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ABSTRACT The malarial parasite dramatically alters its
host cell by exporting and targeting proteins to specific
locations within the erythrocyte. Little is known about the
mechanisms by which the parasite is able to carry out this
extraparasite transport. The fungal metabolite brefeldin A
(BFA) has been used to study the secretory pathway in
eukaryotes. BFA treatment of infected erythrocytes inhibits
protein export and results in the accumulation of exported
Plasmodium proteins into a compartment that is at the par-
asite periphery. Parasite proteins that are normally localized
to the erythrocyte membrane, to nonmembrane bound inclu-
sions in the erythrocyte cytoplasm, or to the parasitophorous
vacuolar membrane accumulate in this BFA-induced com-
partment. A single BFA-induced compartment is detected per
parasite and the various exported proteins colocalize to this
compartment regardless of their final destinations. Parasite
membrane proteins do not accumulate in this novel compart-
ment, but accumulate in the endoplasmic reticulum (ER),
suggesting that the parasite has two secretory pathways. This
alternate secretory pathway is established immediately after
merozoite invasion and at least some dense granule proteins
also use the alternate pathway. The BFA-induced compart-
ment exhibits properties that are similar to the ER, but it is
clearly distinct from the ER. We propose to call this new
organelle the secondary ER of apicomplexa. This ER-like
organelle is an early, if not the first, step in the export of
Plasmodium proteins into the host erythrocyte.

The malarial parasite invades and infects an erythrocyte
during one stage of its life cycle. During this intraerythrocytic
stage, the parasite extensively modifies the cytoplasm and the
plasma membrane of the host erythrocyte. These modifica-
tions include the appearance of membranous clefts and vesi-
cles, as well as nonmembrane bound aggregates of parasite
proteins within the host cell cytoplasm. Ultrastructural
changes of the host erythrocyte membrane include the ap-
pearance of electron dense knobs andyor the formation of
caveola–vesicle complexes on the surface of some Plasmodi-
um-infected erythrocytes (1). Presumably such alterations are
important for the survival of the parasite. Little is known about
how the parasite carries out these modifications of the host
erythrocyte. The problem is more complex than the parasite
simply secreting proteins into the host erythrocyte. The mem-
brane bound clefts and the nonmembrane bound aggregates
are distinct compartments within the infected erythrocyte (2,
3) and parasite proteins are specifically targeted to these
various intraerythrocytic compartments including the host
membrane. This extraparasite transport process cannot rely
upon the intracellular transport machinery of the host cell

since the mature erythrocyte completely lacks internal mem-
branes and organelles. Thus, the parasite has the ability to
transport and target proteins to compartments beyond its own
plasma membrane.

Eukaryotic cells efficiently target proteins to different in-
tracellular compartments. This intracellular transport and
sorting is carried out by the endoplasmic reticulum (ER) and
Golgi apparatus via vesicles (4). The malaria parasite’s ER and
Golgi apparatus are not well characterized morphologically
and have only been described as loosely associated vesicles (5,
6). In addition, some of the proteins involved in the eukaryotic
secretory pathway have been identified in Plasmodium falci-
parum (7–10). Brefeldin A (BFA) is a fungal metabolite that
inhibits protein secretion and has been used to investigate the
secretory pathway (11). BFA also inhibits the export of
parasite proteins destined for various compartments within the
infected erythrocyte (12–15), suggesting that the parasite’s
secretory pathway is involved in the export of proteins into the
host erythrocyte.

To learn more about extraparasite transport in Plasmodium,
we examined the fate of exported proteins after BFA treat-
ment. BFA treatment results in the accumulation of exported
Plasmodium proteins into a novel compartment at the parasite
periphery. This BFA-induced compartment exhibits some
similarities to the ER, but it is distinct from the ER. These
results demonstrate that the malarial parasite has two parallel
secretory pathways: one is the normal intracellular secretory
pathway and the other pathway specializes in the export and
targeting of proteins into the host cell.

