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Intracellular pathogens contribute to a significant propor-
tion of infectious diseases worldwide. The successful
strategy of evading the immune system by hiding inside
host cells is common to all the microorganism classes,
which exploit membrane microdomains, enriched in cho-
lesterol and sphingolipids, to invade and colonize the host
cell. These assemblies, with distinct biochemical proper-
ties, can be isolated by means of flotation in sucrose
density gradient centrifugation because they are insoluble
in nonionic detergents at low temperature. We analyzed
the protein and lipid contents of detergent-resistant
membranes from erythrocytes infected by Plasmodium
falciparum, the most deadly human malaria parasite. Pro-
teins associated with membrane microdomains of trophic
parasite blood stages (trophozoites) include an abun-
dance of chaperones, molecules involved in vesicular traf-
ficking, and enzymes implicated in host hemoglobin deg-
radation. About 60% of the identified proteins contain a
predicted localization signal suggesting a role of mem-
brane microdomains in protein sorting/trafficking.

To validate our proteomic data, we raised antibodies
against six Plasmodium proteins not characterized previ-
ously. All the selected candidates were recovered in float-
ing low-density fractions after density gradient centrifu-
gation. The analyzed proteins localized either to internal
organelles, such as the mitochondrion and the endoplas-
mic reticulum, or to exported membrane structures, the
parasitophorous vacuole membrane and Maurer’s clefts,
implicated in targeting parasite proteins to the host eryth-
rocyte cytosol or surface. The relative abundance of cho-

lesterol and phospholipid species varies in gradient
fractions containing detergent-resistant membranes,
suggesting heterogeneity in the lipid composition of the
isolated microdomain population. This study is the first
report showing the presence of cholesterol-rich microdo-
mains with distinct properties and subcellular localization
in trophic stages of Plasmodium falciparum. Molecular
& Cellular Proteomics 12: 10.1074/mcp.M113.029272, 3948–
3961, 2013.

Plasmodium falciparum, the most deadly agent of human
malaria, caused around 216 million infections and 655,000
deaths in 2010. The complex parasite life cycle involves the
development in a mosquito vector of the Anopheles genus
and eventual migration to a human host. In this host, asymp-
tomatic multiplication in the liver cells is followed by parasite
release into the bloodstream and erythrocyte invasion. Inside
the erythrocytes, parasites grow (trophozoite stage) and mul-
tiply asexually (schizont stage), developing into highly special-
ized invasive forms (merozoites). A fraction of parasites dif-
ferentiate into gametocytes, the gamete precursors necessary
to complete the transmission cycle. Parasite blood stages,
responsible for malaria pathogenesis and transmission, ac-
tively remodel the host erythrocyte, generating novel mem-
brane compartments to sustain the export and sorting of
proteins to the host cell cytosol, membrane skeleton, and
plasma membrane. The parasitophorous vacuole membrane
(PVM),1 which surrounds the parasite throughout the erythro-
cytic cycle, is the site where exported proteins are translo-
cated into the erythrocyte cytosol (1, 2). Membrane-bound
structures of parasite origin, the so-called Maurer’s clefts
(MCs) (3, 4), form functionally independent compartments at
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the red blood cell (RBC) periphery and mediate the sorting/
assembly of virulence factors en route to the host cell surface
(5). In addition, populations of different vesicles (25 and 80
nm) were identified in the RBC cytosol, suggesting the pres-
ence of vesicular mediated trafficking for the delivery of cargo
to different destinations (6).

