAAGACCCAGCTTTCTTGTACAAAGTGG

AATGTCATGATCCTTATAATCTTCGTCATGGTCTTTGTAATCCATAGGATTGTTATAATATAAAACTTCTTTAAATCG

TATAAGGATCATGACATTGACTACAAAGACGATGACGACAAGTAGCTCGAGGGATATGGCAGC
AATGTCATGATCCTTATAATCTTCGTCATGGTCTTTGTAATCCATCTTGTACAGCTCGTCCATGC

GCTTATAAATAAATAAAAATTTTATAAAACCATGGGATGTTCATCAAGCACCGAAAG
CGATGCAGTTTAGCGAACCAACATGTTTCCCCAATTTTITTTITTTTACC
GAGCGTGAGTTTTTTCTTTTCCCATATTTCCCCAATTTTTTTTTTTTTACCATTTTTTTATTAACC
GCTTATAAATAAATAAAAATTTTATAAAACATATGGGTTTATATGTAAGTAGGTTATTTAATCG

GCTTATAAATAAATAAAAATTTTATAAAACCATGGGATGTTCATCAAGCACCGAAAG
CGATGCAGTTTAGCGAACCAACATGTTTCCCCAATTTTITITITTITTACC
GAGCGTGAGTTTTTTCTTTTCCCATATTTCCCCAATTTTTTITTITITTACCATTTTTITATTAACC
GCTTATAAATAAATAAAAATTTTATAAAACATATGGTGTCTAAGGGCGAAGAGC

GAGCGTGAG C CCCATATTTCCCCAATTTTTTTTTTTTTACCATTTTTTTATTAACC
GCTTATAAATAAATAAAAA ATAAAACATATGGGTTTATATGTAAGTAGGTTATTTAATCG

GAGCGTGAGTTTTTTCTTTTCCCATATTTCCCCAATTTITTITTITITTACCATTITTITATTAACC
GCTTATAAATAAATAAAAATTTTATAAAACATATGGTGTCTAAGGGCGAAGAGC

CTCGAGTTTGTTATATGTAAGAAATTAAAAAAAACAAAATAATAAATG
GTTTTTTTTAATTTCTTACATATAACAAACTCGAGATGGGTTTATATGTAAGTAGGTTATTT
TCGCCCTTGCTCACCATCTCGAGTTTGGCATTATTTAAGTGTGTGGTTAG
CTCGAGATGGTGAGCAAGGGCGA

GGAGGACtAGATAAGATCCGACCTTTATGG
CTTATCTaGTCCTCCTACATCCCATACGGT

GGAAAAAaTACAATATTATATAAAGTAAAA

TATTGTAITTTTTCCAGCAGCATCTAATCC

CCCAGCTTTCTTGTACAAAGTGGATGAATGATAGCTATGATAGTTTATTTAAAATATTG
CCCTTGCTCACCATCTCGAGTTTGTTATATGTAAGAAATTAAAAAAAACAAAATAATAAATG
AAAAACGAACATTAAGCTGCCATATCCTCAACAACATTTCTTTTTGGTATCCTTAATTG
CATTCATTTATTATTTTGTTTTTTTITAATTTCTTACATATAACAAAATGGGAGTGCAGGTGGAAACC
TCGCCCTTGCTCACCATCTCGAGTTCTTCCGGTTTTAGAAGCTCCAC
CAAACAGTTTGATTTTCCAACACCACTAT

GGAAAAAACTGTTTGCTCCTTCGTTTT

CCTTTCTAGCCCAGCCGTATC

GCTGGGCTAGAAAGGTTCCG

GCTTATAAATAAATAAAAA ATAAAACATATGGGATCATGTTATAGTAGAAAAAATAAAGTATC
CTCCTTAATCAGCTCTTCGCCCTTAGACACATTGGGGTTATCATCTATAATGGAGC

TCAGCTCTTCGCCCTTAGACACATCATTATTATAATTTGTCGATTGTGTGTC
CTAGCAAACTGGGGCACAAACTTAAATTATTAGCAGAAAAAGTAGAAAAAGGTTG
CGAACATTAAGCTGCCATATCCATTTTATTGATTTAATAATTCTGTGTATTGGGC
GCTTATAAATAAATAAAAATTTTATAAAACATATGAAACTGCACTACACTAAAATATTATTATTTTTC
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General Discussion

Through the identification of PfRab5b associate proteins, I revealed the novel mechanism
which mediate export of N-myristoylated PfAK2 and PEXEL-positive Rifin to the
periphery of parasite or erythrocyte cytosol by three small GTPases, PfRab5b, PfArf1 and
PfRablb with Sec7 which activate PfArfl, at adjacent to the ER in Plasmodium
falciparum. The analysis of Sec7 in P. falciparum did not applicable due to technical
difficulties, however, analysis of Sec7 in P. berghei showed the localization close to the
ER and colocalization with PbRab5b (Figure 6 and 7D), supporting my hypothetical
model that Sec7 plays as PfRab5b effector (Figure 17). Involvement of Arf and Rab
GTPases in protein export at the ER, have not been reported in other eukaryotes including
mammalian cells and budding yeast. My findings suggested the existence of unique
mechanism for protein export in Plasmodium spp. and proposed the diversity of
trafficking system mediated by Rab GTPases in eukaryotes.