MATERIALS AND METHODS

Preparation of Infected Erythrocytes and Antibodies. Plas-
modium berghei (K173 strain) and Plasmodium chabaudi
(strain 54X) were obtained from H. Mühlpfordt and R. Walter
(Bernhard-Nocht-Institute, Hamburg, Germany), respectively,
and maintained by serial passage in CD-1 outbred mice
(Charles Rivers Laboratories). Mice were housed at the Tu-
lane University Medical Center vivarium in accordance with
applicable regulations. Parasitemia was monitored by Giemsa-
stained thin blood smears obtained from tail snips. After
axillary incision infected blood was collected with heparinized
Pasteur pipettes and washed three times in RPMI 1640 me-
dium. P. chabaudi-infected erythrocytes were collected be-
tween midnight and 0100 corresponding to the period of
maximum schizont rupture and merozoite invasion. The in-
fected erythrocytes were resuspended at a hematocrit of 5% in
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RPMI 1640 medium containing 10% fetal calf serum and
incubated with BFA at 5–10 mgyml. Controls were treated with
0.05–0.1% methanol. After incubation in a candle jar at 37°C
(16), the infected erythrocytes were washed twice in Hanks’
balanced salt solution and examined by immunofluorescence
and immunoelectron microscopy as described below.

mAbs against P. berghei proteins, prepared from hyperim-
mune mice (17), include mAb F4.4 against merozoite surface
protein 1 (MSP-1) (18) and mAb I2.6 and mAb W3.5 against
31-kDa and 13-kDa P. berghei proteins, respectively. Parasite
proteins associated with the erythrocyte membrane have been
purified and used to generate mAb 16.3 against a 65-kDa P.
berghei protein, Pb(em)65, and mAb 13.5 against a 93-kDa P.
chabaudi protein, Pc(em)93 (19). A monospecific polyclonal
rabbit antiserum was raised against a 24-kDa P. chabaudi
protein (Ag-3008) localized to the parasitophorous vacuolar
membrane (PVM) (20). A rabbit antiserum raised against the
last 11 amino acids of P. falciparum BiP (7) that also cross-
reacts with P. berghei (21) was used as a marker for the ER.

Immunofluorescence and Preembedding Immunoelectron
Microscopy. Infected erythrocytes were fixed with 0.025–
0.05% glutaraldehyde for 10 min, treated with glycine, and
washed in Hanks’ balanced salt solution containing 1% BSA as
described (22). The samples were then incubated with primary
antibodies in the presence of 0.1% Triton X-100 for 1 hr at
room temperature followed by three washes and incubation
with fluorochrome-conjugated anti-mouse or anti-rabbit IgG
(Sigma). After three more washes, the samples were examined
for epif luorescence under UV illumination. Parasites were
counterstained with ethidium bromide (10 mgyml) as indi-
cated. Samples for scanning confocal microscopy were
mounted under a coverslip in 0.1 M TriszHCl (pH 8.5) con-
taining 25% glycerol, 10% polyvinyl alcohol, and 2.5% 1,4-
diazabicyclo-[2.2.2]octane and examined with a Leica (model
H20-004) confocal microscope.

The preembedding immunoelectron microscopy procedure
was identical to the immunofluorescence assay except that
ultrasmall (,1 nm) colloidal-gold-conjugated anti-mouse IgG
(Electron Microscopy Sciences, Fort Washington, PA, cata-
logue no. 25121) was used instead of the fluorochrome-
conjugated anti-mouse IgG. After a 1-hr incubation and three
washes, the samples were fixed with 2% glutaraldehyde in 0.1
M cacodylate buffer (pH 7.2) containing 4% sucrose and 10
mM CaCl2. After osmication, the ultrasmall gold particles were
silver-enhanced for 7 min at room temperature by using the
Aurion-R-Gent silver enhancement kit (Electron Microscopy
Sciences, Fort Washington, PA). The samples were then
dehydrated and embedded in plastic for electron microscopy.
Stained sections were examined with a JEOL 1200EX-II
electron microscope.

Postembedding Electron Microscopy. After the short-term
culture in the presence or absence of BFA, the infected
erythrocytes were fixed in 0.1 M cacodylate buffer (pH 7.2)
containing 0.2% glutaraldehyde, 4% sucrose, and 10 mM
CaCl2. The osmium and uranyl treatments were omitted and
the partially dehydrated samples were embedded in LR White
and polymerized at 55°C. After sectioning, the sections on
nickel grids were sequentially incubated with the mAbs and
with anti-mouse anti-IgG coupled to 6-nm colloidal gold.
Unstained grids were examined with the electron microscope
at 20–40 kV and stained grids were examined at 80 kV.

