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Summary

Exit from the endoplasmic reticulum (ER) often occurs
at distinct sites of vesicle formation known as transi-
tional ER (tER) that are enriched for COPII vesicle coat
proteins. We have characterized the organization of
ER export in the malaria parasite, Plasmodium falci-
parum, by examining the localization of two compo-
nents of the COPII machinery, PfSec12 and PfSec24a.
PfSec12 was found throughout the ER, whereas the
COPII cargo adaptor, PfSec24a, was concentrated at
distinct foci that likely correspond to tER sites. These
foci were closely apposed to cis-Golgi sites marked by
PfGRASP–GFP, and upon treatment with brefeldin A
they accumulated a model cargo protein via a process
dependent on the presence of an intact diacidic export
motif. Our data suggest that the cargo-binding func-
tion of PfSec24a is conserved and that accumulation
of cargo in discrete tER sites depends upon positive
sorting signals. Furthermore, the number and position
of tER sites with respect to the cis-Golgi suggests a
co-ordinated biogenesis of these domains.

Introduction

Worldwide, malaria afflicts an estimated 500 million people
each year, resulting in over one million deaths (Snow et al.,
2005). Clinical manifestations of the disease are caused by
asexual blood stages of the intracellular parasite Plasmo-
dium falciparum that replicate in host erythrocytes. Upon
invasion of the host cell, the parasite becomes enclosed in
a parasitophorous vacuole, which houses the parasite as it
develops to form between eight and 24 daughter cells over
the course of ~48 h (Miller et al., 2002). This intraerythro-

cytic development is accompanied by distinct morphologi-
cal changes to both the parasite and the host erythrocyte.
As the parasite matures from the early cup-like ‘ring-stage’
into the trophozoite stage, it becomes more spherical and
acquires a large acidic digestive vacuole that is the site of
hemoglobin degradation a process that is required to
sustain parasite growth. Later during development,
schizogony is characterized by multiple rounds of nuclear
division and the biogenesis of specialized apical secretory
organelles that promote invasion of daughter merozoites
into a new host cell (Bannister et al., 2000a). In addition to
these various internal membrane remodelling events, the
parasite manipulates the surface of the host erythrocyte by
deploying secreted proteins that function in cytoadherence
to endothelial receptors. This enables infected erythro-
cytes to sequester in the microvasculature and avoid
splenic clearance (Marti et al., 2005; Tonkin et al., 2006).
Despite the importance of protein secretion and membrane
remodelling to malaria pathogenesis, the organization of
the parasite endomembrane system and the molecular
mechanisms that direct protein trafficking to distinct desti-
nations remain poorly understood.

In eukaryotic cells, proteins destined for the extracellular
environment, or for the various membranes of the secre-
tory pathway, are translocated into the endoplasmic reticu-
lum (ER) prior to being selectively captured into transport
vesicles for delivery to downstream compartments. Vesicle
budding from the ER membrane is mediated by cytoplas-
mic coat proteins, termed the COPII coat, which both
deform the membrane and select secretory proteins for
incorporation into a nascent vesicle. The COPII coat com-
prises five proteins: Sar1 is a GTPase that regulates coat
recruitment; the Sec23/Sec24 heterodimer modulates
Sar1 activity and promotes cargo capture; and Sec13/
Sec31 forms the outer scaffold that likely drives the forma-
tion of a spherical vesicle (Bonifacino and Glick, 2004;
Gurkan et al., 2006; Lee and Miller, 2007). Capture of
cargo proteins into COPII vesicles is often mediated by
sorting signals that interact directly with Sec24. At least
three independent cargo binding sites on Sec24 interact
with a variety of ER export motifs found on different
membrane proteins (Miller et al., 2003; Mossessova et al.,
2003; Mancias and Goldberg, 2007). As an alternative to
signal-mediated packaging, secretory proteins may also
leave the ER by a less efficient, passive mechanism known
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as bulk flow (Martinez-Menarguez et al., 1999). This type
of ER exit likely results from random sampling of the ER
membrane and lumenal contents during vesicle formation,
but its contribution to general secretion remains poorly
defined.

Several components of the COPII coat have been iden-
tified in P. falciparum: PfSar1, PfSec23 and the ‘outer’
coat components PfSec31 and PfSec13 (Albano et al.,
1999; Adisa et al., 2001; 2007; Wickert et al., 2003;
Struck et al., 2008). Although PfSar1, PfSec23 and
PfSec31 were initially localized both within the parasite as
well as to parasite-derived structures termed Maurer’s
clefts in the host cell cytosol, more recent evidence using
GFP fusions of PfSar1 suggests an exclusive localization
to the parasite ER (Adisa et al., 2007). The observations
of host-localized COPII proteins may have resulted from
antibody cross-reactivity to Maurer’s cleft constituents
(Adisa et al., 2007). PfSar1–GFP appears to be distrib-
uted throughout the ER, whereas PfSec13–GFP was
localized to distinct regions that may correspond to sites
of vesicle budding (Adisa et al., 2007; Struck et al., 2008).