N-acylated Rab5b showed unique features of membrane traffic in Plasmodium spp. C-
terminal geranylgeranylated Rab5, referred as conventional Rab$5, regulates endocytic
transport in eukaryotic cells including land plants and Apicomplexa (Singer-Kriiger et al.,
1995; Kotzer et al., 2004; Elliott et al., 2008; Bottanelli et al., 2012; Kremer et al., 2013).
In contrast, dual acylations, myristoylation and palmitoylation, at N-terminal Rab5

GTPase have been reported only in land plants (Ueda et al., 2001) and Apicomplexan
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protists (Klopper et al., 2012). N-acylated Rab5 isotype in Arabidopsis thaliana,
ARAG6/RabF1, localizes at the endosome and regulates transport from the endosome to
the plasma membrane (Singer-Kriiger et al., 1995; Ebine et al., 2011, 2012). Plant-unique
Rab5 effector 2 (PUF2) is identified as an effector molecule of ARA6, and consequently
the trafficking system mediated by ARA6 and PUF2 was elucidated (Ito et al., 2018,
2020). Either GTP-bound form of ARA6 or GDP-bound form of conventional Rab5
competitively binds to PUF2, and interacts with the common activating factor VPS9a,
consequently ARAG is negatively regulated by conventional Rab5 (Ito et al., 2018). In
Plasmodium falciparum, N-acylated Rab5b localizes at adjacent to the ER, unlike the
conventional Rab5 and plant ARA6 (Ebine et al., 2016). Interaction of PfRab5b with
PfArfl, PfRablb and Sec7, which is elucidated in this study, was Plasmodium-specific
events, and indicated the presence of organism-specific trafficking systems around N-
acylated Rab5 isotype. N-acylated Rab5b is also conserved in Toxoplasma gondii, another
protozoan parasite of Apicomplexa, but TgRab5b localizes at early endosome with
conventional Rab5 (TgRab5a, TgRab5c) (Kremer et al., 2013). TgRab5a and TgRab5c,
but not TgRab5b, regulate vesicular transport from early endosome to microneme and
rhoptry, that are unique secretory organelles in the parasite (Kremer et al., 2013). Further
investigations to identify N-acylated Rab5-associate proteins in Apicomplexa are needed

to clarify the diversity of trafficking systems regulated by N-acylated Rab5.
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The plant-specific trafficking system based on N-acyrated ARA6, provides unique
functions in salinity stress response (Ebine et al., 2011; Yin et al., 2017). Expression level
of ARA6 is increased under the high-salt condition in halophytic plant
Mesembryanthemum crystallinum (Bolte et al., 2000). In the loss of activity of ARA6
mutant, ara6-1, the growth was inhibited under the high-salt stress. While, overexpression
of wild type and constitutively GTP-bound form ARAG6 confer tolerance to high salinity
on Arabidopsis thaliana (Ebine et al., 2011). In contrast, overexpression of ARA6 mutant
with the deletion construct of N-terminus, does not affect the tolerance to salt stress,
indicating that N-myrisoylation is indispensable for the salt tolerance (Yin et al., 2017).
The function which is played by PfRab5b-mediated pathway still remain unclear.
According to the essentiality of PbRab5b, it is expected that N-acylated Rab5 plays
important role for parasite proliferation in asexual stage of Plasmodium parasites
(Ezougou et al., 2014; Ebine et al., 2016). N-acylated protein, PfAK2, is transported to
the parasite periphery by PfRab5b, however, neither PEXEL-positive protein EVP1 nor
SBP1 which lacks N-acylation were regulated by PfRab5b (Ebine et al., 2016). N-
terminal dual acylation might be a key to sort cargo proteins through the PfRab5b-
mediated pathway. In P. falciparum, seventeen parasite proteins were reported as dual
acylated except for PFAK2: calcium dependent protein kinase 1 (CDPK1) which localizes

at PVM, glideosome associated protein 45 (GAP45) which localizes at inner membrane
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complex and armadillo repeats-only protein (ARO) which localizes at rhoptry, etc.
(Moskes et al., 2004; Cabrera et al., 2012; Ridzuan et al., 2012; Thavayogarajah et al.,
2015). These dual acylated proteins might be the candidates of cargo protein for PfRab5b
and the function of identified cargo proteins may shed light on the significance of
PfRab5b-mediated pathway.

In conclusion, my results show that PfArfl mediates the transport of N-myristoylated
PfAK?2 from the adjacent ER, and PfRablb, which localizes differently than PfArfl, is
involved in the export of PEXEL-positive Rifin to the erythrocyte cytosol. Currently, the
mechanism how PfArfl recognize cargo protein at the ER subdomain and sort to the
pathway for the PVM, remains elusive. In other cases, there are very few reports on
trafficking of dual acylated protein via a multivesicular body (Mdskes et al., 2004; Shibata
et al., 2017). In mammalian cells, myristoylated and palmitoylated GFP localized to the
membrane subdomain enriched with cholesterol and ganglioside at the plasma membrane
(McCabe and Berthiaume, 2001). It may plausible that PfArf1 together with PfRab5b and
unidentified effector proteins organize the acylated cargo-recognition subdomain at the
ER lipid subdomain. Consideration of the two facts that PfRab5b is essential for the
growth (Ezougou et al., 2014; Ebine et al., 2016) and N- myristoyl transferase is a
promising drug target for malaria (Schlott et al., 2018), suggests that elucidation of further

molecular mechanism on PfArfl and its regulatory proteins may help the plasmodium
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biology as well as pathogenesis.
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