RESULTS AND DISCUSSION

To study the extraparasite transport of proteins, P. berghei-
infected erythrocytes were treated with BFA and examined by
immunofluorescence microscopy using antibodies against pro-
teins that are exported into different compartments within the
host erythrocyte (Table 1). One such exported protein,
Pb(em)65, is a 65-kDa protein that is localized to the eryth-

rocyte membrane (19). After BFA treatment Pb(em)65 is
associated with the parasite in some infected erythrocytes (Fig.
1B). A similar phenomenon is also observed with Pb(ec)31
(Fig. 1D) and Pb(ec)13 (data not shown), which are normally
localized to nonmembrane bound inclusions within the eryth-
rocyte cytoplasm (17). A single BFA-induced structure of
various sizes is observed per parasite. These BFA-induced
structures are first observed after approximately 30 min of
treatment and the maximum effect occurs after 2–4 hr of
treatment. This BFA-induced structure is most prominent in
erythrocytes containing less of the exported proteins (i.e.,
showing little or no fluorescence associated with the erythro-
cyte membrane or with cytoplasmic inclusions). These results
suggest that BFA only blocks the export of newly synthesized
proteins and leads to their accumulation in this novel com-
partment but does not affect proteins already exported to their
final destinations.

As a control for the parasite’s normal secretory pathway, the
BFA-treated samples were also analyzed with a mAb raised
against a parasite membrane protein known as MSP-1. Treat-
ment with BFA blocks the transport of MSP-1 to the parasite
membrane and results in the accumulation of MSP-1 in the
parasite cytoplasm (Fig. 1F). The fluorescence is not an evenly
disperse staining as observed for known cytosolic proteins (23)
but appears mottled, suggesting that MSP-1 is now associated
with vesicles. A similar immunofluorescence pattern has been
reported for P. falciparum BiP (8), a molecular chaperon that
resides in the lumen of the ER (7), and this same mottled
cytoplasmic staining is also observed in P. berghei (Fig. 1G).
Treatment with BFA does not affect the pattern of anti-BiP
staining (data not shown). The similarity of the mAb F4.4
fluorescence pattern with that of an ER marker and the
observation that the Plasmodium ER is a loose network of
vesicles (5, 6) suggest that MSP-1, as expected (11), is accu-
mulating in the ER after BFA treatment. Therefore, Pb(em)65
and Pb(ec)31 are not traversing through the ER and Golgi but
are accumulating in a previously unrecognized compartment.

The effect of BFA treatment on the export of a 93-kDa
erythrocyte-membrane-associated protein, Pc(em)93, was de-
termined in a synchronous P. chabaudi infection (Fig. 2).
Pc(em)93 is synthesized exclusively during the early ring stage
(19) and then rapidly transported to the erythrocyte mem-
brane (24). BFA treatment of P. chabaudi-infected erythro-
cytes during the early ring stage blocks the transport of
Pc(em)93 to the erythrocyte membrane and leads to its
accumulation in a structure similar to that observed for
Pb(em)65 and Pb(ec)31. The BFA-induced structure is not
observed if infected erythrocytes are treated during periods

Table 1. Summary of antibodies

Antibody Protein Location Species Ref(s).

