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Defining the Morphology and Mechanism of the Hemoglobin
Transport Pathway in Plasmodium falciparum-Infected Erythrocytes
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Hemoglobin degradation during the asexual cycle of Plasmodium falciparum is an obligate process for parasite development and
survival. It is established that hemoglobin is transported from the host erythrocyte to the parasite digestive vacuole (DV), but
this biological process is not well characterized. Three-dimensional reconstructions made from serial thin-section electron mi-
crographs of untreated, trophozoite-stage P. falciparum-infected erythrocytes (IRBC) or IRBC treated with different pharmaco-
logical agents provide new insight into the organization and regulation of the hemoglobin transport pathway. Hemoglobin in-
ternalization commences with the formation of cytostomes from localized, electron-dense collars at the interface of the parasite
plasma and parasitophorous vacuolar membranes. The cytostomal collar does not function as a site of vesicle fission but rather
serves to stabilize the maturing cytostome. We provide the first evidence that hemoglobin transport to the DV uses an actin-my-
osin motor system. Short-lived, hemoglobin-filled vesicles form from the distal end of the cytostomes through actin and dy-
namin-mediated processes. Results obtained with IRBC treated with N-ethylmaleimide (NEM) suggest that fusion of hemoglo-
bin-containing vesicles with the DV may involve a soluble NEM-sensitive factor attachment protein receptor-dependent
mechanism. In this report, we identify new key components of the hemoglobin transport pathway and provide a detailed charac-

terization of its morphological organization and regulation.

M alaria is a devastating disease that infects >300 million peo-
ple each year, resulting in >1 million deaths, with the pro-
tozoan species Plasmodium falciparum being responsible for the
majority of these deaths (1). The morbidity and mortality associ-
ated with the disease are largely the result of the parasite’s asexual
intraerythrocytic cycle (2). P. falciparum digests host cell hemo-
globin to support parasite growth and asexual replication during
the intraerythrocytic stage (3, 4). In order for the parasite to sur-
vive within the erythrocyte host, it degrades approximately 80% of
the erythrocyte hemoglobin (5), with the majority of this digestion
occurring during the trophozoite stage (18 to 32 h postinvasion)
(3). The bulk of hemoglobin degradation occurs via a semiordered
process by proteases contained within the parasite’s digestive vac-
uole (DV) (6).

The transport of hemoglobin from the host erythrocyte cytosol
to the parasite DV is a long-known but poorly understood biolog-
ical process. The internalization of hemoglobin is thought to oc-
cur through an unusual structure, the cytostome. A cytostome is
defined as a localized invagination of the parasite’s outer mem-
branes (the parasitophorous vacuolar membrane [PVM] and the
parasite plasma membrane [PPM]), with a submembranous elec-
tron-dense collar associated with the neck of the cytostome (7, 8).
It has traditionally been assumed that hemoglobin transport com-
mences with the cytostome pinching off at the neck to form a
double-membrane, hemoglobin-filled vesicle, similar to events in
clathrin-mediated endocytosis (9). These vesicles are thought to
be transported to the parasite’s DV, where the outer membrane of
the vesicle fuses with the DV plasma membrane, resulting in the
delivery of a single-membrane, hemoglobin-filled vesicle into the
DV. The hemoglobin and surrounding membrane are digested by
resident DV proteases and lipases, respectively.

The main technique used to visualize this pathway is electron
microscopy (EM), where a single thin section is typically 70 nm
thick. Since an average intraerythrocytic parasite averages 5 um in
diameter, analysis based on single, thin-section images leaves
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open the possibility of misinterpretation of a complex morphol-
ogy. However, recent technological advances provide the oppor-
tunity to better characterize parasite morphology by generating
and analyzing three-dimensional (3D) models (10-13). While
most groups agree that the cytostome is involved in hemoglobin
trafficking, the precise morphological organization remains to be
elucidated (7, 8, 10, 14).

In addition to the uncertainty surrounding the morphology of
this pathway, there is also limited information on the mecha-
nism(s) involved in the trafficking process. In eukaryotic cells,
vesicles are trafficked by one of two mechanisms, an actin-myosin
motor system or along microtubules with kinesin and dyneins
(15-17). Microtubules are known to play important roles during
schizogony and merozoite invasion in P. falciparum, but while
tubulin is expressed at low levels in the trophozoite stage, orga-
nized microtubules do not form until the late schizont stage (18,
19). P. falciparum actin1 is expressed throughout the asexual stage,
and its role in erythrocyte invasion has been investigated, but actin
filaments have not been found associated with hemoglobin-filled
vesicles. P. falciparum actin, however, is very distinct from its
mammalian homologue in that it exists primarily in monomeric
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form and filaments that form are very short and unstable (20-23).
Treatment of parasites with jasplakinolide (JAS), which stabilizes
actin filaments and can promote filament nucleation (24), caused
a redistribution of F-actin to the periphery of the parasite, mor-
phological derangement of the cytostomal pathway and the inhi-
bition of hemoglobin trafficking to the DV (14, 25, 26). Cytocha-
lasin D (CytoD) prevents F-actin elongation by binding to the plus
end of actin filaments, leading to the destabilization of actin fila-
ments (27). With CytoD treatment, actin localization is not nota-
bly altered and hemoglobin delivery to the DV is not interrupted;
however, double-membrane, hemoglobin-containing structures
(HCs) appear to accumulate in the parasite cytosol (14, 26).

