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Abstract

During the asexual blood stage of malaria infection, Plasmodium falciparum develops inside
a membrane-bound compartment within the host red blood cell. The membrane surrounding
this compartment, the parasitophorous vacuolar membrane (PVM), forms an important
interface between parasite and host cell. In addition to exporting soluble effector proteins, the
parasite must also direct a specific set of membrane proteins to the PVM. PfEXP1 is a well-
established membrane protein of the PVM, but the sequence features that govern its trafficking
to this membrane remain unclear. The aim of this thesis was therefore to identify PIEXP1
sequence features that contribute to its targeting to the PVM.

To address this question, a panel of plasmid-expressed PfEXP1 variants was generated and
analyzed by immunofluorescence microscopy in two parasite developmental stages. In
parallel, a biochemical fractionation assay was used to compare whether the different variants
behaved mainly as soluble or membrane-associated proteins.

Across the construct panel, distal C-terminal truncations generally retained PVM-like
localization under the assay conditions used. These variants showed staining patterns
consistent with PVM localization and were enriched in the membrane-associated fraction,
suggesting that they remained capable of stable membrane association. This indicates that
the distal C-terminus is not a dominant determinant of this behavior. In contrast, disruption of
the N-terminal region more often resulted in less distinct localization and weaker biochemical
evidence for stable membrane association. The transmembrane domain replacement
experiments further showed that not all membrane anchors behaved in the same way.
Constructs combining the PfEXP1 N-terminal region with a parasite-derived transmembrane
segment were more often consistent with PVM-like localization, whereas constructs containing
artificial hydrophobic helices did not reproduce clear PVM localization even when flanked by
PfEXP1-derived N- and C-terminal regions. These findings argue against a model in which
hydrophaobicity alone is sufficient for correct targeting.

An important limitation of this study was the unexpected predominantly soluble behavior of the
exogenous full-length PfEXP1 reference construct, indicating that construct architecture,
including tag and linker context, can substantially affect the experimental readout. Taken
together, the data support a model in which correct PfEXP1 targeting depends on N-terminal
context acting together with an appropriate membrane anchor, whereas the distal C-terminal
region appears broadly dispensable in this assay context. More broadly, this work highlights
the need for follow-up experiments that directly resolve protein topology, particularly protease-

protection assays.
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1 Introduction

1.1 Malaria as a Global Disease

Malaria is a mosquito-borne parasitic disease caused by protozoa of the genus Plasmodium
and transmitted to humans by infected female Anopheles mosquitoes. In 2023, malaria was
estimated to cause 263 million cases and 597,000 deaths worldwide, an increase of
approximately 11 million cases compared to 2022, which indicates stalled progress after
previous gains (WHO-World health statistics 2024). The disease burden remains concentrated
in the WHO African Region, with children under five years of age and pregnant women
identified as the highest risk groups (WHO 2024; WHO 2025). In endemic regions, malaria
imposes significant socioeconomic costs, including reduced productivity, increased strain on
health systems, and long-term negative effects on child health and development (Gallup and
Sachs 2001; Sachs and Malaney 2002). Malaria transmission primarily occurs in tropical and
subtropical regions where ecological conditions support both vector survival and parasite

development, resulting in a distinct global pattern of endemicity (Fig. 1) (Snow et al., 2017).
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Fig. 1. Global distribution of malaria endemicity and elimination status.

Countries and areas with indigenous malaria cases in 2000 and their corresponding status by 2024. Areas with
zero indigenous cases for at least three consecutive years are classified as having eliminated malaria.

Source: World Health Organization (WHO) database.

Despite large-scale implementation of insecticide-treated nets, indoor residual spraying, and
improved access to effective antimalarial therapies, progress has been uneven and

transmission continues in many areas (Bhatt et al. 2015; WHO 2024).
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The emergence and spread of resistance represents a major threat to sustained malaria
control. Rising insecticide resistance in Anopheles mosquitoes compromises vector control
efforts, while declining parasite susceptibility to antimalarial drugs, including artemisinin-based
combination therapies, threatens the effectiveness of current treatment regimens (Ashley et
al. 2014; Dondorp et al. 2010).

1.2 Apicomplexa and the Exceptional Biology of Plasmodium falciparum
Malaria parasites belong to the phylum Apicomplexa, a diverse group of obligate intracellular
eukaryotic pathogens that includes organisms of major medical and veterinary importance,
such as Toxoplasma gondii and Cryptosporidium species (Adl et al., 2019). Members of this
phylum share a conserved set of cellular and structural features that facilitate adaptation to an
intracellular lifestyle (Cowman et al., 2017). Prominent among these are a highly specialized
apical complex required for host-cell invasion and a relict non-photosynthetic plastid, the
apicoplast, which supports essential metabolic pathways necessary for parasite survival
(McFadden and Yeh, 2017). The principal morphological characteristics of apicomplexan
parasites are illustrated in Fig. 2. The apical complex comprises several secretory organelles,
including micronemes and rhoptries, which discharge their contents during host-cell invasion
and promote establishment of the intracellular niche (Bradley and Sibley, 2007; Cova et al.,
2022). The composition and spatial organization of these structures vary between species and
life-cycle stages, and their presence represents a defining hallmark of the phylum and
underpins the invasive capacity of apicomplexan parasites (Gubbels and Duraisingh, 2012;
Katris et al., 2014).

Within the genus Plasmodium, several species are capable of infecting humans. Traditionally,
five species were recognized as the principal causative agents of human malaria: Plasmodium
falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and Plasmodium
knowlesi (Antinori et al., 2012; Mace et al., 2022). Among them, P. falciparum is responsible
for the most severe form of malaria and accounts for the majority of malaria-associated
mortality worldwide (WHO report 2025; UK Health Security Agency (UKHSA) annual report
2024). The high virulence of P. falciparum is primarily due to its ability to reach high parasite
densities in the bloodstream and alter infected erythrocytes. These changes promote
sequestration of parasitized red blood cells in the microvasculature, enabling the parasite to
evade splenic clearance and directly contribute to disease pathology (Miller et al., 2002; Buffet
et al., 2011; Cowman et al., 2016).
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Fig. 2. Conserved cellular characteristics of apicomplexan parasites.

A schematic of a Toxoplasma gondii tachyzoite illustrates the major organelles and structural features characteristic
of apicomplexan parasites. The apical complex, which includes secretory organelles such as micronemes and
rhoptries, is indicated along with the basal complex. The apicoplast, a non-photosynthetic plastid surrounded by
four membranes, is depicted as a distinct organelle essential for parasite metabolism. Although T. gondii is used
for illustration, these features are broadly conserved across the phylum Apicomplexa, including Plasmodium
falciparum. Source: Adapted from Delgado, Nolasco, et al. (2022)

Together, these characteristics distinguish P. falciparum from other human malaria parasites
and underscore its central importance as a model organism for investigating the molecular
and cellular mechanisms underlying malaria pathogenesis (Cowman et al., 2016; White,
2022).

1.2.1 The Plasmodium falciparum Life Cycle

The life cycle of Plasmodium falciparum alternates between the mosquito vector and the
human host, encompassing several morphologically and metabolically distinct stages
(Cowman et al., 2016) (Fig. 3). In humans, infection begins when sporozoites are transmitted

during a blood meal by an infected female Anopheles mosquito.
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After transmission, sporozoites quickly migrate to the liver, invade hepatocytes, and undergo
extensive replication during the exoerythrocytic stage, producing thousands of merozoites
from a single infected cell (Prudéncio et al., 2006). Once released into the bloodstream,
merozoites invade erythrocytes and initiate the asexual intraerythrocytic developmental cycle.
This cycle progresses through the ring, trophozoite, and schizont stages over approximately
48 hours (Bozdech et al., 2003; Cowman et al., 2016) (Fig. 3). At the end of each cycle, rupture
of infected erythrocytes releases newly formed merozoites, leading to repeated rounds of
invasion and parasite multiplication. This cyclical blood-stage replication causes the
characteristic febrile episodes of malaria and is responsible for the major clinical
manifestations of the disease (Miller et al., 2002).

In parallel with asexual replication, a subset of blood-stage parasites differentiates into sexual
forms known as gametocytes. While these stages do not directly contribute to disease
pathology, they are ingested by mosquitoes during subsequent blood meals and complete the

parasite life cycle within the vector (Meibalan and Marti, 2017).

Malaria

(Plasmodium spp.)