mAb 16.3 Pb(em)65 Erythrocyte
membrane

P. berghei 19

mAb I2.6 Pb(ec)31 Cytoplasmic
inclusion

P. berghei 17, 22

mAb W3.5 Pb(ec)13 Cytoplasmic
inclusion

P. berghei P.
chabaudi

17, 25

mAb F4.4 MSP-1 Parasite
membrane

P. berghei 17, 18

mAb 13.5 Pc(em)93 Erythrocyte
membrane

P. chabaudi 19

Anti-3008 Ag-3008 PVM, dense
granules

P. chabaudi 20

Anti-BiP BiP ER P. falciparum
P. berghei

7, 21

For each of the mAbs or monospecific polyclonal rabbit antibodies
used in this study, the recognized proteins, their locations, and the
species are indicated. Cytoplasmic inclusion refers to a nonmembrane
bound structure in the erythrocyte cytoplasm.
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not coinciding with the synthesis of Pc(em)93, thus confirming
that BFA only inhibits the transport of newly synthesized
Pc(em)93 and does not affect Pc(em)93 already associated
with the erythrocyte membrane. Likewise, BFA only blocks
the export of the 19-kDa P. chabaudi protein recognized by
mAb W3.5 (25) during the late trophozoite and schizont stages
coincident with its synthesis (data not shown). Counterstaining
with ethidium bromide reveals a single BFA-induced structure
per parasite at the periphery of the parasite (Fig. 2 A). Scan-
ning confocal f luorescence microscopy (Fig. 2 B–F) indicates
that there is little overlap between the ethidium bromide
staining compartment (i.e., parasite RNA and DNA) and the
compartment containing the accumulated Pc(em)93. In this
particular parasite the BFA-induced structure is larger than
normal and appears as large as the parasite itself. The lack of
host membrane fluorescence and relatively small size of the
parasite suggests that it is a recently invaded erythrocyte.

Morphologically similar BFA-induced structures have also
been reported in P. falciparum for Ag-Pf332 and the glycoph-
orin-binding protein. Ag-Pf332 (14), which is associated with
the cytoplasmic face of the erythrocyte membrane, and the
glycophorin-binding protein (15), which is associated with
nonmembrane bound cytoplasmic inclusions, both accumulate
in the parasite after BFA treatment. These investigators
reported that the BFA-induced structures were in the perinu-
clear region of the parasite. This interpretation of the subcel-
lular location of P. falciparum antigens after BFA treatment
was due to a misconception that propidium iodide only stained
DNA, thereby confusing the parasite-associated fluorescence
for nuclear fluorescence. Propidium iodide stains both DNA
and RNA (26) and malarial parasites counterstained with
propidium iodide are indistinguishable from those stained with
ethidium bromide (data not shown).

Dyer et al. (27) have also reported an immunofluorescence
pattern at the parasite periphery, which is similar to that of the
BFA-induced structures. These antibodies were raised against
a P. falciparum P-type ATPase called PfATPase4. PfATPase4
and PfATPase6, another Plasmodium P-type ATPase, are
homologous to the Ca21-ATPase of the ER. The original
antibody used in the PfATPase4 immunofluorescence studies
(27) is no longer available, and therefore, it cannot be deter-
mined at this time whether PfATPase4 localizes to the BFA-
induced compartment. Nonetheless, because of its location at
the parasite periphery and homology to the ER Ca21-ATPase,
we propose that PfATPase4 resides in the novel BFA-induced
compartment. The BFA-induced accumulation of exported
Plasmodium proteins into a compartment distinct from the ER
implies that the parasite has two ER-like organelles. The
expression of two distinct organellar Ca21-ATPase genes
during the blood stage (27, 28) is also consistent with the
malaria parasite having two ER-like organelles. One of these
ER-like organelles is analogous to the ER of other eukaryotic
cells, as represented by the compartment labeled with anti-BiP,
and is responsible for the intracellular transport of proteins to
the parasite membrane (e.g., MSP-1) and other intraparasite
organelles. PfATPase6 presumably resides in this ER, but no
localization data are currently available. The other ER-like

FIG. 1. Effect of BFA on the transport of P. berghei proteins. P.
berghei-infected erythrocytes were incubated for 2 hr in the presence
(B, D, and F) or absence (A, C, E, and G) of BFA (10 mgyml) and
analyzed by immunofluorescence using mAb 16.3 (A and B), mAb I2.6
(C and D), mAb F4.4 (E and F), or rabbit anti-BiP (G). For the
exported proteins, treatment with BFA results in the accumulation of
Pb(em)65 (B) and Pb(ec)31 (D) in parasite-associated structures
(arrows). MSP-1, which is normally localized to the parasite surface
(emphasized with arrowhead), accumulates in the cytoplasm of the
parasite after BFA treatment (D) in a pattern similar to the ER marker
BiP (G).