Actin has a role in maintaining and altering membrane struc-
ture in addition to the role it can play in vesicle trafficking (17). To
determine which function(s) actin may have in hemoglobin traf-
ficking, we investigated the role of actin’s motor protein, myosin,
in this process. P. falciparum encodes six myosins (P. falciparum
MyoA, -B, -C, -D, -F, and -K) (28). Research to date has focused
on myosin’s roles in parasite invasion of host erythrocytes (28,
29). The role of P. falciparum MyoA during merozoite invasion of
the erythrocyte has been well studied, but the role of the other
myosins remains to be elucidated (29-32). To examine the possi-
ble involvement of an actin-myosin motor in the hemoglobin traf-
ficking pathway, we used 2,3-butanedione monoxime (BDM) to
inhibit myosin’s ATPase activity (33, 34).

During the trafficking of hemoglobin to the DV, it is reason-
able to propose that, at some point, a vesicle forms and fuses with
the DV to allow efficient delivery of hemoglobin. Dynamin, a large
GTPase, has a well-defined function as a pinchase in clathrin-
mediated endocytosis (35, 36). The P. falciparum genome encodes
two dynamin-like proteins, dynamin 1 (Dynl) and Dyn2. In P.
falciparum, Dyn1 is expressed during the trophozoite stage while
Dyn2 is highly expressed during the schizont stage (37, 38). Treat-
ment of trophozoite-stage parasites with Dynasore, a small-mol-
ecule inhibitor of dynamin’s GTPase activity, inhibited parasite
uptake of hemoglobin, suggesting that dynamin may be involved
in hemoglobin trafficking (39). Following vesicle fission, vesicle
fusion with a target membrane must take place for efficient vesic-
ular transport to occur. In most cells, soluble N-ethylmaleimide
(NEM)-sensitive factor (NSF) attachment protein receptors
(SNARE:s) play a major role in compartment recognition and ves-
icle fusion. The P. falciparum genome encodes several SNARE
homologues (40). In addition, P. falciparum has a homolog of
NSF, a cytoplasmic protein that interacts with SNAREs and is
required for membrane fusion. We provide the first evidence that
the fusion of a cytostome-derived vesicle with the DV may be a
SNARE-mediated event.

In a previous report, we presented evidence for a new model of
hemoglobin transport, wherein cytostomal tubes matured and ex-
tended to the DV to deliver hemoglobin (14). This model was
developed after the examination of thousands of single sections of
infected red blood cells (IRBC) and a limited number of serial
sections. To further test our proposed model, we decided to com-
pile an inventory of 3D reconstructions of IRBC made from elec-
tron micrographs of serial thin sections of untreated trophozoite-
stage IRBC and IRBC treated with several pharmacological agents
that modulate (cytoskeletal) proteins. This approach allows us to
determine the basic morphology and functions of proteins that
may be involved in this critical pathway.
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MATERIALS AND METHODS

P. falciparum parasite culture. P. falciparum strains FCR3 and 3D7 were
cultured by maintaining a 4% hematocrit with human O erythrocytes
and RPMI 1640 supplemented with 5% AlbuMAX (Invitrogen) as de-
scribed previously (41). To obtain synchronized trophozoite-stage para-
sites, cultures were subjected to serial sorbitol treatments (42).

EM. After treatment as specified, P. falciparum cultures were placed in
a fixative solution containing 0.1 M phosphate buffer (pH 7.4), 3% glu-
taraldehyde (Electron Microscopy Sciences [EMS]), and 1% tannic acid
(EMS) as described previously (14). Cells were rinsed three times with 0.1
M phosphate buffer and postfixed for 1 h in 2% osmium tetroxide (EMS)
in 0.1 M phosphate buffer (pH 7.4) at room temperature. Following four
washes with deionized water, the samples were stained with 1% uranyl
acetate at room temperature. Samples were then pelleted at 45°C in 3%
ultralow-temperature-gelling agarose (Sigma, St. Louis, MO). The result-
ing pellet was dehydrated sequentially in graded steps of acetone (25 to
100%) and subsequently infiltrated with Spurr’s low-viscosity embedding
mixture (EMS) and polymerized at 65°C overnight. The resulting blocks
were thin sectioned (~80 nm thick) with a Diatome diamond knife on a
Leica Ultracut UCT plus microtome. Serial thin sections or single thin
sections were placed onto grids. Images were viewed with a FEI Technil2
electron microscope equipped with an AMTxr 111 digital camera.

Immuno-EM. Immuno-EM was performed by Wandy Beatty at
Washington University, St. Louis, MO. Briefly, IRBC were placed in a
phosphate buffer fixative containing 4% paraformaldehyde and 0.05%
glutaraldehyde for 1 h on ice and then washed with piperazine-N,N’-
bis(2-ethanesulfonic acid) (PIPES) buffer. The sample was then embed-
ded in 10% gelatin and infiltrated with 20% polyvinylpyrrolidone-2.3 M
sucrose overnight at 4°C. The gelatin block was cut and mounted on a cryo
pin, and 50- to 70-nm sections were cut at —60°C and placed on Formvar/
carbon Ni grids. The grids were incubated with a primary antibody against
Toxoplasma gondii actinl, which reacts with Plasmodium but not human
actin and a goat-anti-rabbit secondary antibody conjugated to 12-nm
colloidal gold.