In many eukaryotes, the ER is organized into distinct
zones of vesicle formation known as transitional ER (tER).
These tER sites are devoid of ribosomes and are enriched
for the COPII machinery (Palade, 1975; Orci et al., 1991).
Although the basic mechanism of COPII vesicle formation
is likely to be universal, the higher-order organization of
tER sites and their relationship with the Golgi differs
dramatically across species. Saccharomyces cerevisiae
appears to lack a distinct tER and budding occurs promis-
cuously throughout the ER, whereas Pichia pastoris,
another yeast, possesses few discrete sites that are
enriched in COPII proteins (Rossanese et al., 1999; Bevis
et al., 2002).

To better define the nature of ER export in malaria
parasites, we have examined two proteins involved in
COPII vesicle formation, namely the Sar1 GTP exchange
factor, PfSec12, and the COPII cargo adaptor, PfSec24a,
with respect to their subcellular localization. Sequence
conservation of a key cargo binding site on PfSec24a led
us to address whether ER export in P. falciparum utilizes
a signal-mediated mechanism similar to that in yeast and
mammalian cells. Our findings suggest that ER export in
this malaria parasite is highly organized, and provide
insight into the molecular basis of membrane and protein
secretion in this important intracellular pathogen.

Results

PfSec12: the guanine nucleotide exchange factor
for PfSar1

In studying the organization of the early secretory pathway
in P. falciparum, we first identified the parasite orthologue
of the ER membrane protein Sec12, an upstream effector

in COPII vesicle biogenesis (Barlowe and Schekman,
1993). Homology searches of the P. falciparum genome
identified a single gene, PF11_0171, that encodes a
protein sharing ~15% sequence identity to both yeast
and mammalian Sec12, with several conserved features.
These include a tetra-glycine motif and predicted WD40
repeats in the Sar1-binding cytosolic domain, and a
C-terminal transmembrane segment (Chardin and Calle-
baut, 2002). PfSec12 has a predicted mass of 56 kDa and
is encoded by a single exon of 1458 bp, with orthologues
present in the genomes of other Plasmodium species.

We generated a transgenic parasite line expressing
PfSec12 with an N-terminal fusion to monomeric DsRed
(mRFP), and tested the ability of recombinant parasite
Sar1 to capture mRFP–PfSec12 from a detergent extract.
Parasites were isolated from host erythrocytes by saponin
lysis, which at low concentrations selectively permeabi-
lizes the host plasma membrane and the parasitophorous
vacuole membrane, leaving the parasite intact. The
washed parasite pellet was then extracted with either SDS
or the non-ionic detergent octylglucoside, which is per-
missive for the detection of protein–protein interactions.
Immunoblot analysis of the SDS-solubilized membranes
with anti-DsRed antisera detected a single protein of
the expected molecular mass in transfected parasite
extracts but not in the untransfected control (Fig. 1A).
Octylglucoside-solubilized proteins were incubated with
either GST-PfSar1 or GST alone immobilized on
glutathione-agarose beads, and interacting mRFP–
PfSec12 was detected by immunoblot. GST-PfSar1 but not
GST alone was able to efficiently isolate PfSec12 (Fig. 1B).
Despite the low sequence identity between parasite and
yeast Sec12, a robust interaction between mRFP–
PfSec12 was also observed with beads coated with yeast
Sar1 (Fig. 1C), suggesting conservation of the Sar1–
Sec12 interface.

PfSec12 localizes to the general ER

To localize PfSec12, we developed a transgenic line
expressing GFP–PfSec12 from the endogenous pfsec12
5′ untranslated region (UTR) and examined expression by
live cell imaging. Over the course of the ~48 h intraeryth-
rocytic cycle, GFP–PfSec12 was distributed in a pattern
characteristic of the parasite ER (van Dooren et al.,
2005), with a perinuclear distribution in ring stage para-
sites and additional elongated extensions in mature tro-
phozoite stages. During schizogony, the ER forms a
mesh-like network, and GFP–PfSec12 was observed
encircling each individual nucleus (Fig. 1D).

As PfSec12 did not appear to be distributed uniformly
throughout the ER in all parasites, we compared the
pattern of PfSec12 with that of GFP–SDEL, which localizes
throughout the general ER. GFP–SDEL is targeted to the
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ER by virtue of a signal peptide that directs translocation
into the ER lumen and a C-terminal SDEL motif that
mediates retrieval from the Golgi, resulting in colocalization
with the ER chaperone BiP (van Dooren et al., 2005).
Parasites were co-transfected with plasmids for mRFP–
PfSec12 and GFP–SDEL, which conferred resistance to
Blasticidin S and WR99210 respectively. The distribution of
PfSec12 coincided with that of GFP–SDEL, indicating
that PfSec12 behaves as a general ER protein (Fig. 2A).
Consistent with this distribution, GFP–PfSec12 similarly
colocalized with BiP by immunofluorescence analysis
(Fig. S1).