Human Liver Stages

Liver cell /'\ L
0

Infected
+ liver cell

Mosquito Stages (2]
. @ Ruptu{ed o
¢ 00Cys Mosquito takes
7 N a blood meal W
:\‘jmeam (injects sporozoites) Exa-sfyihiocytic.Cyce
@ Oocyst / Asporozoites
Ruplured schlzont

Sporogonic Cycle

Macrogametocyte
TNy,

Microgamete entering

macrogamete e ’ @ &

Exflagellated
microgametocyte

A= Infective Stage
A= Diagnostic Stage

©

Schizont

Human Blood Stages

A

(5] —— Immature
trophozoite
(8] . ring stage)
Mosquito takes P
a blood meal

(ingests gametocytes)

(B |
s Erythrocytic Cycle Mature A
g .
0 Voo, @ trophozoite
[ ] Vomig K
" 3 X
P falc:parum
»,
Q l Ruptured ,‘ 4 \" /
schizont wele B
Yo Schlzont 2
GametocytesA
T “ /.—*:‘Z'g;,
P vivax @ Gzl b Gametocytes
Povale -7 o"
P. malariae

17



Fig. 3. Life cycle of Plasmodium falciparum

The parasite alternates between the human host and the Anopheles mosquito vector. After transmission during a
blood meal, sporozoites infect hepatocytes and undergo exoerythrocytic replication, producing merozoites that
invade erythrocytes. During the asexual blood stage, the parasite progresses through ring, trophozoite, and
schizont stages, resulting in host-cell rupture and repeated replication cycles. A subset differentiates into sexual
stages (gametocytes), which are ingested by mosquitoes during subsequent blood meals, thereby perpetuating

the life cycle. Source: Centers for Disease Control and Prevention (CDC), DPDX; public domain image.

Throughout its life cycle, P. falciparum encounters a range of intracellular environments within
both the human host and the mosquito vector. Transitions between these stages involve
significant changes in parasite morphology, metabolism, and cellular organization.
Investigating how the parasite adapts to these distinct intracellular niches is essential for
elucidating the unique cell biology underlying malaria infection and transmission (Srivastava
et al. 2016; Aly et al. 2009; Cowman et al. 2016).

1.2.2 The Asexual Blood Stage and the Infected Erythrocyte

Following erythrocyte invasion, Plasmodium falciparum initiates the asexual intraerythrocytic
developmental cycle, which, as mentioned, is responsible for all clinical manifestations of
malaria. (Fig. 4). During this stage, the parasite resides within a mature human red blood cell,
a cell type that is specialized almost exclusively for oxygen transport (Haldar and Mohandas,
2009; Tilley et al., 2011; Pretini et al., 2019). Mature erythrocytes lack a nucleus, mitochondria,
endoplasmic reticulum, Golgi apparatus, and endosomal system, and are therefore incapable
of transcription, translation, or vesicular trafficking. As a consequence, they are unable to
actively respond to intracellular infection or to support complex intracellular processes. For P.
falciparum, survival within this highly restricted cellular environment requires extensive
parasite-driven remodeling of the host cell (Maier et al. 2009; Moras et al. 2017). Immediately
after invasion, the parasite is enclosed within a parasitophorous vacuole, a membrane-bound
compartment that separates it from the host cell cytosol. Throughout intraerythrocytic
development, the parasite significantly alters the structural and functional properties of the
infected erythrocyte. These changes include modifications in membrane rigidity and
permeability, reorganization of the host cytoskeleton, and the emergence of parasite-derived
membranous structures within the host cell cytoplasm (Maier et al., 2009).

In addition to structural remodeling, infected erythrocytes acquire new biological properties
that are central to malaria pathogenesis. Parasite-induced modifications promote adhesion of
infected cells to endothelial receptors in the microvasculature, a process termed
cytoadherence. This mechanism enables parasites to evade splenic clearance but directly

contributes to disease severity (Miller et al., 2002; Lee et al., 2019).
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Fig. 4. Asexual blood-stage development of Plasmodium falciparum.

Schematic overview of the P. falciparum life cycle, highlighting the asexual intraerythrocytic developmental cycle
(circled). After release from the liver, merozoites invade erythrocytes and progress through ring, trophozoite, and
schizont stages, leading to host-cell rupture and repeated asexual replication. Sexual differentiation into
gametocytes enables transmission to the mosquito vector. Adapted from BioRender.com

These changes also facilitate nutrient acquisition and support the parasited gapid intracellular
growth within an otherwise metabolically inert host cell. The extensive modification of the
erythrocyte during the asexual blood stage highlights the exceptional degree of autonomy
exhibited by P. falciparum. In the absence of host-derived biosynthetic and trafficking
pathways, the parasite must establish and maintain its own systems to support intracellular
survival. This unique host-parasite relationship makes the infected erythrocyte a highly
specialized cellular environment and provides a powerful framework for investigating parasite-
specific mechanisms of membrane organization, protein localization, and nutrient exchange
(Przyborski and Lanzer 2005; Maier et al. 2009).

1.3 The Parasite Secretory Pathway

During the asexual blood stage, Plasmodium falciparum synthesizes a diverse array of
proteins that require precise delivery to specific intracellular and host-associated
compartments. Similar to other eukaryotes, protein biosynthesis begins on ribosomes within
the parasite cytosol. Proteins targeted for secretion or membrane integration are co-
translationally directed to the endoplasmic reticulum (ER) through N-terminal signal
sequences and the signal recognition particle-Sec61 translocon system (Przyborski and
Lanzer, 2005; Park and Rapoport, 2012).
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After entering the ER, newly synthesized proteins undergo folding and initial quality control
processes before advancing through the p a r a ssedrewiy pathway. Despite possessing a
reduced and morphologically atypical endomembrane system, P. falciparum contains
functional analogues of the Golgi apparatus and vesicle-mediated transport pathways. These
structures facilitate the directional trafficking of proteins to downstream compartments (Struck
et al. 2005; Florentin et al. 2020).
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Fig. 5. Biosynthesis and trafficking of exported proteins in Plasmodium falciparum

Proteins destined for secretion or export are synthesized in the endoplasmic reticulum and traverse the parasite
secretory system before reaching the parasitophorous vacuole. Exported proteins are translocated across the
parasitophorous vacuole membrane via the PTEX complex and subsequently delivered to distinct compartments
within the host erythrocyte, including the cytosol, Ma u r eclefts,svesicular structures, and the erythrocyte
membrane, where they contribute to host-cell modification.

Adapted from: (Nasamu et al., 2020).

A major challenge forthe p a r a ssecte®ry gathway is the accurate discrimination between
proteins destined for different final destinations. These destinations include retention within
the parasite, insertion into the parasite plasma membrane, delivery to the parasitophorous
vacuole or its membrane, and export into the host erythrocyte. Accurate sorting is critical, as
mislocalization of essential proteins can impair parasite viability and disrupt host-cell
remodeling (Przyborski et al. 2016; Tonkin et al. 2006).
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In contrast to nucleated host cells, mature erythrocytes lack intrinsic vesicular trafficking
pathways. Therefore, all post-ER sorting decisions are determined and implemented
exclusively by the parasite. This imposes significant functional demands on the parasite®
secretory system, necessitating the integration of targeting signals, membrane translocation
mechanisms, and regulated trafficking routes that function across multiple membrane barriers
(Przyborski et al. 2016; Pretini et al. 2019). The presence of the parasitophorous vacuole and
its membrane, which separate the parasite from the host cytosol, further increases the
complexity of protein sorting. Proteins targeted for destinations beyond the parasite plasma
membrane must cross this compartment in a tightly regulated manner. Understanding how the
parasite secretory pathway interacts with the parasitophorous vacuole to achieve accurate
protein localization remains a central question in P. falciparum cell biology and is essential for
elucidating host-cell modification during blood-stage infection (De Koning-Ward et al., 2009;
Mesén-Ramirez et al., 2019).

1.3.1 Parasitophorous Vacuolar Membrane as a Functional Compartment

During intraerythrocytic development, Plasmodium falciparum resides within the
parasitophorous vacuole, a membrane-bound compartment that physically separates the
parasite from the host erythrocyte cytosol. The membrane surrounding this compartment, the
parasitophorous vacuolar membrane (PVM), is established during host-cell invasion (Fig. 6)
and persists throughout the asexual blood stage (Geoghegan et al. 2021; Goldberg and
Zimmerberg 2020). The PVM represents a unique biological membrane that differs
fundamentally from classical eukaryotic organelle membranes. Although initially derived in
part from the host erythrocyte plasma membrane, the PVM is rapidly modified following
invasion and becomes enriched with parasite-encoded proteins. As a result, the PVM acquires
properties that are not present in the host cell membrane and is functionally distinct from both
the parasite plasma membrane and host-derived membranes (Lingelbach and Joiner 1998;

Spielmann et al. 2006).
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Fig. 6. Formation of the PVM during erythrocyte invasion

Schematic illustration depicting the establishment of the parasitophorous vacuole following invasion of an
erythrocyte by Plasmodium falciparum. During invasion, the parasite becomes enveloped by host cell plasma
membrane, giving rise to the parasitophorous vacuolar membrane (PVM). The PVM surrounds the intracellular
parasite and separates it from the host erythrocyte cytosol, while the parasite plasma membrane (PPM) defines
the parasite boundary within the vacuolar compartment. Created in BioRender.com

Functionally, the PVM acts as the principal interface between the parasite and its intracellular
environment. It is required to maintain compartment integrity, shield the parasite from host-
derived stresses, and facilitate the exchange of nutrients, metabolites, and proteins necessary
for parasite growth. Achieving a balance between barrier function and permeability is critical
for parasite survival within the highly restricted erythrocyte (Garten et al. 2018; Mesén-
Ramirez et al. 2021). Unlike membranes of conventional intracellular organelles, the PVM
functions without host-supported vesicular trafficking or membrane maintenance systems.
Therefore, all aspects of PVYM composition, organization, and function are actively established
and maintained by the parasite. This requirement imposes exceptional demands on parasite-
encoded proteins that localize to or operate at this membrane (Moras et al., 2017; Pretini et
al., 2019). A growing body of evidence indicates that the PVM harbors a diverse set of resident
parasite proteins with roles in membrane structure, transport, and host-parasite
communication. Some of these proteins are involved in selective permeability to small solutes,
while others appear to contribute to the organization or stability of the vacuolar compartment
(Spielmann et al., 2006). However, the molecular mechanisms and signals governing the
targeting, insertion, and function of PVM-resident proteins remain incompletely understood.