FIG. 2. Inhibition of the transport of Pc(em)93 with BFA. P.
chabaudi-infected erythrocytes were collected during a period of
maximum schizont rupture and merozoite invasion, cultured with BFA
(10 mgyml), and analyzed by immunofluorescence using mAb 13.5
(green). Parasites were counterstained with ethidium bromide (orange
or red). The samples were either analyzed by conventional immuno-
fluorescence microscopy (A) or scanning confocal immunofluores-
cence microscopy (B–F). The five confocal frames are consecutive
0.5-mm optical sections. Treatment with BFA results in the accumu-
lation of Pc(em)93 into a compartment at the parasite periphery
(arrow).
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organelle is located at the parasite periphery and specializes in
exporting proteins into the host erythrocyte. In anticipation of
detecting similar ER-like compartments for protein export in
other apicomplexa, we propose to call this other ER-like
compartment the secondary ER of apicomplexa or sERA.

Presumably exported Plasmodium proteins will contain sig-
nal sequences that target them to the sERA. Many exported
P. falciparum proteins contain typical signal sequences (29,
30), and a few of these proteins translocate across microsomal
membranes in vitro (30). Comparison of N-terminal amino
acids¶ from Pc(em)93 with other P. chabaudi proteins, includ-
ing the parasite-membrane-associated MSP-1, the rhoptry-
associated AMA-1, the dense-granule-associated Ag-3008,
and the erythrocyte-membrane-associated PcEMP-1 revealed
typical signal sequences (31) in all five proteins (data not
shown), and no distinctions between proteins exported into the
erythrocyte and proteins associated with intraparasite com-
partments were noted. In light of the observation that BFA
prevents the cleavage of the signal sequence from rhoptry
proteins (32, 33), the sizes of Pc(em)93, Pb(em)65, and
Pb(ec)31 from BFA-treated and control cells were compared,
and no size differences were detected (R.A.B. and M.F.W.,
unpublished results). Determining the nature of the potential
sERA signal sequences will probably require an empirical
approach involving the parasite transfection (34).

Ag-3008 is a 24-kDa P. chabaudi protein that has been
previously localized to the PVM and to cytoplasmic clefts
within trophozoite-infected erythrocytes (20). During the sch-
izont and merozoite stages, this protein is associated with the
dense granules. Presumably Ag-3008 is synthesized during the
schizont stage and then transferred to the PVM as a result of
dense granule release occurring after merozoite invasion (35).
BFA treatment of infected erythrocytes during the early ring
stage, but not at other times in the schizogonic cycle, results in
the accumulation of Ag-3008 in the BFA-induced structure
(Fig. 3). This suggests that BFA treatment can affect the
secretion of both newly synthesized proteins and proteins
synthesized in the previous replicative cycle but still in transit
to their final destination at the time of BFA treatment.
Furthermore, both Ag-3008 and Pc(em)93 are localized to the
same BFA-induced compartment (Fig. 3), indicating that the
parasite has a single sERA. The BFA block of Pc(em)93 and
Ag-3008 export also indicates that the sERA is established
immediately after merozoite invasion. Interestingly, PfAT-
Pase4 is also expressed maximally during the ring stage (27).
After its establishment, the sERA then remains in operation
throughout the schizogonic cycle since proteins that are ex-
ported in the trophozoite and schizont stages also utilize this
pathway.

The observation that Ag-3008 uses the sERA also implies
that dense granules may participate in the establishment of this
alternate secretory pathway. Dense granules are analogous to
secretory vesicles and are well characterized in Toxoplasma
(36). In Toxoplasma tachyzoites, the exocytosis of dense gran-
ules occurs at the apical end within minutes after invasion,
suggesting that there are predetermined sites for exocytosis
(37). Just prior to exocytosis, membranous formations are
observed in many of the dense granules (38). Interestingly,
Toxoplasma dense granule proteins are differentially targeted
to the PVM and to an intravacuolar network of membranes
found within the parasitophorous vacuole (36). Similarly,
Plasmodium dense granule proteins are differentially sorted to
the erythrocyte membrane (39, 40), to the PVM (20), and to
the parasite membrane (41). The differential targeting of these
dense granule proteins could provide a framework for the
alternate secretory pathway that then functions throughout the

remainder of the schizogonic cycle. Similarly, the establish-
ment of the alternate secretory pathway in the early ring stage
immediately after invasion suggests that other apical or-
ganelles could also play a role in the formation of the sERA.
For example, at the time of invasion the contents of the
rhoptries and micronemes are released and specialized do-
mains on the parasite plasma membrane may be formed as a
result. Alternatively, specialized membrane domains may al-
ready be present in the merozoite and these domains would
serve as a foundation for the establishment of the sERA.