The P. falciparum cis-Golgi is marked by the peripheral
membrane protein PfGRASP, which lies in close proximity
to the ER marker BiP (Struck et al., 2005). We examined
the localization of PfSec12 in relation to the Golgi by
generating transgenic lines coexpressing mRFP–PfSec12
and PfGRASP–GFP. In live parasites we observed close
apposition of PfGRASP–GFP with PfSec12 fluorescence,
in particular within regions of the perinuclear ER (Fig. 2B).
In several organisms, the Golgi is juxtaposed to sites of
vesicle budding on the ER. To determine whether Golgi

localization correlates with tER sites in P. falciparum, we
next examined a component of the COPII coat.

The COPII component PfSec24 marks transitional
ER sites

Sec24 is the cargo-binding adaptor of the COPII coat and
forms a heterodimer with Sec23, the GTPase activating
protein for Sar1. Multiple paralogs of Sec24 are present in
the genomes of most organisms, likely expanding the
repertoire of cargo proteins recognized by the COPII coat.
We identified two putative Sec24 orthologues in the
P. falciparum genome. PF13_0324 (PfSec24a) shares
significant homology with the mammalian Sec24A/B iso-
forms and yeast Sec24, whereas PFD0250c (PfSec24b)
is less conserved overall and appears more closely
related to the mammalian Sec24C/D family and the yeast
Sec24 homologue Lst1 (Fig. S2). Both PfSec24a and
PfSec24b share conserved residues within the core
‘trunk’ domain involved in the Sec23–Sec24 interface,
including a loop region containing the FLP residues that
are highly conserved across a variety of species (Fig. S2).

Fig. 1. Characterization of PfSec12.
A. Immunoblot using anti-DsRed antisera
detects a protein of ~75 kDa in total parasite
extracts from mRFP–PfSec12 transgenic
parasites but not from an untransfected
wild-type (WT) control.
B. Octylglucoside-solubilized extracts from
parasites expressing mRFP–PfSec12 were
incubated with either GST-PfSar1 or GST
alone, immobilized on glutathione-agarose
beads. The amount of bound mRFP–PfSec12,
as well as a fraction (1/20) of the total input
material, was assessed by immunoblot using
anti-DsRed antisera.
C. mRFP–PfSec12 pulldown assay using
GST fusions of PfSar1, yeast Sar1 (ySar1) or
GST alone, performed as in (B).
mRFP–PfSec12 was efficiently captured by
beads containing parasite and yeast Sar1,
with a low level of non-specific binding to
GST alone.
D. Live cell imaging of parasites expressing
GFP–PfSec12 from the endogenous pfsec12
5′ UTR. Nuclei were stained with Hoechst
33342. GFP–PfSec12 is distributed in a
perinuclear pattern with additional reticular
protrusions characteristic of the parasite ER.
Parasites at the ring, trophozoite and schizont
stages are shown in the top, middle and
bottom rows respectively. Note that the
trophozoites (labelled P) were in a doubly
infected erythrocyte. Bar = 5 mm.
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PfSec24b is predicted to be considerably larger than both
PfSec24a and yeast Sec24, owing in part to an extended
N-terminal domain, a region of unknown function that is
highly variable among Sec24 proteins (Bi et al., 2002).
Because of the large size of PfSec24b, and the generally
high AT-content of the P. falciparum genome, we were
unable to obtain an expression plasmid with PfSec24b
that could be replicated stably in Escherichia coli, restrict-
ing our current analysis to PfSec24a.

PfSec24a was tagged by C-terminal fusion with either
GFP or mRFP, based on an earlier study showing that
yeast Sec24p retains function when similarly modified at
the C-terminus (Huh et al., 2003). Because of difficulties
in amplifying the endogenous 5′ UTR, expression of the
PfSec24a fusion was driven by the 5′ UTR of the parasite
syntaxin 17 homologue, which displays a similar transcrip-
tional profile to pfsec24a and is predicted to have approxi-
mately three- to fourfold less transcript based on the
average median intensity of the respective microarray
probes (Bozdech et al., 2003; Ayong et al., 2007). Unlike
PfSec12, which was distributed throughout the ER,
PfSec24a marked distinct foci close to the nucleus that
likely represent tER sites of vesicle budding (Fig. 3A). In
parasites coexpressing GFP–PfSec12 and PfSec24a–
mRFP, PfSec24a was closely associated with the peri-
nuclear pool of PfSec12 (Fig. 3B).

The number of tER foci per parasite was quantified in
ring, trophozoite and early schizont stages (Fig. S3A and
B). Ring stage parasites (< 16 h postinvasion) typically
contained 1–2 PfSec24a punctae, with mid-stage tropho-
zoites showing 2–3 foci per cell. In late trophozoites, 3–4
PfSec24a foci were associated with a single nucleus,
suggesting that multiplication of tER sites preceded

nuclear division (Fig. S3A). The number of tER sites
further increased at the onset of schizogony, with 6–8 tER
sites typically observed in early schizonts containing two
nuclei (Fig. S3B). As schizogony progressed, difficulties in
reliably quantifying the number of nuclei precluded an
accurate correlation between the number of tER and
nuclei. At later stages of schizogony, however, each
developing daughter merozoite ultimately inherited a
single tER site (Fig. 3A, fourth and fifth rows).