Treatment of parasites with JAS, CytoD, BDM, or Dynasore. To per-
turb actin function, parasites were treated with JAS (Invitrogen) or CytoD
(Calbiochem) as previously described (14). In brief, trophozoite-stage
parasites at ~5% parasitemia were treated with either 7 uM JAS or 10 uM
CytoD for 3 h. To inhibit myosin activity, a 0.5 M stock solution of BDM
was diluted to the desired concentrations in the parasite culture for vari-
ous periods of time. To examine the role of SNAREs in hemoglobin trans-
port to the DV, 4 mM NEM was added to the parasite culture for 15 min
of incubation; this was followed by treatment with 8 mM dithiothreitol to
inhibit NEM. Parasites were then immediately placed in EM fixative. To
examine the role of P. falciparum Dynl in the formation of hemoglobin-
containing vesicles (HCv), parasites were treated with 200 wuM Dynasore
for up to 3 h.

SLO treatment. To selectively permeabilize the erythrocyte plasma
membrane, IRBC were treated with streptolysin O (SLO; Sigma, St. Louis,
MO). A total of 2 X 10® IRBC were resuspended in 500 pl of RPMI
medium and 6 hemolytic units of SLO. The suspension was incubated for
5 min at 37°C. Cells were then washed with RPMI to remove hemoglobin
and then immediately placed in EM fixative for further examination.

3D reconstructions. 3D reconstructions of electron micrograph serial
sections were accomplished with the Reconstruct program. The analysis
of the surface areas and volumes of these structures was done with data
generated from the models by the program. Permission to use, copy, and
redistribute Reconstruct is granted without a fee under the terms of the
GNU General Public License version 2 as published by the Free Software
Foundation.

Construction of a Plasmodium expression plasmid containing
Dynl. P. falciparum Dynl was amplified from a pLN plasmid (kindly
provided by Daniel Goldberg, Washington University, St. Louis, MO) and
placed in a pLN vector containing an N-terminal hemagglutinin (HA) tag
and FKBP12, which functions as a degradation domain. The pLN plasmid

April 2015 Volume 14 Number 4


http://ec.asm.org

containing the FKBP-HA-tagged P. falciparum Dynl construct and a plas-
mid (pINT) to aid in integration were then prepared for transfection as
previously described (43).

Transfection and selection of stably transfected parasites. Transfec-
tion of malaria parasites with the expression construct pLN-FKBP-HA-
Dyn and integrase construct pINT was performed by modification of the
previously described erythrocyte loading technique (44). Briefly, erythro-
cytes (200 pl) were washed once with cold CytoMix and resuspended in
400 pl of CytoMix. Erythrocytes were then preloaded with 200 g of DNA
(100 g of each plasmid) by electroporation. Parasites of strain 3D7*®
were then allowed to invade the DNA-loaded erythrocytes. Parasites con-
taining the plasmids were then selected by treatment with 2.5 ug/ml blas-
ticidin and 125 pg/ml G418 for 3 weeks.

RESULTS

Characterization of the morphological organization of the he-
moglobin transport pathway in P. falciparum trophozoites by
EM. It is impossible to differentiate among tubes, cisternae, vesi-
cles, etc., in a single, thin-section electron micrograph. Structures
that appear to be double-membrane HCv in a single section are
almost always found to be cytostomes, which are invaginations of
the PVM and PPM with an associated electron-dense collar, when
sequentially viewed at different depths.

An electron micrograph of a single thin section (~70-nm thick-
ness) of a trophozoite-stage IRBC is depicted in Fig. 1A. We chose to
focus on trophozoites (i.e., 20 to 34 h postinvasion), since this is
where the majority of hemoglobin is digested (45). 3D reconstruc-
tions of serial thin sections of trophozoite-stage IRBC were generated
with Reconstruct to investigate the morphology of HCs in the IRBC.
In these reconstructed models, we identified three types of HCs: cy-
tostomes, phagotrophs, and double-membrane HCv (Fig. 1B to D).
Phagotrophs are defined as HCs that are open to the RBC cytosol, lack
cytostomal collars, and have an opening with a diameter of >200 nm
(Fig. 1C) (13). The only HCs to appear in every IRBC were cytos-
tomes, with an average of 2.5 cytostomes per IRBC (Fig. 1E). In a
typical untreated IRBC, there are one to four cytostomes, with vol-
umes ranging from 0.013 to 0.272 fl and all having a similar-diameter
neck opening of ~100 nm. Electron-dense collars with no membrane
invagination at the PVM-PPM interface surface were occasionally
observed in <5% of the IRBC models, with the majority of the collars
associated with cytostomes. The third subset of hemoglobin-contain-
ing structures are HCv, which differ from the first two structures in
that they are not invaginations of the PVM-PPM interface but rather
discrete vesicles in the parasite cytosol (Fig. 1D). For generated 3D
models of untreated IRBC, see Fig. S1 in the supplemental material.

To further confirm the existence of HCv in the parasite
cytosol, IRBC were treated with SLO, which permeabilizes the
host cell plasma membrane, but not the PVM or PPM, which
removes any extraparasitic hemoglobin (46). This method al-
lows discrimination between true intracellular vesicles and cy-
tostomes and phagotrophs that are open to the RBC cytosol
without the use of labor-intensive serial sectioning, greatly in-
creasing the sample number from a few dozen to a few hundred
observable parasites. HCv were observed in SLO-treated IRBC;
however, they represented a small subset (<10%) of HCs in the
parasite (Fig. 1F).

Actin is a component of the cytostomal collar. The composi-
tion of the cytostomal collar is unknown, although we previously
showed actin associated with the collar in JAS-treated parasites
(14). In other eukaryotic cells, actin often plays a vital role in
endocytic traffic and membrane stability. Immuno-EM with an
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antibody that specifically recognizes parasite actin (47) revealed
that actin localizes with the cytostomal collar (Fig. 2A to C) and
also with the cytostomal body (Fig. 2C).