1.3.2 PVM-Resident Membrane Proteins

In addition to proteins that are exported into the host erythrocyte cytosol, the parasitophorous
vacuolar membrane (PVM) contains a distinct set of parasite-encoded proteins that remain
associated with or embedded within the membrane itself. These PVM-resident proteins are
distinguished from exported proteins by their specific localization and functional roles, forming
a separate class of molecules at the host-parasite interface (Przyborski et al. 2016; Spielmann
et al. 2006). It is well established that the PVM is a specialized membrane enriched with
parasite proteins, rather than merely a passive barrier between parasite and host cell. Later
studies demonstrated that numerous parasite proteins are specifically targeted to the PVM
and remain stably associated with this membrane throughout the asexual blood stage
(Spielmann et al., 2003; Charpian and Przyborski, 2008). PVM-resident proteins localize to
the parasite-host cell interface and support key processes required for intracellular survival
(Spielmann et al. 2012). Genetic perturbation of several PVM proteins including PfEXP1,

PfEXP2 and core components of a multi-molecular membrane machine called PTEX

22



(Plasmodium Translocon of Exported Proteins), causes severe growth defects or lethality,
underscoring the functional importance of this membrane6 groteins (Mesén-Ramirez et al.,
2019). Despite their importance, the signals and mechanisms that govern targeting,
membrane insertion, and retention of parasite proteins at the PVM remain poorly understood.
In contrast to exported proteins, PVM-resident proteins do not consistently rely on canonical
export signals, suggesting that distinct trafficking principles operate at this membrane.

Among known PVM-resident proteins, PfEXP1 is a conserved, well-studied example and
therefore provides a suitable model for investigating protein trafficking to the parasitophorous

vacuolar membrane.

1.3.3 PfEXP1 (Plasmodium falciparum Exported Protein 1)

PfEXP1 (Plasmodium falciparum Exported Protein 1) is a parasite-encoded membrane protein
that localizes to the parasitophorous vacuolar membrane (PVM) during the asexual blood
stage of Plasmodium falciparum (Hope et al., 1984, 1985). As one of the earliest identified
PVM-associated parasite proteins, PfEXP1 has served as a widely used reference protein in
studies of the PVM.

PfEXP1 is a small protein of approximately 23 kDa that is synthesized as an integral
membrane protein. Early biochemical and cell-free translation studies demonstrated that
PfEXP1 enters the parasite secretory pathway in a signal recognition particle-dependent
manner and is co-translationally inserted into membranes via a hydrophobic stop-transfer
sequence (Gunther et al. 1991; Coppel et al. 1985). Biochemical extraction and protease
accessibility experiments supported that PfEXP1 is an integral membrane protein rather than
a peripheral membrane protein (Glnther et al. 1991). PfEXP1 comprises an N-terminal signal

peptide, a luminal region, a single transmembrane domain, and a C-terminal region (Fig. 7).

Fig. 7. Schematic domain organization of PFEXP1 used in this thesis
PfEXP1 is depicted with its N-terminal signal peptide, luminal region (residues 24i 78), single transmembrane (TM)
domain, and C-terminal region (residues 102i 162). Residue numbering corresponds to the PfEXP1 sequence

used for construct design in this study. Created in BioRender.com

Topology analyses indicate that PTEXP1 adopts a defined orientation at the PVM. The N-
terminal domain faces the lumen of the parasitophorous vacuole, whereas the C-terminal
domain is exposed to the host erythrocyte cytosol, consistent with asymmetric insertion into
the PVM (Glnther et al. 1991; Ansorge et al. 1997). Genetic studies indicate that PfEXP1 is

essential for blood-stage parasite survival.
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Conditional depletion of PfEXP1 leads to severe growth defects and parasite death in vitro,
demonstrating that PFEXPL1 is required during intraerythrocytic development (Mesén-Ramirez
et al. 2019). In addition, PFEXP1 has been linked to functional properties of the PVM. Reduced
PfEXP1 levels were reported to impair permeability across the PVM, consistent with a
contribution to normal membrane function at the hosti parasite interface (Mesén-Ramirez et
al. 2021).

Despite PFEXP1 being a well-established PVM marker and an essential parasite protein, the
molecular signals that direct PIEXP1 specifically to the PVM, rather than to PPM, remain
unresolved. Its single-pass membrane topology, restricted localization, and tractable size
therefore make PfEXP1 a suitable model to dissect the targeting information that governs
selective localization to the PVM.

1.4 Trafficking to the Parasitophorous Vacuolar Membrane

Proteins that localize to the parasitophorous vacuolar membrane (PVM) require selective
sorting within the parasite secretory pathway to maintain stable association with this
compartment. Unlike soluble exported proteins, which are translocated across the PVM into
the host erythrocyte cytosol, PVM-resident membrane proteins remain embedded in the
vacuolar membrane and thus follow a distinct trafficking route (Tonkin et al. 2006; Spielmann
et al. 2012). Early biochemical studies demonstrated that PFEXP1 is synthesized as an integral
membrane protein and enters the parasite secretory pathway co-translationally, adopting a
defined membrane topology that is preserved at the PVM (Ginther et al. 1991). However,
these studies did not clarify the mechanisms or signals by which PfEXP1 is selectively
delivered to the PVM instead of remaining at the parasite plasma membrane or entering export
pathways.

Several conceptual models have been proposed to explain how integral membrane proteins
reach the PVM after departing the parasite plasma membrane. These models include vesicle-
mediated transport, chaperone-assisted membrane extraction and reinsertion, and
mechanisms involving the vacuolar translocon PTEX (Tribensky et al. 2017). Fig. 8 provides

a schematic overview of these proposed trafficking routes.
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Fig. 8. Proposed models for trafficking of PFEXP1 to the PVM

Schematic overview of conceptual models proposed to explain how the integral membrane protein PfEXP1 might
reach the parasitophorous vacuolar membrane (PVM) after synthesis and insertion into the parasite plasma
membrane. The models include vesicle-mediated transport, chaperone-assisted membrane extraction and
reinsertion, and mechanisms involving the vacuolar translocon PTEX. All models preserve the experimentally
established topology of PfEXP1 at the PVM. The figure summarizes hypotheses addressed experimentally by
Tribensky et al. (2017) and illustrates constraints on potential trafficking pathways rather than a confirmed
mechanism.

Tribensky et al. (2017) made a significant advance by systematically analyzing PfEXP1
trafficking during the asexual blood stage. Through the use of reporter constructs, protein-
folding interference, and genetic inactivation of essential PTEX components, the study
demonstrated that PFEXP1 reaches and inserts into the PVM independently of both protein
unfolding and the PTEX translocon. Inactivation of PTEX components effectively blocked
export of soluble parasite proteins into the host cell but did not affect PFEXP1 localization,
indicating that PFEXP1 does not utilize the canonical protein export pathway.
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Together, these findings establish that PfEXP1 trafficking to the PVM is mechanistically
distinct from protein export and exclude several previously proposed transport mechanisms.
Furthermore, they demonstrate that delivery to the PVM cannot be explained solely by known
export machinery. The mechanisms by which PfEXPL1 is recognized as a PVM-destined
protein and the molecular features that mediate its selective localization within the parasite
secretory system, therefore, remain unresolved.

This unresolved question underscores the importance of identifying the targeting information
that governs selective localization to the parasitophorous vacuolar membrane and forms the
conceptual basis for the following section.