Initial attempts to characterize the BFA-induced structure
at the ultrastructural level by using conventional immuno-
electron microscopy techniques were not successful. There-
fore, the immunofluorescence procedure was modified by
using an ultrasmall gold-conjugated second antibody that
behaves similar to fluorochrome-conjugated second antibod-
ies (42). The ultrasmall gold is subsequently detected after
silver enhancement. Examination of the BFA-treated P.
chabaudi-infected erythrocytes by using the preembedding
immunogold labeling followed by silver enhancement shows
that label is associated with the erythrocyte membrane and
with the parasite (Fig. 4A). Gold particles are not dispersed
throughout the cytoplasm of the BFA-treated parasite but are
found in clusters near the parasite periphery. A similar dis-
tribution of gold particles is also observed in P. berghei-infected
erythrocytes treated with BFA and labeled with mAb 16.3
(data not shown). The gold particles appear to identify a
membrane bound compartment that is distinct from the par-
asite cytoplasm (Fig. 4A, arrowheads). The required detergent
permeabilization step (22) and the low concentration of glu-

¶The GenBank accession numbers for the five sequences are U80896,
M34947, M25248, L19784, and M95789.

FIG. 3. Dual labeling experiments using antibodies against
Pc(em)93 and a PVM-associated protein. P. chabaudi-infected eryth-
rocytes were analyzed by immunofluorescence in controls (A and B)
and after BFA treatment (C and D) with a mixture of mAb 13.5 and
rabbit anti-Ag-3008. The second antibodies were rhodamine-
conjugated anti-mouse IgG and fluorescein-conjugated anti-rabbit
IgG. Examination of the same fields for epif luorescence using filters
exclusive for either fluorescein (A and C) or rhodamine (B and D)
revealed a green fluorescence associated with the PVM (A) and a red
fluorescence associated with the erythrocyte membrane (B) in the
control. The BFA-induced structure (arrowheads) fluoresces both
green (C) and red (D), indicating a colocalization of Pc(em)93 and
Ag-3008. Arrows denote membranous PVM extensions corresponding
to cytoplasmic clefts. Examination of samples only treated with one of
the primary antibodies revealed little cross-over of the fluorochromes
between the filter combinations (data not shown).
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taraldehyde used for the primary fixation adversely affects the
ultrastructure and precludes the ability to detect a distinct
membrane. The BFA-induced compartment was not detected
if the infected erythrocytes were permeabilized with saponin
instead of Triton X-100 (data not shown). This is further
evidence that the sERA is inside the parasite since saponin
only permeabilizes the erythrocyte membrane and the PVM
and not the parasite plasma membrane (43).

P. chabaudi-infected erythrocytes were fixed with 0.2%
glutaraldehyde and examined by postembedding labeling using
mAb 13.5. As with preembedding labeling, clusters of gold
particles were observed in BFA-treated parasites (Fig. 4 B–D).
The gold particles are associated with structures that stain
relatively intensely after on-grid contrasting with uranyl ace-
tate and lead citrate (Fig. 4 C and D). The reason for the
intense staining is not clear at this time but is possibly due to
the high negative charge of Pc(em)93 (19). Equivalent grids
were not stained and examined under low voltage. Again the
gold label is associated with an intraparasite compartment that
appears distinct from the rest of the parasite’s cytoplasm (Fig.
4B). The low concentration of glutaraldehyde used for fixation
probably precludes the ability to detect membranes. Alterna-
tively, the sERA may be a nonmembrane bound compartment
involved in the export of proteins from the parasite. However,
preliminary density gradient centrifugation analysis demon-
strate that the BFA-induced compartment is recovered in
fractions containing membranes (M.F.W. and D. J. Grab,
unpublished results).