JAS treatment causes the formation of hemoglobin-contain-
ing tubes. Given actin’s role in mammalian endocytic trafficking
events, it seemed reasonable that actin could be playing a role in
the trafficking of hemoglobin to the DV. Treatment with JAS pro-
duced an increase in the number of HCs compared to that in
untreated IRBC, in agreement with previous results (14). In single
sections, the HCs appeared to accumulate at the parasite periph-
ery (Fig. 3A). In previous studies, it was thought that this accumu-
lation of HCs was the result of vesicles unable to traffic properly to
the DV (14, 26). In 3D reconstructions, it was apparent that what
appeared in single sections to be multiple HCv were, in fact, long,
hemoglobin-filled tubes (Fig. 3B). The tubes were localized at the
parasite periphery. SLO treatment revealed that these tubes were
open to the erythrocyte cytosol (Fig. 3D). Unlike typical cytos-
tomes, these tubes did not have cytostomal collars. These tubes are
not present in untreated parasites, and they are not a typical phe-
notype of compromised or dead parasites. The HCs in untreated
IRBC are more spherical than the HCs in JAS-treated IRBC (Fig.
3C). For a library of 3D models of IRBC treated with JAS, see Fig.
S2 in the supplemental material.

HCv accumulate in the parasite cytosol as a result of CytoD
treatment. While filament stabilization as a result of JAS treat-
ment inhibits hemoglobin trafficking to the DV, treatment with
CytoD, which depletes the filament population, does not (14, 26).
Single-section electron micrographs reveal an increase in the
number of HCs in IRBC treated with CytoD (Fig. 4A). Analysis of
the 3D reconstructions made it is clear that HCv had accumulated
in the parasite cytosol (Fig. 4B). CytoD treatment causes an in-
crease in the HCs and HCv populations within the parasite cytosol
(Fig. 4B and C). Parasites that did not show an increase in HCv
displayed enlarged phagotrophs (see Fig. S3 in the supplemental
material). Comparison of CytoD models to untreated IRBC mod-
els showed a 4-fold higher average number of HCv per IRBC (Fig.
4C). An apparent increase in the HCv number in CytoD-treated
IRBC was also evident when a large population of IRBC was ex-
amined by single-section analysis after SLO treatment (Fig. 4D).
Through extensive analysis of >600 single thin sections, we were
able to capture the fusion of an HCv with the DV (Fig. 4E).

Inhibition of parasite myosin prevents hemoglobin traffick-
ing to the DV and results in parasite death. In general, vesicles are
trafficked by one of two mechanisms, a microtubule-mediated
mechanism or the action of an actin-myosin motor system. The
results obtained with JAS and CytoD treatment strongly suggest a
role for parasite actin in the hemoglobin trafficking pathway.
Since parasites do not have any organized microtubules until the
schizont stage, we hypothesized that hemoglobin transport to the
DV may be mediated by an actin-myosin motor. To test this, IRBC
were treated with the myosin inhibitor BDM. BDM at 25 mM was
shown to inhibit the gliding motility of T. gondii (48). Myosin is a
known component of the Plasmodium invasion machinery (49),
but a functional role during the erythrocytic stage has not been
described. Synchronous IRBC were incubated with increasing
concentrations of BDM starting at the ring stage (6 to 18 h post-
invasion), and the levels of parasitemia were determined at the
trophozoite (32 to 44 h postinvasion) and schizont (48 to 60 h
postinvasion) stages (Fig. 5A). BDM at 2.5 mM was without effect,
but 25 and 50 mM had a parasiticidal effect, reducing parasitemia
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FIG 1 Electron microscopic characterization of trophozoite-stage P. falciparum reveals three distinct HCs in IRBC. (A) Representative electron micrograph of an
untreated trophozoite. The nucleus (Nuc), digestive vacuole (DV), mitochondria (Mito), and cytostome (Cyto) are indicated. (B to D) Typical 3D reconstruc-
tions of untreated trophozoites showing the parasite surface (dark blue), nucleus (light blue), DV (yellow), mitochondria (orange), hemoglobin-containing
structures (red), and cytostomal collars (green). (B) 3D model of a parasite containing two cytostomes with collars (black arrowheads) (C) 3D model of a parasite
with one cytostome and one phagotroph (black arrowhead) that contains hemoglobin but lacks a collar. (D) 3D model of a parasite with two cytostomes and an
HCv (black arrowhead). (E) Bar graph illustrating the average number of various hemoglobin structures per parasite. Parasites have, on average, 2.65 cytostomes,
0.34 phagotrophs, and 0.25 hemoglobin vesicles. n = 15. (F) Graph comparing the percentages of single sections containing hemoglobin bodies in untreated
parasites and permeabilized parasites that have been treated with SLO. HCv contain approximately 7% of the hemoglobin within a trophozoite. n = 600 sections.
0P < 0.005. Scale bars, 500 nm.