1.5 Determinants of PFEXP1 Localization at the PVM

The selective localization of membrane proteins to the parasitophorous vacuolar membrane
(PVM) suggests that the parasite secretory system can distinguish between proteins destined
for the parasite plasma membrane, the PVM, or export beyond the vacuole. In the case of
PfEXP1, experimental evidence demonstrates that this discrimination is not accounted for by
known export machinery or general trafficking mechanisms alone (Tribensky et al., 2017).
Therefore, selective PVM localization likely depends on targeting information intrinsic to the
protein. However, the specific nature of this information remains undetermined. It is unclear
whether PVM targeting relies on a discrete linear sequence motif, structural features,
properties of the transmembrane domain, contributions from flanking regions, or a
combination of these elements. Determining which regions of PfEXP1 are necessary for
trafficking from the PPM to the PVM remains a central unresolved question. Identifying this
targeting information offers a direct experimental strategy to elucidate how membrane proteins
are selectively recognized within the parasite secretory system and serves as the conceptual

foundation for the construct-based analyses presented in this thesis.
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Fig. 9. Schematic representation of PfEXP1 localization at the PVM

The schematic depicts a Plasmodium falciparum-infected erythrocyte, highlighting the parasite, the
parasitophorous vacuole (PV), and the parasitophorous vacuolar membrane (PVM). PfEXPL1 is illustrated as an
integral membrane protein at the PVM with defined topology. The question mark denotes that the molecular
determinants responsible for the selective targeting and insertion of PfEXP1 at the PVM are currently unknown.

Created in BioRender.com

1.6 Aims of this Thesis

Plasmodium falciparum develops within a parasitophorous vacuole membrane (PVM) inside
the host erythrocyte. The PVM provides a platform for many parasite proteins that function at
this boundary. How PVM proteins are selectively targeted to the PVM, rather than retained at
the parasite plasma membrane (PPM), remains incompletely understood. In particular, it is
unclear whether PVM targeting depends primarily on the luminal N-terminus, the cytosolic C-
terminus, or the identity and properties of the transmembrane domain (TMD). Therefore, the
overall aim of this study was to identify the PfEXP1 sequence determinants that govern
selective targeting to the parasitophorous vacuolar membrane during the asexual blood stage
of P. falciparum. To address this aim, PfEXP1 variant proteins were expressed from plasmids
and localization was assessed by immunofluorescence microscopy in trophozoite and
schizont stages, using compartment markers to interpret peripheral localization.

This study aimed to determine whether PfEXP1 localization depends on N-terminal and/or C-
terminal sequence information by analyzing progressive truncations at each end. Additionally,
we tested whether the transmembrane domain is the primary determinant of PfEXP1 PVM
targeting by comparing the native domain with alternative PVM transmembrane helices,
including a PVM-derived helix (PfETRAMP10.1) and synthetic helices.
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2 Results

2.1 Design, generation and validation of the PfEXP1 construct panel

To investigate which regions of PFEXP1 may contribute to transport to the parasitophorous
vacuolar membrane (PVM), a panel of PfEXP1-derived constructs was generated and
expressed episomally in Plasmodium falciparum 3D7. Because PfEXP1 is essential during
blood-stage development, the endogenous gene was not altered in this study. Instead, all
constructs were expressed from the episomal vector pVP1 (Fig. 11), which is based on pARL2
(Fig. 10) and carries the PfEXP1 promoter. This allowed analysis of mutant PfEXP1 variants
without interfering with endogenous PfEXP1 function.
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Fig. 10. Parental pARL2 plasmid backbone used for generation of pVP1
Circular plasmid map of the parental pARL2 vector used as the starting backbone for generation of pVP1. Major

vector elements and restriction sites are indicated. (Created with SnapGene)
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Fig. 11. pVP1 episomal expression vector carrying the PfEXP1 promoter

Circular plasmid map of pVP1, derived from pARL2 after insertion of the PfEXP1 5 Mjgulatory region. All PIEXP1-
derived constructs analyzed in this study were cloned into pVP1 for episomal expression in Plasmodium falciparum
3D7. (Created with SnapGene)

2.1.1 First design phase: deletion constructs

In an earlier phase of the project, a deletion construct series was generated to test whether
sequence information in the N-terminus or C-terminus contributes to PfEXP1 transport to the
PVM. For this reason, progressive truncation constructs were designed in both directions,
while leaving the signal peptide and the transmembrane domain intact. The idea was that if
removal of one terminal region changed localization, this could indicate that this region
contains information important for correct trafficking. PFEXP1 was amplified from 3D7-derived
RNA/cDNA, and a 3xHA tag was introduced by overlap-extension PCR either N-terminal or
C-terminal to the transmembrane domain, generating two tagged PfEXP1 templates. These
tagged templates were then used to generate the truncation series (Fig. 12). In one series,
10, 20, 30, 40 or 50 amino acids were removed from the C-terminus (Fig. 13); in the other
series, the same stepwise deletions were made from the N-terminus (Fig. 14). In each case,
the HA tag was placed on the opposite side so that the truncated constructs could still be
detected by immunofluorescence assay and Western blot. In this way, the first construct series
(group 1) covered both terminal regions of PfEXP1 outside the signal peptide and

transmembrane domain.
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Fig. 12. Cloning workflow for generation of the PFEXP1 deletion construct series
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dC-20
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dN-40
dN-50

Schematic overview of the cloning strategy used to generate the deletion constructs. PfEXP1 was amplified from
3D7 wild-type RNA/cDNA and cloned into pVP1. A 3xHA tag was introduced by overlap-extension PCR either N-

terminal or C-terminal to the transmembrane domain to generate tagged PfEXP1 templates, which were then used

for PCR amplification of the progressive truncation constructs.
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Fig. 13. Schematic overview of the N-terminal PfEXP1 deletion construct series

Construct design of the N-terminal deletion variants gN10 to gN50. Progressive deletions of 10-50 amino acids
were introduced from the N-terminus while leaving the signal peptide and transmembrane domain intact. A C-
terminal 3xHA tag was used to allow detection of the truncated proteins by immunofluorescence assay and
Western blot. Created in BioRender.com

24-78 / . 102-162
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Cd-10aa N T0az1C
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Cd-30aa N 308 c
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Fig. 14. Schematic overview of the C-terminal PfEXP1 deletion construct series

Construct design of the C-terminal deletion variants quC10 to qIC50. Progressive deletions of 10i 50 amino acids
were introduced from the C-terminus while leaving the signal peptide and transmembrane domain intact. An N-
terminal 3xHA tag was used to allow detection of the truncated proteins by immunofluorescence assay and

Western blot. Created in BioRender.com
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2.1.2 Second designh phase: transmembrane-domain constructs

In the second phase, the focus shifted to the transmembrane domain, to test whether PFEXP1
localization to the PVM depends mainly on the identity of this region. For this purpose, a
second construct series was designed in a more standardized format. The endogenous signal
peptide (SP) of PFEXP1 was retained, because it is cleaved during co-translational insertion
into the ER and was therefore not expected to affect the later transport step being tested here.
Except for the signal peptide and the transmembrane domain, the remaining body of the
protein was replaced by linker sequences and tags. This was done to exclude signals not
related to the transmembrane domain, to avoid complicated structure, and to keep the
constructs similar in overall length and organization to PFEXP1. The use of flexible linkers was
based on linker designs with described flexibility in fusion-protein studies (Huang et al., 2016).
Within this shared design, different transmembrane-domain settings were compared. One
construct contained the native PFEXP1 transmembrane domain (group 2). A second contained
the transmembrane domain of PfETRAMP10.1 (group 3). PfETRAMP10.1 was chosen
because PfEXP1 belongs to the ETRAMP family, and PfFETRAMP10.1 represented the most
suitable related member with the best similarity of the transmembrane-domain sequence
among the candidates considered. The third set used synthetic hydrophobic helices, named
23L and 23LG (group 4). The synthetic constructs were included to test whether
hydrophobicity alone might be sufficient for PVM localization. 23L consisted of a poly-leucine
helix, based on previously used synthetic transmembrane-domain designs (Grau et al., 2017).
23LG was based on the same idea but included glycine residues in reference to the glycine-
containing motifs present in the native PIEXP1 transmembrane domain. In particular, the
native PFEXP1 transmembrane domain contains GXXG motifs, which were of interest because
such motifs have been discussed in relation to transmembrane-domain function and helixi
helix interactions (Zhao et al., 2012; Teese and Langosch, 2015; Bugge et al., 2016) (Fig. 15).