Previous studies of other components of the
P. falciparum COPII coat, including PfSar1, reported
immunofluorescence labelling of structures within the host
erythrocyte. However, a GFP fusion of PfSar1 was sub-
sequently found only within the parasite ER (Albano et al.,
1999; Adisa et al., 2001; 2007; Wickert et al., 2003). We
were unable to detect any PfSec24a–GFP within the host
erythrocyte, consistent with the exclusively intraparasitic
localization of the ‘outer coat’ component, PfSec13, fused
to GFP (Struck et al., 2008).

Golgi are located in close apposition to PfSec24-marked
tER sites

In organisms lacking long-range cytoskeleton-dependent
movement between the ER and Golgi, tER sites are
closely associated with the cis-Golgi, which receives new
material by continuous delivery of COPII vesicles (Kirk
and Ward, 2007). We examined the relationship between
the tER and cis-Golgi in P. falciparum by generating
a transgenic line coexpressing PfSec24a–mRFP and
PfGRASP–GFP. Almost all cells showed equivalent
numbers of PfSec24a and PfGRASP foci, which were
always located in very close proximity, indicating that the

Fig. 2. Comparison of PfSec12 localization with markers for the ER and Golgi. Parasites were co-transfected with plasmids for expression of
mRFP–PfSec12 (from the native pfsec12 5′ UTR) with either (A) GFP–SDEL, a marker for the general ER, or (B) PfGRASP–GFP, a cis-Golgi
marker. mRFP–PfSec12 was localized throughout the ER coincident with GFP–SDEL, in close apposition to PfGRASP-labelled Golgi.
Bar = 5 mm.
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Golgi develops adjacent to sites of vesicle budding from
the ER (Fig. 4). Occasionally, two small PfSec24a foci
could be seen flanking a single spot of PfGRASP–GFP,
suggesting that fission of an existing tER site or de novo
creation of a new tER site precedes Golgi duplication
(Fig. 4, bottom row).

Potential conservation of a cargo binding site
on PfSec24

Having defined tER sites through the localization of
PfSec24a, we proceeded to test the conservation of the
cargo-binding function of this COPII component. Struc-
tural and genetic data on the known cargo binding sites on
yeast and mammalian Sec24 led us to inspect the
sequences of PfSec24a and PfSec24b for conserved fea-

tures, summarized in Fig. S4. Of the three known sites,
the B-site appears to fulfil the main cargo-binding duties
on Sec24. This region is highly conserved across species
and mutagenesis of residues within this site compromises
the export of multiple cargo proteins. The site is a basic
pocket formed by a zinc-finger domain that engages in
electrostatic interactions with acidic residues of ER export
signals, including the diacidic DxE of the yeast Golgi
protein Sys1, and the LxxLE-related signals of some
ER-Golgi SNAREs (Miller et al., 2003; Mossessova et al.,
2003). PfSec24a, but not PfSec24b, retains the four key
arginine residues that form crystallographic contacts with
acidic signals (Fig. S4). Given the high degree of conser-
vation of the B-site of PfSec24a, we attempted yeast
complementation experiments to determine whether
PfSec24a could compensate for growth defects caused

Fig. 3. The parasite COPII protein PfSec24a
labels discrete tER sites.
A. PfSec24a–GFP marks 1–2 foci in ring
stages (first row) and 2–3 foci in trophozoite
stages (second row, parasites labelled ‘P’ in a
doubly infected erythrocyte). Proliferation of
tER sites accompanied the onset of nuclear
division in early schizonts (third row). Late in
the intraerythrocytic cycle, however, only a
single spot of PfSec24a–GFP is associated
with each nucleus in late schizonts (fourth
row). Similarly, released merozoites typically
possess a single spot of PfSec24–GFP
fluorescence (fifth row).
B. Parasites co-transfected with
PfSec24a–mRFP and GFP–PfSec12 at the
trophozoite stage. PfSec24 foci appear
closely associated with the nuclear envelope
in mature parasites. Bar = 5 mm.
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by either the complete loss of yeast Sec24 or the abro-
gation of specific cargo-binding functions. PfSec24a was
unable to support viability in the absence of endogenous
Sec24, likely owing to the poor expression levels obtained
(data not shown). The lack of functional interspecies
complementation may also stem from an inability to
form productive heteromeric COPII complexes. Indeed,
another parasite COPII protein, PfSar1, was also unable
to complement the endogenous gene (Adisa et al., 2007).

We next asked whether the conserved B-site on
PfSec24a functions in export from the ER. Because of the
difficulty in reliably identifying export signals of secreted
proteins, we examined the behaviour of a model protein,
yeast Sys1, with a canonical diacidic signal. Sys1 recruits
Arf-like GTPases to the Golgi and is a polytopic mem-
brane protein with a cytosolic C-terminal domain that con-
tains a DxE motif required for efficient ER egress
(Votsmeier and Gallwitz, 2001; Behnia et al., 2004). We
established transgenic lines expressing GFP fusions of
Sys1 containing either an intact export motif (GFP–
Sys1DxE) or one that had been mutated to alanine (GFP–

Sys1AxA), and examined the localization of the reporter
by live cell imaging to determine if the diacidic motif con-
ferred efficient export from the ER. To delineate the ER,
parasites were co-transfected with mRFP–PfSec12. Wild-
type GFP–Sys1DxE was successfully exported from the
ER. Unlike in yeast, the protein was transported beyond
the Golgi, accumulating at the parasite plasma membrane
(Fig. 5). Retention of Sys1 in the Golgi in yeast may be a
function of the length of the transmembrane domains
in relation to the thickness of the membrane bilayer
(Bretscher and Munro, 1993), and differences in mem-
brane lipid composition between yeast and P. falciparum
may result in transit of Sys1 beyond the parasite Golgi.