3-fold compared to that in untreated IRBC (Fig. 5A, TP1). Since BDM, like JAS, increases the volume of hemoglobin within
BDM inhibits parasite invasion of erythrocytes, cultures were the parasite cytosol. IRBC treated for 3 h with the protease
washed at 32 to 44 h postinvasion to remove BDM and to deter- inhibitor E64 to inhibit hemoglobin digestion showed a
mine if inclusion of BDM in the culture up to the time of washing  buildup of undigested hemoglobin in the DV (Fig. 5D). In
was toxic to the parasites. Parasitemia was reduced by 50% by 2.5  contrast, IRBC incubated with E64 and BDM possessed DVs
mM BDM, whereas parasitemia was eliminated by 25 or 50 mM  devoid of hemoglobin, indicating that BDM inhibited the
BDM (Fig. 5A, TP2). In IRBC treated with 25 mM BDM for 30  transport of hemoglobin to the DV (Fig. 5E). These results, in
min, long, hemoglobin-filled tubes lacking a cytostomal collar ~combination with the results obtained with the actin-perturb-
were apparent (Fig. 5B). In IRBC where no tubes were observed, ing drugs, suggest for the first time that cytostomes use an
HCv accumulated (see Fig. S4 in the supplemental material). actin-myosin motor to transport hemoglobin to the DV.
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FIG 2 Actinlocalizes to the cytostome neck in IRBC. Representative immunoelectron micrographs of P. falciparum trophozoites probed with anti- T. gondii actin
antibody. (A and B) Micrographs showing actin labeled with 12-nm gold particles (arrowheads) localized to electron-dense collars at the cytostome neck (dashed
box). (C) Actin (arrowheads) associated with a hemoglobin-containing compartment in the parasite cytosol (dashed box). Scale bars, 250 nm.

The pinchase dynamin is involved in hemoglobin trafficking
to the DV. Our new results clearly demonstrate the presence of
HCv in the parasite cytosol. We do not know what structure(s) the
vesicles originate from, but in order for them to form, they must
pinch off from a parent membrane. To examine the role the
pinchase dynamin may be playing in the formation of HCy,

sore (50). We empirically determined that >100 wM Dynasore
was needed to perturb the morphology of the hemoglobin
transport pathway. The 3D reconstruction of parasites treated
with 200 pM Dynasore for 30 min showed a drastically altered
morphology with narrow, hemoglobin-containing tubes ap-
parent (Fig. 6A and B; see Fig. S5 in the supplemental material).

IRBC were treated with the specific dynamin inhibitor Dyna- The tubes were thin and tortuous, unlike those seen in IRBC
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FIG 3 Effects of JAS treatment on hemoglobin trafficking in a trophozoite-stage IRBC. (A) Representative single-section electron micrograph of an IRBC treated
with 7 M JAS for 3 h. Note the appearance of multiple HCs (arrows) at the parasite periphery. Nuc, nucleus; Hgb, hemoglobin; Cyto, cytoplasm; Mito,
mitochondria. (B) Representative 3D reconstruction of a JAS-treated IRBC. The hemoglobin-containing compartments, which appeared to be vesicles in a
single-section electron micrograph, are actually part of a single large, hemoglobin-filled tube located at the periphery of the parasite. The tube lacks a cytostomal
collar and is open to the erythrocyte cytosol (arrowhead). The parasite surface (dark blue), nucleus (light blue), DV (yellow), mitochondria (orange), hemo-
globin-containing structures (red), and cytostomal collars (green) are shown. Scale bars, 500 nm. (C) Graph comparing the shapes of the HCs in untreated and
JAS-treated IRBC. Untreated IRBC contain more spherical hemoglobin shapes, while the JAS-treated parasites have more oval HCs. (n = 13). (D) JAS treatment
increases the percentage of IRBC with HCs approximately 2-fold. However, the number of HCv (as indicated by the percentage of single sections with
hemoglobin after SLO treatment) remains the same with JAS treatment. n = 600. ***, P < 0.005; *, P < 0.05.
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an HCv fusing with the DV (arrowhead). Scale bars, 500 nm.

treated with JAS or BDM. The tubes had a diameter of approx- PPM interface in the Dynasore-treated models, there were no
imately 100 nm and were connected to the parasite’s surface membrane invaginations (i.e., cytostomes) extending from
membranes but did not have an associated electron-dense col-  them. This is the first report of a drug treatment that produced
lar. While cytostomal collars were also observed at the PVM-  IRBC devoid of classical cytostomes.
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FIG 5 The myosin inhibitor BDM inhibits hemoglobin transport to the DV and parasite development. (A) IRBC were treated for 26 h with increasing
concentrations of BDM beginning at 6 to 18 h postinvasion, and the level of parasitemia was determined at 32 to 44 h (TP1) or 48 to 56 h (TP2) postinvasion.
BDM at 25 or 50 mM is parasiticidal (TP1). BDM strongly inhibits growth at 2.5 mM, whereas it essentially eliminates parasitemia at 25 or 50 mM. (B) 3D model
of a parasite that was treated with 25 mM BDM for 30 min. Note the appearance of along, hemoglobin-filled tube that lacks a cytostomal collar. (C) JAS and BDM
treatments cause similar increases in the surface area-to-volume ratio of the hemoglobin-containing tubes. (D) Representative single-section electron micro-
graph of an IRBC that was treated for 3 h with the protease inhibitor E64. The asterisk indicates a DV swollen with undigested hemoglobin. (E) Representative
single-section electron micrograph of an IRBC treated for 4 h with the protease inhibitor E64 and the myosin inhibitor BDM. The asterisk indicates a DV that is
devoid of hemoglobin, showing that BDM treatment prevents hemoglobin from trafficking to the DV. Scale bars, 500 nm. (F) Graph comparing the percentages
of hemoglobin-filled DV in IRBC treated with E64 and those treated with BDM and E64. n = 100.
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FIG 6 P. falciparum Dyn1 functions in the hemoglobin transport pathway. (A) Representative single-section electron micrograph of IRBC treated with 200 uM
Dynasore for 30 min. The arrows indicate unusual tortuous, thin tubes containing hemoglobin that localize to the parasite periphery. Scale bar, 500 nm. (B)
Representative 3D reconstruction of IRBC incubated with 200 uM Dynasore for 30 min. Arrowheads point to thin, elongated, hemoglobin-containing tubes that
result from Dynasore treatment. (C) Western blot assay showing the expression of FKBP-HA-tagged P. falciparum Dyn1 with or without 0.5 uM Shld1 for 48 h.
Whole-cell parasite lysate was probed with an anti-HA antibody. The same amount of protein (50 pg) was loaded into each lane. The third lane is lysate from
untransfected parasites. The arrow indicates a size of 100 kDa. (D to G) Immunoelectron micrographs showing intraparasitic localization of FKBP-HA-tagged
P. falciparum Dynl. The arrows indicate gold particle labeling on membranous structures. (E) Black arrow indicating HCs labeling. (F and G) Representative