PfEXP1 TMD: KRKSKYKLA[TSVLAGLLGVVSTVLLGGVGLVLYNTEKGRH
23L: LI, T, T)osnseT, T, 1,1, 1, T, T ST, 1,1.1,
23LG: LLLLEBEET.1.1.1.1.1.1,6EWET.1,1.1,

Fig. 15. Artificial TMD modules compared in the standardized construct series

Schematic comparison of the transmembrane-domain modules used in the standardized construct series. The
native PfEXP1 transmembrane domain was compared with the synthetic hydrophobic helices 23L and 23LG. The
23LG construct includes glycine residues in reference to the glycine-containing motifs present in the native PfEXP1

transmembrane domain.
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For this second construct series (group 2, 3 and 4), a 3xHA tag was placed at the N-terminus
and a 3xTy tag at the C-terminus. Different tags were used on the two sides to preserve

flexibility for later N- or C-terminal modifications (Fig. 16).
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™
domains

Fig. 16. Standardized architecture of the transmembrane-domain construct panel

Schematic overview of the common construct design used for Groups 2-4. The endogenous PfEXP1 signal peptide
was retained, whereas the remaining body of the protein was replaced by linker and tag modules surrounding the
transmembrane domain. Within this shared format, constructs containing the native PfEXP1 transmembrane
domain, the PFETRAMP10.1 transmembrane domain, or the synthetic 23L and 23LG helices were generated. A
3xHA tag was placed at the N-terminus and a 3xTy tag at the C-terminus. Created in BioRender.com

Control constructs containing the endogenous PfEXP1 N- and/or C-terminal regions were
included within the same design framework to assess whether the added tags and linkers
themselves affected localization (Fig. 17). If a construct still containing all endogenous PfEXP1
parts failed to localize correctly, then interpretation of the TMD-swap constructs would have
to be made with caution.

™ domaiw
N c
PFEXP1-full N e [l L] 7a106 Linker TY-tag c
(Control construct of group 2)
PfETRAMP10.1-full N 4274 Linker ¢ | ETRAMP10.1
{Control construct of group 3)
23L-ull N T )
(Control construct of group 4) ‘ sy”}'ﬁt'c
23LG-full N e ) T domains

(Control construct of group 4)

Fig. 17. Control constructs retaining endogenous PfEXP1 terminal regions
Control constructs used within the standardized design framework for Groups 2-4. These constructs retained
endogenous PfEXP1 N- and/or C-terminal regions despite the presence of linkers and tags and were included to

assess whether the modified construct architecture itself affected PfEXP1 localization. Created in BioRender.com
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Taken together, the second phase was designed to ask whether the PfEXP1 transmembrane
domain is itself a major determinant of PVM localization, and whether it can be replaced either
by the transmembrane domain of another ETRAMP protein or by a synthetic hydrophobic

helix.

2.1.3 Construct generation and cloning workflow

All final constructs used in this study were cloned into pVP1. PfEXP1 was amplified from 3D7-
derived RNA/cDNA, and the tagged PfEXP1 templates were generated by overlap-extension
PCR. These templates were then used for PCR amplification of the progressive N-terminal
and C-terminal truncation constructs, which were subsequently cloned into the pVP1 episomal
expression vector.

For the second construct series, a more modular cloning strategy was used. A synthetic
construct containing PfEXP1-derived N- and C-terminal regions, linker sequences, detection
tags, and multiple restriction sites was used as the basis for the transmembrane-domain panel.
This synthetic construct was first cloned into pVP1, after which different transmembrane
domains were inserted and the corresponding N- and C-terminal variants were generated. In
this way, the full-length, N ¢pCand qpC / opd¥sions of the PfEXP1, PFETRAMP10.1, 23L and
23LG constructs were produced within the same overall cloning framework.

To facilitate this workflow, multiple restriction sites were incorporated into the construct design
(Fig. 18). These were arranged around the transmembrane-domain region and the
surrounding modules so that the transmembrane-domain segment could be exchanged and
the N- and/or C-terminal parts could be removed where required. This modular setup made

systematic generation of the construct panel possible.

Xhol  Avrll Avrll BssHII Kpnl BspE! BspEl Xmal

N»ﬂé —fLI 7106 ke uml/

Xhol AvrII BssHII Kpnl BspEI Xmal

b[mlﬂ 4_ | 72106 | Linker  \RAACY

Fig. 18. Modular cloning strategy for TMD exchange and terminal deletions

Schematic representation of the modular cloning design used for the transmembrane-domain construct panel.
Multiple restriction sites were positioned around the transmembrane-domain region and adjacent modules to allow
exchange of transmembrane domains and generation of the corresponding N ¢pCand qpC / cedtiants within the

same overall construct framework
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After cloning, all final plasmid constructs were confirmed by restriction analysis and were
additionally checked by sequencing before transfection. Plasmid preparations were then made

for parasite transfection.

2.1.4 Generation and validation of transfectant parasite lines

After plasmid preparation, all constructs were introduced into P. falciparum 3D7 by
electroporation. For transfection, 150 ug plasmid DNA was precipitated and used for each
transfection. The transfected parasites were then returned to culture and maintained under
WR99210 selection to enrich parasite populations carrying the episomal plasmids.

Following transfection, genomic DNA (gDNA) was extracted from the parasite populations,
and PCR was used to confirm the presence of episomal plasmid material in the transfectants.
This provided confirmation that the intended construct had been introduced into the parasite
line. As a second validation step, expression of the recombinant proteins was examined by
Western blot. This was used to confirm that the construct was not only present in the
transfected parasite population but also expressed at the protein level before further analysis.
After confirmation of construct presence and expression, the parasite lines were analyzed by
immunofluorescence assay. In trophozoites, localization of the recombinant proteins was
assessed relative to PIEXP2 as a PVM marker. In schizonts, PIMSP1 was used instead in
order to visualize the parasite plasma membrane (PPM) and merozoite outlines separately
from the PVM. The generated parasite lines were then used for the localization and
fractionation analyses described in the following sections.

2.2 Overview (cell lines)

Throughout this chapter, results are presented in a uniform format to facilitate comparison
between variants. For each cell line, the corresponding figure first shows a schematic of the
episomal construct design, followed by immunofluorescence assays (IFA) in trophozoites and
schizonts, and finally a biochemical fractionation assay used to assess protein solubility versus
membrane integration.

Localization was evaluated by IFA in two developmental stages. In trophozoites, the PVM is
in very close apposition to the parasite plasma membrane (PPM), and fluorescence
microscopy cannot reliably distinguish PVM and PPM signals based on the staining pattern
alone. Therefore, each variant was analyzed in schizonts in addition to trophozoites. In
trophozoites, samples were co-stained with anti-PfEXP2 as a PVM marker. In schizonts,
samples were co-stained with anti-PfMSP1 as a PPM/merozoite membrane marker; in this
stage, the PPM appears as multiple small circles surrounding individual merozoites, whereas

the PVM appears as one large circle surrounding the entire schizont ( O 6 D o atiale 2001).
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In the fractionation assay, SN denotes the soluble supernatant fraction, C the carbonate-

extractable fraction, and P the final pellet fraction. SN therefore indicates soluble proteins, C

weak or high-pH-sensitive membrane association, and P stably membrane-integrated

proteins. For PFEXP1-derived constructs, enrichment in P would be expected.

For clarity, the PfEXP1 construct panel was organized into four design classes, summarized

in Table 1.

Table 1. Overview of the PFEXP1 construct panel analyzed in this study

Group

Construct name

Group 1:
C- and N-terminal deletion constructs

qC-10aa

qC-20aa

qC-30aa

qC-40aa

gqC-50aa

gqN-10aa

oqN-20aa

gqN-30aa

gqN-40aa

gqN-50aa

Group 2:
PfEXP1 reference constructs (Control
constructs)

PfEXP1-full

PfEXP1-pC

PFEXP1-pN

PfEXP1-pC/ N

Group 3:
PfETRAMP10.1 TMD swapping constructs

PIETRAMP10.1-full

PIETRAMP10.1-pC

PIETRAMP10.1-pN

PfETRAMP10.1-qpC/ N

Group 4:
Synthetic TMD swapping constructs

23L-full

23L-pC

23L-pN

23L-pC/ N

23LG-ull

23LG-pC

23LG-pN

23LG-pC/ N
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2.3 Strategy for cell line selection and dataset completeness

In the terminal deletion series, we started by testing the largest deletions first. This method
helped us see if removing the whole terminal region would change localization. If the largest
deletion still showed a PVM-like pattern, we did not test smaller stepwise deletions, since
further truncations were unlikely to add useful information for this screen.

In addition, the order of Results presentation reflects the underlying biological questions rather

than the chronological order in which experiments were performed. As a consequence, not all

planned variant series are complete. Biochemical fractionation was used as a quality-control
step to verify that the expressed proteins behave as expected for membrane-associated
species. During this control analysis, the main positive-control parasite line ( i Pf BEXuR 1l 0)
used throughout the study was found to be predominantly soluble under the fractionation
conditions. Following this observation, further work on the remaining planned variants was

stopped. The implications of this finding are addressed in the Discussion.