GFP–Sys1AxA also accumulated at the plasma mem-
brane, but a proportion of GFP–Sys1AxA was detected in
the ER, suggesting a slower export of mutant Sys1
(Fig. 5). One explanation for the similar localizations of
the wild-type and mutant proteins is that both exit the ER,
albeit at different rates that are poorly resolved by steady-
state observations. In the absence of retention or retrieval
mechanisms, proteins can leave the ER by a non-specific

Fig. 4. Close apposition of
PfSec24a-marked tER sites and Golgi.
Parasites expressing PfSec24a–mRFP and
PfGRASP–GFP demonstrate a close
relationship between the number and location
of tER sites and Golgi, as illustrated in three
representative parasites. Occasionally, two
tER foci can be observed adjacent to a single
Golgi spot (arrow in bottom row). Bar = 5 mm.

Fig. 5. Expression of a model secreted
protein, yeast Sys1. Parasites coexpressing
the ER marker mRFP–PfSec12 (from the
calmodulin 5′ UTR) and the GFP–Sys1
reporter protein with either an intact DxE
export signal (WT) or a mutated AxA signal
(AxA). Although both forms of GFP–Sys1 are
delivered to the plasma membrane, a fraction
of mutant GFP–Sys1AxA is observed in the
ER (arrow). Bar = 5 mm.
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‘bulk flow’ mechanism. In support of this, GFP that is
translocated into the parasite ER but that lacks a
C-terminal retrieval motif ultimately accumulates in the
parasitophorous vacuole (Adisa et al., 2003).

Brefeldin A causes retention of GFP–Sys1 at tER sites
in a manner dependent on the ER export motif

The fungal metabolite brefeldin A (BFA) perturbs secre-
tory traffic by preventing activation of the Arf1 GTPase,
and treatment of P. falciparum parasites with BFA results
in retention of secreted proteins within the ER (Crary and
Haldar, 1992; Benting et al., 1994). Microscopic examina-
tion of BFA-treated lines expressing GFP–Sys1 revealed
a striking difference in the distribution of the wild-type and
mutant proteins: wild-type Sys1 was concentrated in 1–2
distinct foci, whereas the diacidic mutant was found in the
perinuclear ER (Fig. 6A).

Transitional ER sites in mammalian cells are not dis-
persed by BFA treatment (Ward et al., 2001), and we
surmised that ER-retained wild-type Sys1 is enriched in
tER sites through interaction with PfSec24a, which is
abrogated by mutation of the DxE motif. We therefore
generated transgenic lines coexpressing wild-type or
mutant GFP–Sys1 and PfSec24a–mRFP. Ring stage
parasites were treated with BFA for 16 h and examined by
live cell microscopy. The diacidic mutant, GFP–Sys1AxA,
was retained in the general ER in a pattern coincident with
PfSec12 (Fig. 6A), whereas wild-type GFP–Sys1DxE was
found exclusively in PfSec24a-marked tER foci (Fig. 6B).
As a comparison with GFP–Sys1, we examined the
behaviour of a GFP fusion of the chloroquine resistance
transporter PfCRT, a multispanning membrane protein
that is trafficked to the digestive vacuole. In contrast to the
punctate foci observed after BFA-treatment of wild-type
GFP–Sys1, PfCRT–GFP was retained throughout the ER

Fig. 6. Brefeldin A (BFA) treatment causes retention of GFP–Sys1 at tER sites in an export signal-dependent manner. Parasites
coexpressing either GFP–Sys1DxE (WT) or GFP–Sys1AxA (AxA) with (A) mRFP–PfSec12 (from the calmodulin 5′ UTR) or (B)
PfSec24a–mRFP were treated with 5 mg ml-1 BFA for 16 h prior to imaging. A merged image of a mock-treated control is shown for
comparison. ER-retained GFP–Sys1AxA colocalized with PfSec12 throughout the ER (A), whereas GFP–Sys1DxE was enriched at tER sites
coincident with PfSec24a (B). Bar = 5 mm.

ER organization of Plasmodium falciparum 7

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Molecular Microbiology



in a homogenous perinuclear pattern (Fig. S5), suggest-
ing either that the interaction with PfSec24a is insuffi-
ciently robust to be detected under these conditions or
that PfCRT does not possess an ER export motif. Simi-
larly, a chimeric protein consisting of the first 35 residues
of Exp1 fused to GFP, which would not be expected to
interact with PfSec24a and is normally secreted to the
parasitophorous vacuole, was also retained within the
parasite in a diffuse pattern upon BFA treatment (Adisa
et al., 2003). Although a direct interaction between dia-
cidic ER export signals and PfSec24a awaits a more
rigorous biochemical proof, our data strongly suggest that
PfSec24a possesses a functional cargo binding B-site
that acts to enrich selected secretory proteins at tER sites.