images showing that P. falciparum Dyn]1 is absent from cytostomal collars (arrowheads). Scale bar, 250 nm.

Generation of parasites expressing 3HA-tagged wild-type P.
falciparum Dynl1 to investigate the role of P. falciparum Dyn1 in
the hemoglobin transport pathway. To study the role of P. fal-
ciparum Dynl in hemoglobin trafficking, we generated parasites
expressing a regulatable copy of endogenous P. falciparum Dynl
with an HA tripeat (3HA) tag. To obtain rapid integration of DNA
into parasites, we used an integrase system where parasites con-
taining an integrase site (3D7*"") are cotransfected with a plasmid
containing the recombinant protein (pLN) and a plasmid encod-
ing a mycobacteriophage integrase (pINT) (51, 52). The calmod-
ulin promoter in the pLN plasmid was replaced with a 1-kb region
of P. falciparum DNA upstream of the predicted P. falciparum
Dynl start site. Regulation of the protein was achieved by the
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addition of a degradation domain (ddFKBP). ddFKBP the pro-
motes degradation of the attached protein; however, in the
presence of ddFKBP ligand (i.e., Shld1), the degradation of the
protein is inhibited, allowing the protein to accumulate within
the parasite (53). In the absence of Shld1, the tagged protein is
expected to be degraded. We observed, however, that in the
absence of Shld1, there were detectable levels of ddFKBP-3HA-
tagged wild-type P. falciparum Dynl (Fig. 6C). We also at-
tempted to generate parasites expressing a dominant negative
copy of the gene (P. falciparum Dyn****). Tt is likely that the pres-
ence of undegraded P. falciparum Dyn***, in the absence of
Shld1, inhibited parasite growth, which prevented the generation
of parasites expressing this form of the protein. These results sup-
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FIG 7 NEM disrupts the hemoglobin transport pathway. (A) Representative single-section electron micrograph depicting a trophozoite-stage IRBC from a
culture incubated with 4 mM NEM for 15 min. Nuc, nucleus; Hg, hemoglobin. (B) Typical 3D reconstruction of a NEM-treated trophozoite revealing the
presence of a long, hemoglobin-filled tube without an electron-dense collar (red). Note the presence of a collar that is not associated with a cytostome (green).

Scale bar, 500 nm.

port previous findings that dynamin may play an essential role in
blood-stage parasite development (39).

Immuno-EM was performed to investigate P. falciparum Dyn1
localization. P. falciparum Dynl was absent from cytostomal col-
lars (Fig. 6F and G). Consistent with a previous publication, the
protein localized to the parasites peripheral membranes (Fig. 6D
and E) (42). In one IRBG, P. falciparum Dynl was found associ-
ated with HCs in the parasite (Fig. 6E).

SNARE:s play a role in HCv fusion with the DV. We have
strong evidence that vesicles are involved in hemoglobin traffick-
ing. The final step in vesicle-mediated transport is fusion of the
vesicle with a target membrane. This process usually involves
SNARE-mediated fusion in eukaryotic cells. NEM inhibits the
NSF protein, which is a crucial component of SNARE recycling.
Treatment of parasites with NEM for 15 min led to the formation
of hemoglobin-filled tubes (Fig. 7B), which were an indicator of
inhibited hemoglobin trafficking in IRBC treated with JAS or
BDM. This is the first evidence to suggest that SNAREs are in-
volved in P. falciparum hemoglobin trafficking to the DV.

DISCUSSION

Until recently, the consensus was that hemoglobin trafficking to
the DV in IRBC was achieved by an unusual, vesicle-mediated
process. HCv were thought to form from the cytostome at the
PPM-PVM interface, using the cytostomal collar to pinch off the
HCv from the parasite surface membranes. These double-mem-
brane HCv were then assumed to traffic to the DV by an undefined
process and subsequently fuse with the DV, delivering a single-
membrane HCv to the DV for digestion. This pathway was widely
accepted because it had features in common with eukaryotic en-
docytic pathways, including clathrin-mediated endocytosis and
autophagy. However, with the application of new technologies,
evidence has emerged to provide a more accurate and detailed
view of this key parasite pathway.

Previously, we described a model of hemoglobin trafficking in
which no HCv were involved in hemoglobin transport (14). We
proposed that cytostomes matured, elongated, and directly inter-
acted with the DV. This conclusion was drawn after extensive
analysis of single EM sections and a limited number of serial sec-
tions. While our data were consistent with this model, we were
unable to construct a plausible model of the membrane complex-
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ity that would allow hemoglobin transfer from the elongated,
double-membrane cytostomal tube to the DV while preserving
the permeability properties of the DV. We decided to use whole-
cell modeling techniques to determine if we might have failed to
capture HCv because of the limited number of serial sections of
IRBC in référence 14. Here we present new HCv evidence that
requires us to refine our prior model.