2.4 Deletion constructs (Group 1)

2.4.1 C-terminal deletion screening: C5 0

To test whether the C-terminal region contributes to PfEXP1 localization, the largest C-
terminal deletion variant ( qC 5wWap analyzed by immunofluorescence microscopy in
trophozoites and schizonts and by biochemical fractionation. In trophozoites, the gp C 5 gignal
showed staining at the parasite boundary and overlapped with the PVM marker PfEXP2 in all
analyzed images (n = 30 trophozoites) (Fig. 19, A). In mature schizonts, the qpC 5 €ignal
displayed a PVM-like pattern in all analyzed images (n = 17 schizonts) (Fig. 19, B).
Biochemical fractionation showed g C 5 fredominantly in the parasite pellet (P) fraction,
consistent with behavior expected for a membrane-associated species under these conditions
(Fig. 19, C).
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Fig. 19. IFA images and biochemical fractionation of the PFEXP1 pC5 0

(A) Schematic representation of the C-terminal deletion strategy; the red bar indicates the gp C 5 ¥ariant. Created
in BioRender.com. (B) Trophozoite-stage immunofluorescence analysis of parasites expressing qiC50, stained with
anti-HA and anti-PfEXP2 (PVM marker). The HA tag signal shows staining at the parasite boundary and overlaps
with PfEXP2 (n = 30 trophozoites). DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Mature
Schizont-stage immunofluorescence analysis of parasites expressing qiC50, stained with anti-HA and anti-PfMSP1
(PPM marker). The HA signal shows a PVM-like pattern as a single large outline surrounding the schizont, distinct
from PfMSP1 staining of individual merozoites (n = 17 schizonts). DAPI stains parasite nuclei; DIC shows parasite
morphology. (D) Biochemical fractionation of qIC50 analyzed by Western blot. Samples were loaded as input (+ve;
full cell lysate), supernatant (SN; soluble proteins), carbonate (C; carbonate-extractable fraction), and pellet (P;
insoluble/membrane fraction). Anti-HA detects qpC 5 firedominantly in the pellet (P) fraction. PfALD serves as a

soluble control; anti-PfEXP1 detects endogenous PfEXP1 as a membrane-integrated positive control.

Taken together, the microscopy and fractionation data indicate that qpC 5 i@ consistent with
membrane-insertion behavior and PVM-like localization. These results are consistent with the
C-terminal 50 amino acids not being essential for PFEXP1 localization in this assay; however,

definitive conclusions about localization and topology are addressed in the Discussion section.

2.4.2 N-terminal deletion screening: N5 0

To test whether the N-terminal region contributes to PFEXP1 targeting, the largest N-terminal
deletion variant ((pN 5 Wgs analyzed by immunofluorescence microscopy in trophozoites and
schizonts. A total of 30 trophozoite images and 21 schizont images were evaluated. In
trophozoites, the ¢pN 5-BA signal showed staining at the parasite boundary, and an overlap
with the PVM marker PfEXP2 was observed in a subset of images (Fig. 20, B). In mature
schizonts, the N 5 €taining pattern was not interpretable. Across all analyzed images, the
signal did not reproducibly form a clear ring around the schizont or did not show co-localization
with the PPM marker PfIMSP1 (Fig. 20, C).
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Anti-HA

Fig. 20. IFA images of the @oN 5 PFEXP1 variant

(A) Schematic representation of the N 5 @ariant analyzed in this experiment. Created in BioRender.com. (B)
Trophozoite-stage IFA of parasites expressing giN50, stained with anti-HA and anti-PfEXP2 (PVM marker; green).
The HA signal is detected at the parasite boundary and lies close to the PfEXP2 signal. DAPI stains parasite nuclei;
DIC shows parasite morphology. (C) Mature Schizont-stage IFA of parasites expressing giN50, stained with anti-
HA and anti-PfMSP1 (PPM marker; red). The HA signal shows no consistent ring-like outline around the schizont
and no clear overlap with the PIMSP1 signal in this dataset. DAPI stains parasite nuclei; DIC shows parasite

morphology. n = 30 trophozoites; n = 21 schizonts.
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2.4.3 N-terminal deletion screening: N1 0

Based on the observations obtained for the largest N-terminal deletion (qN50), the N-10aa
variant (qgiN10) was analyzed next, to test whether short N-terminal sequence elements
contribute to PFEXP1 localization. Trophozoite-stage IFA showed a staining pattern similar to
gd\50, with overlap with the PVM marker PfEXP2 visible in most of the images (Fig. 21, B). A
total of 22 mature schizont images were evaluated. In schizonts, the HA signal was not
interpretable across the dataset and did not show a clear ring-like outline or overlap with
PIMSP1 (Fig. 21, C). Biochemical fractionation was performed twice for the giN10 parasite
line. In both experiments, HA was detected predominantly in the supernatant (SN) fraction
(soluble) with additional signal in the carbonate (C) fraction and little to no signal in the pellet
(Fig. 21, D). Since endogenous PfEXP1 is an integral membrane protein, this predominantly
soluble/carbonate-extractable behavior, which does not support stable membrane integration

of N 1, vas unexpected and is discussed further in the Discussion.
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Fig. 21. IFA images and fractionation behavior of the N 1 0

(A) Schematic representation of the N-terminal deletion strategy; the red bar indicates the (N 1 \ariant. Created
in BioRender.com. (B) Trophozoite-stage immunofluorescence analysis of parasites expressing N 1 0o;stained
with anti-HA and anti-PfEXP2 (PVM marker). The HA signal is detected at the parasite boundary and lies close to
the PfEXP2 signal. DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Mature Schizont-stage
immunofluorescence analysis of parasites expressing qoN 1 @qg-stained with anti-HA and anti-PfMSP1 (PPM
marker). Across this dataset (n = 22 schizonts), the HA signal shows no consistent ring-like outline and no clear
overlap with the PIMSP1 signal. DAPI stains parasite nuclei; DIC shows parasite morphology. (D) Biochemical
fractionation of the ¢qoN 1 Parasite line analyzed by Western blot. Fractionation was performed twice; one
representative experiment is shown. Samples were loaded as input (+ve; full cell lysate), supernatant (SN),
carbonate (C), and pellet (P) fractions. The +ve (input) lane confirms expression and antibody reactivity in the
unfractionated cell lysate. Anti-HA detects gpN 1 fredominantly in SN with additional signal in C. PfALD serves as

a soluble control; anti-PfEXP1 detects endogenous PfEXP1 as a membrane-integrated positive control.

2.5 Control constructs (Group 2)

2.5.1 PfEXP1-full

PfEXP1-full served as the primary architectural control for this study because it was intended
to test whether the tagged and linker-containing expression format used across the TMD-
swapping constructs still allowed full-length PFEXP1 to behave as an appropriate reference
construct and integrate into the membrane. In trophozoites, the PfEXP1-full signal was
detected at the parasite periphery and showed overlap with the PVM marker PfEXP2 (Fig. 22,
B). Since fluorescence microscopy cannot reliably distinguish PVM and PPM signals in
trophozoites, PFEXP1-full was additionally analyzed in schizonts. Across 21 mature schizont
images, the staining pattern was generally not interpretable, and only a subset of images
showed weak or partial overlap with the PPM marker PIMSP1 (Fig. 22, C). Biochemical
fractionation was performed four times for PfEXP1-full. In each repeat, PfEXP1-full was
detected predominantly in the supernatant (SN) and/or carbonate (C) fractions, with little to no
signal in the pellet (P) fraction (Fig. 22, D). This indicates that PfEXP1-full does not behave as

a stably membrane-integrated species under these conditions. These data are consistent with

PfEXP1-full being largely soluble in the parasitophorous vacuole (PV) lumen.
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Fig. 22. IFA images and solubility of the PFEXP1-full reference plasmid (Group 2)

(A) Schematic representation of the PfEXP1-full plasmid design. Created in BioRender.com. (B) Trophozoite-stage
immunofluorescence analysis of parasites expressing PfEXP1-full, co-stained with anti-HA and anti-PfEXP2 (PVM
marker). The PfEXP1-full signal is detected at the parasite boundary and lies close to the PfEXP2 signal. DAPI
stains parasite nuclei; DIC shows parasite morphology. (C) Mature Schizont-stage immunofluorescence analysis
of parasites expressing PfEXP1-full, co-stained with anti-HA and PfMSP1 (PPM marker). Across this dataset (n =
21 schizonts), the PfEXP1-full signal shows no consistent ring-like outline and no clear overlap with the PfMSP1
signal. DAPI stains parasite nuclei; DIC shows parasite morphology. (D) Biochemical fractionation of PfEXP1-full
analyzed by Western blot. Samples were loaded as input (+ve; full cell lysate), supernatant (SN), carbonate (C),
and parasite pellet (P) fractions. Fractionation was performed 4 times; one representative experiment is shown.
PfEXP1-full is detected predominantly in SN and/or C, with little to no signal in P. PfALD serves as a soluble control;

anti-PfEXP1 detects endogenous PfEXP1 as a membrane-integrated positive control.