Discussion

The ER of P. falciparum processes a large number of
parasite proteins destined for export to the host erythrocyte
or to intraparasitic sites such as the digestive vacuole
(Marti et al., 2005; Przyborski and Lanzer, 2005; Tonkin
et al., 2006). Egress of these proteins from the ER uses a
vesicle transport system that originates in dedicated sub-
domains, known as transitional ER or tER. To define the
tER in P. falciparum, we characterized two proteins, Sec12
and Sec24, involved in the generation of ER-derived COPII
vesicles. Unlike species in which Sec12 marks discrete
foci, PfSec12 was found dispersed throughout the ER.
Although Sec12 was initially considered a ‘landmark’ tER
protein, neither RNAi depletion in mammalian cells nor
generation of a delocalized Sec12 mutant in P. pastoris
had an appreciable effect on the integrity of tER sites
(Soderholm et al., 2004; Bhattacharyya and Glick, 2007).
Dissection of the P. pastoris Sec12 protein revealed that
localization to defined tER sites required determinants in
both the large cytosolic domain and the charged lumenal
domain, likely mediating interactions with additional tER
proteins and homo-oligomerization respectively (Soder-
holm et al., 2004). PfSec12 possesses a comparatively
small lumenal domain that lacks the charged regions that
mediate oligomerization, suggesting that at least one
determinant of tER localization is absent. Like PfSec12,
GFP-tagged PfSar1 is primarily distributed throughout the
ER, although some regions of enrichment were observed
that may correspond to tER sites (Adisa et al., 2007).

To more definitively test for the presence of tER sites, we
examined the parasite orthologue of the cargo adaptor
protein Sec24. Unlike Sec12, the COPII coat proteins are
more robust markers of tER domains, and examination of
tagged PfSec24 revealed distinct foci that likely represent
tER sites. Such structures in both mammalian cells and
P. pastoris are relatively stable and can arise de novo or
undergo fission and fusion (Bevis et al., 2002; Stephens,
2003). Consistent with a similarly stable population of tER

sites in P. falciparum, we observed a relatively uniform
number of tER sites in parasites of similar developmental
stages, with mature trophozoites containing ~2–3 tER and
a similar number of Golgi. These observations are consis-
tent with the recent description of parasite Sec13, which is
similarly localized to distinct foci that closely appose the
Golgi (Struck et al., 2008). Late in schizogony, daughter
merozoites each inherit a single PfSec24-labelled struc-
ture that likely corresponds to an apically oriented zone of
vesicle budding from the nuclear envelope previously
observed by electron microscopy (Ward et al., 1997; Tara-
schi et al., 1998; Bannister et al., 2000b). Segregation of
the tER into daughter cells is unlikely to be a stochastic
process but may involve positioning by the spindle pole
body, which in polarized merozoites is located at the
nuclear envelope adjacent to vesicle budding profiles
(Ward et al., 1997; Taraschi et al., 1998; Bannister et al.,
2000b). Multiplication of tER sites appears to precede both
duplication of the Golgi and nuclear division. In particular,
two closely situated tER sites can occasionally be seen
flanking a single spot of Golgi fluorescence, suggesting
that the tER in P. falciparum duplicates by fission. This
mechanism is similar to that suggested for T. gondii para-
sites, which show co-ordinated division of tER sites and
Golgi following elongation of both structures (Pelletier
et al., 2002). However, our observations are also compat-
ible with the de novo appearance of a second tER site
adjacent to the first. A more precise description of these
events will require time-lapse imaging in live cells to
resolve these alternative scenarios.

The formation of defined sites of vesicle budding from
the ER appears to correlate with increased Golgi organi-
zation. In S. cerevisiae, which lacks coherent tER sites
and buds COPII vesicles from the entire ER, the Golgi is
unstacked with individual cisterna distributed throughout
the cell. In contrast, close apposition of a stacked Golgi
near discrete tER sites is observed in P. pastoris, plant
cells, and the unicellular parasites T. gondii and Trypano-
soma brucei (Rossanese et al., 1999; Pelletier et al., 2002;
daSilva et al. 2004; He et al., 2004). One implication of this
close relationship is that the disruption of tER integrity
should affect Golgi organization. This prediction was veri-
fied in P. pastoris using a temperature-sensitive sec16
mutant, which disrupted discrete tER sites resulting in
Golgi fragmentation at restrictive temperature. In P. falci-
parum, however, we observe discrete tER sites that abut
the Golgi, yet numerous electron microscopy and early
immunofluorescence studies indicate that the parasite
Golgi is a rudimentary, unstacked organelle, suggesting
that coherent tER sites are not sufficient to generate Golgi
stacks (de Castro et al., 1996; Van Wye et al., 1996; Ward
et al., 1997; Bannister et al., 2000b). The static images
obtained by electron microscopy, however, may not reveal
a higher order level of organization that may be highly
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dynamic. Indeed, recent live cell imaging of parasite
GRASP and Rab6 reveals a close relationship between
these early and late Golgi markers (Struck et al., 2008),
suggesting that some degree of organization of these two
compositionally distinct compartments does exist even
though elaborate Golgi stacks are not observed.