Upon examination of the 3D reconstructions of untreated
IRBC, certain features became apparent. Every IRBC contained at
least one cytostome, with an average of 2.5 cytostomes per IRBC
(Fig. 1E). HCv and phagotrophs were observed in 10% of the
IRBC modeled (Fig. 1E). If vesicles were the main route of hemo-
globin transport, we would expect them to be more abundant and
possibly be present in every cell. Since the number of 3D models
we could reasonably generate was relatively small, we decided to
use another method to allow us to look for vesicles in a larger
population of IRBC. Permeabilization of IRBC with SLO removed
hemoglobin from structures that remain open to the RBC cytosol
(cytostomes and phagotrophs) while leaving HCv within the par-
asite cytosol intact. Analysis of approximately 600 single-section
electron micrographs of IRBC confirmed that there are HCv pres-
ent within the parasite cytosol; however, most of the hemoglobin
present in the parasite is contained in open structures, namely,
either cytostomes or phagotrophs (Fig. 1F). Combining the SLO
results with the information gathered from the models indicates
that hemoglobin is likely trafficked to the DV by cytostomes; ves-
icles are a part of the pathway, and they appear to be transient.
These conclusions are also supported by other reports (10, 13, 26,
45). Although here we conclude that the cytostome is the major
mechanism of hemoglobin transport, we cannot exclude the pos-
sibility that phagotrophs also contribute. However, given their
infrequency during the metabolically active trophozoite stage,
~0.25 per cell (Fig. 1E), this seems unlikely and agrees with a
model proposed by Tilley and coworkers (45).

Several investigations have provided evidence that actin plays a
role in the hemoglobin trafficking pathway (10, 14, 26). Actin
dynamics were shown to be important for delivery of HCv to the
DV, with CytoD increasing the HCv pool without inhibiting par-
asite growth, whereas JAS disrupted the cytostomal morphology
and inhibited hemoglobin transport to the DV. However, the
mechanistic details remained to be elucidated. Regardless of the
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various models, no evidence was provided to explain how HCv
were directionally trafficked to the DV. Since microtubules do not
form in asexual parasites until the late schizont stage, a hitherto
unidentified actin-myosin motor might be involved. IRBC treated
with the myosin inhibitor BDM exhibited dose-dependent growth
inhibition (Fig. 5A). These parasites were also unable to transport
hemoglobin to the DV (Fig. 5D and E). BDM-treated IRBC dis-
played morphological alterations similar to those of JAS-treated
IRBC, characterized by the appearance of elongated, hemoglobin-
containing tubes (Fig. 5B and C). It has been suggested that JAS
treatment may cause the formation of an actin meshwork that
prevents hemoglobin from going beyond the periphery of the par-
asite (26). However, we suggest that hemoglobin-filled tubes form
because of a disruption of an actin-myosin motor, not as a result
of the formation of an actin meshwork, as the tubes are also seen
upon myosin inhibition by BDM, where no peripheral actin
meshwork is formed (see Fig. S6 in the supplemental material).
These results strongly suggest that an actin-myosin motor is re-
quired for hemoglobin trafficking to the DV. This is the first evi-
dence of a role for an actin-myosin motor in the hemoglobin
transport process.

One of the striking features of the elongated tubes in BDM-
and JAS-treated IRBC is the absence of a cytostomal collar, even
though they remain connected to the parasite’s outer membrane.
The absence of a collar is not a defect in the ability to form collars,
as normal collars and cytostomes are also observed in JAS- and
BDM-treated cells (Fig. 3B and 5B). It was proposed that collars
disassociate from mature cytostomes and that this disassembly
may result in the formation of phagotrophs (8). Taking this into
consideration, it is possible that the elongated tubes are a result of
the disruption of the later stages of hemoglobin transport to the
DV. It is likely that cytostomal maturation normally requires a
functional actin-myosin motor system to form HCv, and when
the motor is inhibited, elongated tubes form. An alternative ex-
planation may be that cytostomes need to have Rabs or other
accessory proteins associate with them in order to initiate the pro-
cess of vesicle scission, in a process similar to endosomal matura-
tion. When that association is prevented by inhibition of the actin-
myosin motor, cytostomes are rendered nonproductive and
eventually their collars disassemble, producing the elongated-
tube phenotype observed in JAS- and BDM-treated IRBC. An-
other reason we believe the elongated, hemoglobin-containing
tubes are derived from the cytostomes is that they have a restricted
opening at the PVM-PPM interface that is very similar to a normal
cytostome (~100 nm).

Actin’s role in the hemoglobin transport pathway is not limited
to actin-myosin motor activity. We have conclusive evidence that
actin is a component of the cytostomal collar (Fig. 2). Destabili-
zation of actin filaments by CytoD treatment caused an increase in
the number of HCv but did not abrogate hemoglobin transport to
the DV or markedly affect parasite development (14, 26). This
suggests that actin dynamics are important in the formation, di-
rectional trafficking, and/or fusion of HCv with the DV. We pro-
pose that actin filaments are required to maintain cytostome sta-
bility, and when the filament population is depleted by CytoD
treatment, an increase in vesiculation of the cytostome is observed
(Fig. 4). Since we did not quantitatively compare the hemoglobin
content of the DV in CytoD-treated IRBC with that in untreated
IRBC, we cannot rule out the possibility that the increased HCv
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population is due to the disruption of directional transport to the
DV or the inhibition of fusion with the DV.