25.2 PfEXPl-pC

PfEXP1-pC like PfEXP1-full, was included as a control to confirm that the tagged expression
format used in this study does not, by itself, disrupt construct localization to PVM. Since the
C-terminal region was not expected to be required for targeting, PfEXP1-gp Cwas expected to
show PVM-like localization even in the presence of the additional tag and linker elements. In
trophozoites, PFEXP1-gp Cshowed staining at the parasite boundary and overlapped with the
PVM marker PfEXP2 in all analyzed images (n = 25 trophozoites) (Fig. 23, B). In schizonts, a
PVM-like pattern (single large outline around the schizont) was observed in 22 of 28 images,
whereas 6 of 28 images showed slight overlap with the PPM marker PfMSP1 (Fig. 23, C).
Biochemical fractionation was performed twice; in both experiments, PfEXP1-cpC was
detected predominantly in the pellet (P) fraction with a minor signal in the carbonate (C)
fraction (Fig. 23, D). Overall, these observations are consistent with PFEXP1-gp Cbeing largely

membrane-associated and consistent with a PVM localization.
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Fig. 23. IFA images and biochemical fractionation of PfEXP1-¢p C(Group 2)

(A) Schematic representation of the PFEXP1-gp Cplasmid design. Created in BioRender.com. (B) Trophozoite-stage
immunofluorescence analysis of parasites expressing PfEXP1-qp C ¢o-stained with anti-HA and anti-PfEXP2 (PVM
marker). The PfEXP1-pCsignal shows staining at the parasite boundary and overlaps with PfEXP2 (n = 25
trophozoites). DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Schizont-stage
immunofluorescence analysis of parasites expressing PfEXP1-qpC co-stained with anti-HA and PfMSP1 (PPM
marker). A PVM-like pattern was observed in 22/28 schizonts; 6/28 schizonts showed only weak/partial overlap
with PfIMSP1. DAPI stains parasite nuclei; DIC shows parasite morphology. (D) Biochemical fractionation of
PfEXP1-qp C(two repeats; one representative experiment shown). Samples were analyzed by Western blot as input
(+ve; full cell lysate), supernatant (SN; soluble fraction), carbonate (C; carbonate-extractable fraction), and pellet
(P; insoluble/membrane fraction). PFEXP1-gp Cis detected predominantly in P with a minor signal in C. PfALD serves

as a soluble control; anti-PfEXP1 detects endogenous PfEXP1 as a membrane-integrated positive control.

2.5.3 PfEXP1-ipN

PFEXP1-qd\, like other members of Group 2, was included as a control to confirm that the
tagged expression format used in this study does not, by itself, disrupt PfEXP1 construct
localization. Since the N-terminal region was not expected to be required for targeting,
PFEXP1-giN was expected to show localization to the PVM even in the presence of the
additional tag and linker elements. PfEXP1-qpN was analyzed by immunofluorescence
microscopy in trophozoites and schizonts and by biochemical fractionation. Trophozoite-stage
IFA showed a staining pattern similar to the other Group 2 controls, with overlap with the PVM
marker PfEXP2 (Fig. 24, B). In schizonts, PfEXP1-gp Nshowed slight overlap with PFIMSPL1 in
15 of 19 analyzed images (Fig. 24, C). Biochemical fractionation was performed twice. In both
experiments, PFEXP1-qpNwas detected predominantly in the carbonate (C) fraction with a
minor signal in the supernatant (SN) fraction (Fig. 24, D). These data are consistent with a
predominantly soluble and/or weakly membrane-associated fraction of PfEXP1-gp Nwithin the

parasitophorous vacuole lumen.
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Fig. 24. IFA images and biochemical fractionation of PfEXP1-cpN(Group 2)

(A) Schematic representation of the PFEXP1-gp Nplasmid design. Created in BioRender.com. (B) Trophozoite-stage
immunofluorescence analysis of parasites expressing PfEXP1-qp N ¢o-stained with anti-HA and anti-PfEXP2 (PVM
marker). The HA tag signal shows staining at the parasite boundary and overlaps with PfEXP2. DAPI stains parasite
nuclei; DIC shows parasite morphology. (C) Schizont-stage immunofluorescence analysis of parasites expressing
PfEXP1-gpN co-stained with anti-HA and PfMSP1 (PPM marker). Slight overlap with PfMSP1 was observed in
15/19 schizonts (n = 19 schizonts). DAPI stains parasite nuclei; DIC shows parasite morphology. (D) Biochemical
fractionation of PfEXP1-cp Nwas performed twice; one representative experiment is shown. Samples were analyzed
by Western blot as input (+ve; full cell lysate), supernatant (SN; soluble fraction), carbonate (C; carbonate-
extractable fraction), and pellet (P; insoluble/membrane fraction). Anti-HA detects PfEXP1-gpNpredominantly in C
with a minor signal in SN. PfALD serves as a soluble control; anti-PfEXP1 detects endogenous PfEXP1 as a

membrane-integrated positive control.

2.5.4 PfEXP1-qpQqpN

PfEXP1-pC/ qids analyzed by immunofluorescence microscopy in trophozoites and
schizonts, together with biochemical fractionation. In trophozoites, the HA signal was detected
at the parasite boundary and overlapped with the PVM marker PfEXP2 (Fig. 25, B); however,
as described above, the close apposition of PVYM and PPM at this stage limits membrane-level
assignment by fluorescence microscopy. In schizonts, 26 of 30 analyzed images showed slight
overlap with the PPM marker PIMSP1 (n = 30 schizonts) (Fig. 25, C). Biochemical fractionation
was performed twice; in both experiments, PFEXP1-qpC / ol detected predominantly in the
carbonate (C) fraction with a minor signal in the supernatant (SN) fraction (Fig. 25, D). Taken
together, these results fit better with PIEXP1-qpC/ ¢bbing present as a soluble (or loosely
associated) pool in the PV lumen rather than as a clearly membrane-integrated PVM protein.
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Fig. 25. IFA images and biochemical fractionation of PFEXP1-qpC/ gi®roup 2)

(A) Schematic representation of the PIEXP1-qpC/ lidsmid design. Created in BioRender.com. (B) Trophozoite-
stage immunofluorescence analysis of parasites expressing PfEXP1-qoC/ oudé-stained with anti-HA and anti-
PfEXP2 (PVM marker). The HA tag signal shows staining at the parasite boundary and overlaps with PfEXP2.
DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Schizont-stage immunofluorescence analysis of
parasites expressing PfEXP1-qpC/ opdd-stained with anti-HA and PfMSP1 (PPM marker). Slight overlap with
PfMSP1 was observed in 26/30 schizonts (n = 30 schizonts). DAPI stains parasite nuclei; DIC shows parasite
morphology. (D) Biochemical fractionation of PfEXP1-qpC/ qaiMalyzed by Western blot. Fractionation was
performed twice; one representative experiment is shown. Samples were loaded as input (+ve; full cell lysate),
supernatant (SN; soluble fraction), carbonate (C; carbonate-extractable fraction), and pellet (P;
insoluble/membrane fraction). Anti-HA detects PfEXP1-qpC / @igdominantly in C with a minor signal in SN. PfALD
serves as a soluble control; anti-PfEXP1 detects endogenous PfEXP1 as a membrane-integrated positive control.

2.6 Transmembrane-domain replacement (Group 3)
2.6.1 PfETRAMP10.1-full (Group 3)

First member of transmembrane swapping group, PIETRAMP10.1-full, was analyzed by
immunofluorescence microscopy in trophozoites and schizonts. In trophozoites, the HA tag
signal showed staining at the parasite boundary and overlapped with the PVM marker PfEXP2
(Fig. 26, B). In schizonts, a PVM-like pattern was observed in 26 images, while 6 images
showed a pattern with slight overlap with PIMSP1 (Fig. 26, C). Overall, these observations are
consistent with PFETRAMP10.1-full being largely localized to the PVM.
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Fig. 26. IFA images of PFETRAMP10.1-full (Group 3)

(A) Schematic representation of the PfETRAMP10.1-full plasmid design. Created in BioRender.com. (B)
Trophozoite-stage immunofluorescence analysis of parasites expressing PFETRAMP10.1-full, co-stained with anti-
HA and anti-PfEXP2 (PVM marker). The HA signal shows staining at the parasite boundary and overlaps with
PfEXP2. DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Schizont-stage immunofluorescence
analysis of parasites expressing PFETRAMP10.1-full, co-stained with anti-HA and PfMSP1 (PPM marker). A PVM-
like pattern was observed in 26 images, whereas 6 images showed slight overlap with PfMSP1. DAPI stains

parasite nuclei; DIC shows parasite morphology.
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2.6.2 PfETRAMP10.1-pC(Group 3)

PfETRAMP10.1-pCwas analyzed by immunofluorescence microscopy in trophozoites and
schizonts. In trophozoites, the HA tag signal showed staining at the parasite boundary and
overlapped with the PVM marker PIEXP2 (Fig. 27, B). In schizonts, a PVM-like pattern was
observed in 33 images, while 14 images showed a pattern with slight overlap with PIMSP1
(Fig. 27, C). Taken together, the microscopy image data indicate that PFETRAMP10.1-¢pC
shows a predominantly PVM-like localization.
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Fig. 27. IFA images of PFETRAMP10.1-qp C(Group 3)

(A) Schematic representation of the PfETRAMP10.1-gpC plasmid design. Created in BioRender.com. (B)
Trophozoite-stage immunofluorescence analysis of parasites expressing PFETRAMP10.1-op C ¢o-stained with anti-
HA and anti-PfEXP2 (PVM marker). The HA signal shows staining at the parasite boundary and overlaps with
PfEXP2. DAPI stains parasite nuclei; DIC shows parasite morphology. (C) Schizont-stage immunofluorescence
analysis of parasites expressing PFETRAMP10.1-q C ¢o-stained with anti-HA and PfMSP1 (PPM marker). A PVM-
like pattern was observed in 33 images, whereas 14 images showed slight overlap with PfMSP1. DAPI stains

parasite nuclei; DIC shows parasite morphology.