Infected erythrocytes treated with BFA were also examined
by conventional transmission electron microscopy. No major
morphological differences between the controls and the
treated erythrocytes were observed. Crary and Haldar (12)
also did not observe any major morphological changes in P.
falciparum after BFA treatment. This inability to detect this
novel BFA-induced structure suggests either that the ultra-
structural attributes of the sERA are subtle or that they are not
preserved during routine fixation and embedding procedures.
In summary, we propose that the sERA is a membrane bound
compartment located near the periphery of the parasite and
exhibits many ER-like properties. However, the sERA is
clearly distinct from the ER as demonstrated by immunoflu-
orescence (Fig. 1). Furthermore, comparison of previously
published immunogold labeling using anti-BiP antibodies (7)
with those of exported proteins following BFA treatment (Fig.
4) confirms that the EA and the sERA are distinct compart-
ments.

Exported proteins destined for different intraerythrocytic
locations accumulate in the sERA after BFA treatment,
indicating that sorting occurs after this compartment. A tu-
bovesicular membrane (TVM) network extending from the
PVM throughout the erythrocyte cytoplasm has been de-
scribed (44). Interestingly, sphingomyelin synthetase, a Golgi
marker, is associated with this TVM network, suggesting that
the PVM and associated membranous extensions exhibit sim-
ilarities to the Golgi. Therefore, by analogy, exported proteins
may proceed from the sERA to the TVM network where
sorting takes place. However, the sERA and PVM are sepa-
rated by the parasite plasma membrane, suggesting an inter-
mediate compartment. In this regard, the glycophorin-binding
protein traverses the parasitophorous vacuole in route to the
erythrocyte cytoplasm (45), suggesting that exported proteins
move from the sERA to the parasitophorous vacuole before
becoming associated with the PVM or TVM network. BFA
blocks secretion by inhibiting the formation of transfer vesicles

an intraparasitic structures that stains intensely with uranyl acetate and
lead citrate. This structure is not associated with the nucleus (Nu). The
asterisk marks gold particles outside the BFA-induced compartment,
possibly due to leakage resulting from the low glutaraldehyde fixation.

FIG. 4. Immunogold localization of Pc(em)93 after BFA treat-
ment. Arrowheads denote a boundary between the BFA-induced
compartment and the parasite cytoplasm (Bars 5 200 nm.) (A) P.
chabaudi-infected erythrocytes were treated with BFA as described in
Fig. 2 and processed for preembedding immunogold electron micros-
copy. A single cluster of silver-enhanced gold particles is found within
the parasite near its periphery. The double arrowhead points to a silver
grain on the erythrocyte membrane. (B) P. chabaudi-infected eryth-
rocytes were treated with BFA and examined by postembedding
localization with mAb 13.5. Examination of unstained grids under low
voltage reveals a colocalization of gold particles with a distinct
intraparasitic compartment. (C and D) Gold particles colocalize with

9112 Cell Biology: Wiser et al. Proc. Natl. Acad. Sci. USA 94 (1997)



that move proteins from the ER to the Golgi (11). More
specifically BFA inhibits the guanine nucleotide exchange on
a Ras-like G protein (46). Similar Ras-like G proteins have
been recently identified in P. falciparum (9, 10). The BFA
inhibition implies that proteins move from the sERA to the
parasitophorous vacuole via transfer vesicles. Alternatively,
the juxtaposition of the sERA with the parasite plasma
membrane suggests that exported proteins could move into the
parasitophorous vacuole via more direct connections but still
involving G proteins.

In summary, malarial parasites, and probably other apicom-
plexa, have two secretory pathways. One is analogous to the
normal secretory pathway that targets proteins to the parasite
membrane and other intraparasite organelles. The other se-
cretory pathway specializes in targeting proteins to compart-
ments within the host cell. An early step in the export process
involves an ER-like compartment called the sERA. This model
of export differs slightly from other proposed models in which
the classical ER and Golgi are involved in the export of
Plasmodium proteins (47). The origin of sERA, the targeting
of proteins to sERA, and the fate of proteins after traversing
sERA remain to be determined.
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