The full repertoire of proteins required to make a polar-
ized Golgi stack remains to be determined, but compara-
tive studies of early secretory pathway organization in
different organisms may hold the key to dissecting the
molecular determinants of membrane organization. From
an evolutionary perspective, the absence of elaborate
Golgi stacks in P. falciparum is likely to result from a
secondary loss of this feature (Dacks et al., 2003). This
degeneration may be explained by the functional require-
ments of the Plasmodium secretory apparatus: one of the
major roles of the Golgi is the progressive modification of
oligosaccharide side-chains during glycoprotein transit
through the Golgi, and segregation of sequentially acting
glycosyltransferases across the Golgi stack may be a
mechanism to improve the fidelity and efficiency of glyco-
protein processing. P. falciparum, however, appears to
have a minimal capacity for protein glycosylation, render-
ing a complex Golgi structure unnecessary (Gowda and
Davidson, 1999; Anantharaman et al., 2007).

Aside from influencing Golgi morphology, tER sites also
play an important role in the selective loading of cargo
proteins into transport vesicles. Enrichment of cargo pro-
teins at tER sites is likely to be mediated by two non-
exclusive determinants: acquisition of a correctly folded
state (Mezzacasa and Helenius, 2002) and interaction
with the COPII coat. Sec24 functions as the COPII cargo
adaptor that engages secretory proteins by direct interac-
tion (Miller et al., 2003; Mossessova et al., 2003). Of the
three known cargo binding sites on yeast Sec24, the
B-site is remarkably conserved across species. PfSec24a
retains characteristic cysteine and arginine residues at
this site that contribute to structural integrity and cargo-
binding, respectively, suggesting a conserved function for
PfSec24a in selective capture of cargo at parasite tER
sites. In contrast, a second putative Sec24 homologue,
PfSec24b, is less conserved overall and has alterations in
key cargo-binding residues. Although we have yet to dem-
onstrate that PfSec24b functions at the ER, duplication of
the Sec24 component of the COPII coat is a common
feature of many genomes, potentially allowing for expan-
sion of cargo-binding duties.

Given the conservation of the PfSec24a B-site, it seems
likely that signal-mediated capture into COPII vesicles
facilitates ER egress in P. falciparum. Using a heterolo-
gous cargo protein, yeast Sys1, which possesses a dia-
cidic ER export motif, we observed a small amount of
steady-state ER accumulation of the diacidic mutant but
not of the wild-type protein. This suggests a reduction in

ER export in the absence of an intact sorting signal.
Furthermore, accumulation of Sys1 in tER sites upon
treatment with BFA was dependent on the presence of an
intact export motif. Because Sys1 uses a diacidic ER
export signal that interacts with the B-site on yeast Sec24,
the accumulation of Sys1 in P. falciparum tER sites likely
derives from a similar interaction with the equivalent site
on PfSec24a.

Endoplasmic reticulum export signals tend to be simple
protein motifs that can be difficult to analyse by traditional
sequence-based search algorithms. In addition, some
secreted proteins use conformation-based signals that
cannot be easily predicted, further confounding the defini-
tive identification of ER export signals by cross-species
comparison (Mancias and Goldberg, 2007). Alternatively,
some cargo proteins leave the ER by non-selective bulk
flow, a process that is driven by stochastic sampling of
the ER membrane and lumen during vesicle formation
(Martinez-Menarguez et al., 1999; Malkus et al., 2002).
The low efficiency of this random process may be com-
pensated for by dramatic overexpression of proteins
(Martinez-Menarguez et al., 1999). In P. falciparum, the
stage-specific transcription of secretory proteins, com-
bined with the strict temporal pace of parasite develop-
ment, may suffice to drive adequate ER export of some
cargo proteins in the absence of selective enrichment
(Bozdech et al., 2003; Le Roch et al., 2003). Indeed, our
observation that PfCRT fails to accumulate in tER sites
upon BFA treatment is suggestive of stochastic ER egress
of this digestive vacuole membrane protein. A detailed
comparison of the mechanisms of ER export for a variety
of secreted parasite proteins will be required to discrimi-
nate non-selective export from the signal-mediated
capture of high priority cargo. Furthermore, the develop-
ment of quantitative in vitro assays for COPII vesicle
formation from parasite membranes will facilitate a more
mechanistic understanding of the contributions of specific
cargo–coat interactions to the packaging of secreted para-
site proteins.