2.6.3 PfETRAMP10.1-qpN(Group 3)

PFETRAMP10.1-gp Nwas analyzed by immunofluorescence microscopy in trophozoites
and mature schizonts. In trophozoites, the HA signal showed staining at the parasite
boundary and overlapped with the PVM marker PfEXP2 (Fig. 28, B). In schizonts, 44
images were evaluated. Of these, 7/44 showed a PVM-like pattern, 11/44 showed
slight overlap with PIMSP1, and 26/44 were not interpretable (Fig. 28, C). With the
current dataset and no fractionation, we can only tentatively suggest localization at the
PVM or the PPM.
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Fig. 28. IFA images of PFETRAMP10.1-qpN(Group 3)

(A) Schematic of the PFETRAMP10.1-pNplasmid analyzed in this experiment. Created in BioRender.com. (B)
Trophozoite-stage IFA of parasites expressing PFETRAMP10.1-qp NHA, co-stained with anti-HA and anti-PfEXP2
(PVM marker). The HA signal appears at the parasite boundary and overlaps with PFEXP2. DAPI stains parasite
nuclei; DIC shows parasite morphology. (C) Schizont-stage IFA of parasites expressing PlETRAMP10.1-qp NHA,
co-stained with anti-HA and anti-PfMSP1 (PPM marker). Across 44 schizont images, 7 showed a PVM-like outline,
11 showed slight overlap with the PfMSP1 signal, and 26 were not interpretable. DAPI stains parasite nuclei; DIC
shows parasite morphology.

2.6.4 PfETRAMP10.1-qpQpN(Group 3)

PIETRAMP10.1-gpGpNwas analyzed by immunofluorescence microscopy in trophozoites
and schizonts. In trophozoites, the HA tag signal showed staining at the parasite boundary
and overlapped with the PVM marker PfEXP2 (Fig. 29, B). In schizonts, 55 images were
evaluated. 27/55 showed slight localization with PIMSP1, 8/55 showed clear localization with
PfMSP1, 9/55 showed a PVM-like pattern, and 11/55 were not interpretable (Fig. 29, C). If the
observed HA signal represents a membrane-integrated population rather than a soluble or
peripheral pool, the schizont patterns are consistent with localization to either the PPM or the
PVM.
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Fig. 29. IFA images of PFETRAMP10.1-qpC/ gfGroup 3)

(A) Schematic of the PFETRAMP10.1-pC / qg&tiant analyzed in this experiment. Created in BioRender.com. (B)
Trophozoite-stage IFA of parasites expressing PfETRAMP10.1-qpC/ epld, co-stained with anti-HA and anti-
PfEXP2 (PVM marker). The HA signal is detected at the parasite boundary and overlaps with PfEXP2. DAPI stains
parasite nuclei; DIC shows parasite morphology. (C) Schizont-stage IFA of parasites expressing PEETRAMP10.1-
P C/ epld, co-stained with anti-HA and anti-PfMSP1 (PPM marker). Across 55 schizont images, 27 showed slight
co-localization with PfMSP1, 8 showed clear co-localization with PIMSP1, 9 showed a clear PVM-like pattern, and

11 were not interpretable. DAPI stains parasite nuclei; DIC shows parasite morphology.
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2.7 Synthetic transmembrane helices (Group 4)

2.7.1 Group 4: 23L-full

23L-full was analyzed by immunofluorescence microscopy in trophozoites and schizonts. In
trophozoites, the HA tag signal showed staining at the parasite boundary and overlapped with
the PVM marker PfEXP2 (Fig. 30, B). In schizonts, 25 images were evaluated. Of these, 18/25
showed slight localization with PIMSP1, whereas 7/25 were not interpretable (Fig. 30, C). A
biochemical fractionation for solubility/membrane-association analysis was not performed for
this parasite line because fractionation experiments were discontinued after the main positive-
control line (PFEXP1-full) was found to be predominantly soluble. Based on these data alone,
the schizont pattern is consistent with localization at the PPM.
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Fig. 30. IFA images of 23L-full (Group 4)

(A) Schematic of the 23L-full variant analyzed in this experiment. Created in BioRender.com. (B) Trophozoite-stage
IFA of parasites expressing 23L-full-HA, co-stained with anti-HA and anti-PfEXP2 (PVM marker). The HA signal is
detected at the parasite boundary and overlaps with PfEXP2. DAPI stains parasite nuclei; DIC shows parasite
morphology. (C) Schizont-stage IFA of parasites expressing 23L-full-HA, co-stained with anti-HA and anti-PfMSP1
(PPM marker). Across 25 schizont images, 18 showed slight co-localization with PfMSP1 and 7 were not
interpretable. DAPI stains parasite nuclei; DIC shows parasite morphology.

2.7.2 Group 4: 23L-pC

This variant was analyzed by immunofluorescence microscopy in trophozoites and schizonts.
In trophozoites, the HA signal showed staining at the parasite boundary and overlapped with
the PVM marker PfEXP2 (Fig. 31, B). In schizonts, 26 images were evaluated. The majority
of images were of insufficient quality for confident interpretation (23/26) (Fig. 31, C). In the
remaining images, the HA signal appeared weak and in some cases showed possible overlap
with PfMSP1; however, this was not clear enough to classify the localization confidently. With
these data alone, the staining could reflect localization at the PPM or a signal within the PV.
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Fig. 31. IFA images of 23L-qpC(Group 4)
(A) Schematic of the 23L-gp Cvariant analyzed in this experiment. Created in BioRender.com. (B) Trophozoite-
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y !

stage IFA of parasites expressing 23L-gqp GHA, co-stained with anti-HA and anti-PfEXP2 (PVM marker). The HA
signal is detected at the parasite boundary and overlaps with PfEXP2. DAPI stains parasite nuclei; DIC shows
parasite morphology. (C) Schizont-stage IFA of parasites expressing 23L-gp GHA, co-stained with anti-HA and anti-
PfMSP1 (PPM marker). Across 26 schizont images, 23 were not interpretable due to image quality; the remaining
images showed weak HA signal with possible, but not definitive, overlap with PIMSP1. DAPI stains parasite nuclei;

DIC shows parasite morphology.
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2.7.3 Group 4: 23L-pN

This cell line also was analyzed by immunofluorescence microscopy in trophozoites and
schizonts. In trophozoites, the HA signal was detected at the parasite boundary and was
evaluated relative to PVM marker (Fig. 32, B). However, as described above, in trophozoites
the PVM lies in very close apposition to the parasite plasma membrane (PPM), and
conventional fluorescence microscopy cannot reliably distinguish PVM and PPM signals as
separate structures. In schizonts, 17 images were evaluated. The HA-signal was not
interpretable since it was too noisy, although in some images the HA signal appeared to show
weak overlap with PfIMSP1 (Fig. 32, C). With these data alone, the staining could reflect
localization at the PPM or a signal associated with the PV lumen.
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Fig. 32. IFA images of 23L-qoN(Group 4)

(A) Schematic of the 23L-gpNvariant analyzed in this experiment. Created in BioRender.com. (B) Trophozoite-
stage IFA of parasites expressing 23L-gp NHA, co-stained with anti-HA and anti-PfEXP2 (PVM marker). The HA
signal is detected at the parasite boundary. DAPI stains parasite nuclei; DIC shows parasite morphology. (C)
Schizont-stage IFA of parasites expressing 23L-go NHA, co-stained with anti-HA and anti-PfMSP1 (PPM marker).
Across 17 schizont images, the staining was not interpretable; weak overlap with PIMSP1 was observed in some

images. DAPI stains parasite nuclei; DIC shows parasite morphology.
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2.7.4 Group 4: 23L-qC/qaN

This cell line was analyzed by immunofluorescence microscopy in trophozoites and schizonts
and by biochemical fractionation. In trophozoites, the HA tag signal was detected at the
parasite boundary and was evaluated relative to PVM marker (Fig. 33, B). In schizonts, 15
images were evaluated. 13 of 15 images were not interpretable, although in several of these
the HA tag signal appeared to show weak overlap with PPM marker (Fig. 33, C). A biochemical
fractionation analysis was performed once. The HA-tagged protein was detected
predominantly in the pellet (P) fraction, with only minor signal in the supernatant (SN) and
carbonate (C) fractions (Fig. 33, D). Taken together, the available data suggest localization at
the PPM.
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