It has long been assumed that the purpose of the cytostomal
collar was to aide in fission of the cytostome from the PVM-PPM
interface to create an HCv. It was therefore reasonable to propose
that the pinchase dynamin might play a role in cytostomal pinch-
ing from the collar. Using immuno-EM, we found that dynamin
was conspicuously absent from the collar (Fig. 6F and G). This
suggests that the collar does not function to aid in the fission of the
cytostome from the membrane but may serve to stabilize the elon-
gating cytostome. While dynamin was absent from the collar, it
did appear to localize to membranous structures within the para-
site, including HCs (Fig. 6E). Treatment of IRBC with Dynasore,
an inhibitor of dynamin, resulted in the appearance of thin, tor-
tuous tubes, confirming that dynamin plays a role in the hemo-
globin transport pathway (Fig. 6B) (39). These tubes may be a
result of dynamin constricting the cytostomes or a result of aber-
rant trafficking that results when the cytostomes are unable to
pinch vesicles from their terminal end (54). We were unable to
generate parasites expressing a regulatable dominant negative dy-
namin, further indicating a crucial role for dynamin in the asexual
stages of development. We propose that dynamin functions to
form vesicles from the cytostome, but these vesicles originate from
the terminal end of the cytostome rather than from the collar at
the PVM-PPM interface.

We have now established that vesicles are part of the hemoglo-
bin trafficking pathway. In all other eukaryotic organisms,
SNARE:s are involved in vesicle fusion events. Here we used NEM
treatment to investigate the involvement of SNAREs in HCv fu-
sion with the DV. NEM altered the morphology of HCs within
IRBC (Fig. 7). Because of the broad effects of NEM, it is difficult to
make any conclusive statements about SNARE involvement in
HCv-to-DV fusion; however, it is likely that novel SNARE com-
plexes are involved in HCv-to-DV fusion (40).

Combining our results with other published data allows us to
propose a refined model of hemoglobin trafficking in P. falcipa-
rum trophozoites (Fig. 8). Hemoglobin transport likely begins
with the invagination of the parasite’s outer membranes, the
PVM-PPM interface, from a preexisting cytostomal collar. The
details of what factors initiate cytostome collar formation and its
protein composition are unknown. The collar then functions to
stabilize the cytostome as it extends into the parasite cytosol in an
actin-myosin-dependent manner. The cytostome expands until it
reaches a certain size or location, receives a specific signal, or is
bound by accessory proteins. At that point, a vesicle is generated
from the distal end of the cytostome in a dynamin-dependent
process. In addition to dynamin, dynamic actin could play a role
in HCv generation or transport, as we saw an increase in these
structures in CytoD-treated IRBC. The HCv then fuses its outer
membrane with the DV, likely using parasite SNARE proteins,
resulting in the delivery of a single-membrane HCv to the DV.
Once inside the DV, the single-membrane HCv is digested in the
acidic environment of the DV by resident lipases and proteases.

The role of phagotrophs in the hemoglobin transport path-
way remains uncertain. We imagine four possibilities: (i) the
phagotroph is a transient, nonproductive invagination of the
PVM and PPM; (ii) the phagotroph is a participant in the he-
moglobin transport pathway and produces HCv; (iii) the
phagotroph may be a remnant of a cytostomal tube that re-
tracts back to the PVM-PPM interface after an HCv pinches off;
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FIG 8 Refined model of hemoglobin trafficking in trophozoite-stage IRBC.
Point 1 shows an electron-dense collar at the PVM-PPM interface. Point 2
shows how cytostomes form from a preexisting electron-dense collar and are
trafficked to the DV by an actin-myosin motor. Point 3 shows the creation of
an HCv from the distal end of the cytostome. Actin dynamics and dynamin
pinching play key roles in HCv formation. Point 4 shows that fusion of the
HCv with the DV likely uses a SNARE-dependent mechanism. Point 5 shows
phagotrophs in a low percentage (<20%) of IRBC. If they contribute hemo-
globin to the DV, they use an actin-myosin motor.

or (iv) the formation of a phagotroph may be the first step in
the formation of a cytostome. If phagotrophs deliver hemoglo-
bin to the DV and this contribution is important for parasite
viability and development, it is actin-myosin mediated since
both JAS and BDM treatments blocked hemoglobin transport
to the DV and led to parasite death. We do not favor the notion
that the phagotroph is a precursor to a cytostome, since we
observed cytostome-free, electron-dense collars at the PVM-
PPM interface in untreated IRBC. Our data do not allow us to
estimate the relative contributions of the cytostomes and
phagotrophs to the delivery of hemoglobin to the DV in tro-
phozoites. We currently favor a model wherein hemoglobin
transport to the DV in trophozoites is primarily through the
cytostomes, with a possible secondary contribution from the
phagotrophs. A major factor in reaching this conclusion is
the low frequency of phagotrophs (~0.25 per IRBC) compared
to that of cytostomes (1 to 4 per IRBC) at the parasite develop-
mental stage, where the majority of hemoglobin degradation
occurs.

The working model proposed here presents the most complete
picture of hemoglobin trafficking to date, illustrating not only the
morphology of the transport pathway but also some of the key
proteins and regulatory mechanisms involved. We recognize the
possible limitations of inhibitor studies generating potential off-
target effects. Future investigations will use a more direct ap-
proach to validate the model.
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