Experimental procedures

Plasmid construction

Plasmids used in this study are listed in Table 1. The GFP–
SDEL and PfGRASP–GFP plasmids were kindly provided by
Dr Geoff McFadden (University of Melbourne, Australia; van
Dooren et al., 2005) and Dr Tim Gilberger (Bernhard Nocht
Institute for Tropical Medicine, Hamburg, Germany; Struck
et al., 2005) respectively. Yeast Sar1 was expressed from
pTY40 (Barlowe et al., 1994). The bacterial expression vector
pETGEXCT (Sharrocks, 1994) was used for recombinant
expression of GST-PfSar1 or GST alone. The PfSar1 coding
sequence was amplified by PCR from cDNA using primers
p1854/p1855 (listed in the supplementary material) and
ligated into the BamHI site of pETGEXCT to yield pETGEX-
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PfSar1. Parasite transfection vectors for expressing either
GFP or mRFP fusion proteins were derived from pDC-CRT-
FLAG (Fidock et al., 2000), which was modified as described
in the supplementary material.

Protein expression and PfSar1-binding assays

Recombinant GST fusions of Sar1 from P. falciparum
(PfSar1) and S. cerevisiae (ySar1), or GST alone were
expressed in E. coli BL21(DE3) codon+ cells and purified as
previously described (Barlowe et al., 1994). For GST-PfSar1
binding experiments, ~3 ¥ 108 infected erythrocytes contain-
ing parasites expressing mRFP–PfSec12 were first stripped
of the erythrocyte plasma membrane and the parasito-
phorous vacuole membrane by incubation with 0.05%
saponin (Sigma, St Louis, MO) in PBS for 10 min, followed by
centrifugation at 3200 g. The parasite pellet was washed
with PBS and solubilized with 1 ml of 2% (w/v) n-octyl-b-D-
glucopyranoside (Anatrace, Maumee, OH) in binding buffer
(20 mM Tris, 300 mM potassium acetate, 1 mM EDTA,
pH 6.8) for 30 min on ice. Insoluble material was removed by
centrifugation at 13 000 g for 2 min. An aliquot (250 ml) of the
supernatant was mixed with GST fusion proteins immobilized
on glutathione agarose beads (15 ml of a 50% slurry) for 1 h
at 4°C. Beads were washed three times with 0.2% n-octyl-b-
D-glucopyranoside in binding buffer, and resuspended in
SDS gel-loading buffer. Proteins captured on beads were
analysed by SDS gel electrophoresis and immunoblotting.
The presence of mRFP–PfSec12 was detected using an
anti-DsRed polyclonal antibody (1:15 000 dilution, BD Bio-
sciences, Rockville, MD) and an HRP-conjugated anti-rabbit
secondary antibody (1:10 000 dilution; GE Healthcare, Pis-
cataway, NJ).

Parasite transfection and culture

Parasites (Dd2 strain) were cultured in RPMI-1640 media
with 0.5% (w/v) Albumax II (Invitrogen, Carlsbad, CA) under
5% O2, and transfected as previously described (Fidock and
Wellems, 1997). Approximately 24 h post transfection, para-
site cultures were treated with either 2.5 nM WR99210
(Jacobus Pharmaceuticals, Princeton, NJ) or 2 mg ml-1 Blas-

ticidin S (Invitrogen), individually or in combination to select
for plasmids harbouring the human dhfr or bsd selectable
markers respectively. Parasite cultures were synchronized by
multiple treatments with 5% (w/v) sorbitol for 15 min at 37°C.

Image acquisition

For live cell imaging, 100 ml aliquots of resuspended culture
were washed once with RPMI-1640 media lacking phenol red
(Invitrogen) and Albumax II, and the cells applied to poly-L-
lysine coated glass-bottom culture dishes (MatTek, Ashland,
MA). Adherent cells were overlaid with 1 ml of RPMI media
(free of phenol red and Albumax II) containing 2 mg ml-1

Hoechst 33342 (Sigma) to stain the nuclei, and were imaged
immediately at room temperature. In experiments involving
BFA (Epicenter Biotechnologies, Madison, WI), ring-stage
parasites were treated with either 5 mg ml-1 of BFA in 100%
ethanol, or ethanol alone (final concentration of 0.1%),
for 16 h prior to imaging. BFA was included in the imag-
ing medium where appropriate. For immunofluorescence,
samples were prepared essentially as described in Tonkin
et al. (2004), using rabbit anti-BiP antibodies (1/500 dilution,
Malaria Research and Reference Reagent Resource Center,
VA) and Alexa Fluor 594 goat anti-rabbit secondary anti-
bodies (1/2500 dilution, Molecular Probes, OR). Images were
acquired on either an Olympus IX81 inverted microscope
(Melville, NY) with 60¥ N.A. 1.4 PlanApo optics and a Cooke
Sensicam QE air-cooled charge-coupled device camera
(Analytical Imaging Facility, Albert Einstein College of Medi-
cine, Bronx, NY), or a Nikon TE300 inverted microscope
(Melville, NY) with 100¥ N.A. 1.4 PlanApo optics and a
Hamamatsu Orca-ERG charge-coupled device camera.
Images were collected with either IPLab 4.0 (BD Bio-
sciences) or Openlab 5.0 (Improvision, Waltham, MA) soft-
ware systems, and analysed using Adobe Photoshop (Adobe
Systems, Mountain View, CA).
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