Membranes are important sites for cellular signaling events,
and many proteins with therapeutic potential localize in these
cellular compartments (7, 8). Membrane microdomains en-
riched in sphingolipids and cholesterol, also referred to as
lipid rafts, have been extensively studied in different cell types
and gained particular interest for their roles in infection and
pathogenesis (8, 9). These assemblies are small and dynamic
and can be stabilized to form larger microdomains implicated
in a wide range of fundamental cellular processes, which vary
depending on cell type (10). Sphingolipids exhibit strong lat-
eral cohesion, generating tightly packed regions in the mem-
brane bilayer, and cholesterol acts as a spacer present in both
membrane leaflets generating stable, liquid-ordered phase
domains in the membrane bilayer (11). Distinct biochemical
properties render these membrane assemblies insoluble in
nonionic detergents at low temperature, allowing for their
enrichment as detergent-resistant membranes (DRMs). Pro-
teins with DRM-raft affinity include glycosylphosphatidyl ino-
sitol (GPI)-anchored proteins and acylated, myristoylated, and
palmitoylated proteins (11). DRM rafts also restrict free diffu-
sion of membrane proteins, thereby directing the trafficking of
proteins and lipids to and from cellular compartments. Be-
cause of their endocytic and receptor clustering capacity, an
increasing number of pathogens, including Plasmodium fal-
ciparum, utilize them when interacting with their target cells
for invasion (9, 12).

Even though cholesterol-rich membrane microdomains are
implicated in fundamental processes in the parasite life cycle,
Plasmodium is unable to synthesize sterols and depends
entirely on hosts for its cholesterol supply. During merozoite
invasion, lipid and protein components of the erythrocyte rafts
are selectively recruited and incorporated into the nascent
PVM (13, 14). Plasmodium liver stages utilize cholesterol in-
ternalized by low-density lipoprotein and synthesized by
hepatocytes (15).

To shed light on the organization and dynamics of these
assemblies during parasite development inside the infected
cell, we identified and validated the DRM-raft proteome of the
P. falciparum trophozoite/early schizont. Detected proteins
only partially overlap with DRM components of the P. falcip-
arum late schizonts (16, 17) or the mixed blood stages of the
rodent malaria agent P. berghei (18). Immunolocalization of
selected DRM-associated proteins indicated that these as-
semblies may reside in both exported compartments (PVM,
MCs) and intracellular membranes/organelles. The analysis of
DRM lipids suggested that distinct microdomains exist in the
infected erythrocyte that differ in their relative abundance of
cholesterol and phospholipids.

EXPERIMENTAL PROCEDURES

Plasmodium falciparum in Vitro Culture—P. falciparum 3D7 strain
was maintained in continuous in vitro culture (19) in the presence of
human erythrocytes at 5% hematocrit in RMPI 1640 medium contain-
ing 25 mM Hepes, 0.5% AlbuMAX II, 200 �M hypoxanthine, and 20
�g/ml gentamycin and incubated at 37 °C in a tri-gas mix of 5% O2,
5% CO2, and 90% N2.

Parasite Synchronization—The parasite culture pellet was incu-
bated with five volumes of sterile pre-warmed 5% sorbitol at 37 °C for
10 min and then centrifuged at 2000 rpm for 5 min at room temper-
ature. Sorbitol-treated parasites were washed once with culture me-
dium and put back in culture. Enrichment of late trophozoites and
schizonts was accomplished via gelatin flotation with either Plasmion
(Laboratoire Fresenius Kabi, Sèvres, France) or Gelofusine. The par-
asite pellet was incubated with 1.4 volumes of prewarmed culture
medium and 2.4 volumes of prewarmed Plasmion or Gelofusine for 30
min at 37 °C. The upper phase containing the enriched late-stage
parasites was collected and centrifuged at 2000 rpm for 5 min. The
parasite pellet was washed once to remove the Plasmion or
Gelofusine.

Purification and Analysis of P. falciparum Trophozoite/Early Schiz-
ont DRMs—DRMs from Plasmion/Gelofusine-enriched erythrocytes
infected with P. falciparum trophozoites/early schizonts were pre-
pared as described elsewhere (18). All procedures were performed at
4 °C with the addition of protease mixture inhibitors and PhosStop
phosphatase inhibitor (Roche). Infected erythrocytes were lysed in
0.15 M NH4Cl, 0.01 M KHCO3, 1 mM EDTA. The parasite pellet (2 � 108

parasites) was suspended in 0.75 ml of MES-buffered saline (25 mM

MES, pH 6.5, 0.15 M NaCl) containing 1% Triton X-100 (v/v) and
homogenized with a Potter-Elvehjem glass homogenizer. Parasite
extract was adjusted to 40% sucrose by the addition of 0.75 ml of
80% sucrose, prepared in MES-buffered saline, placed at the bottom
of an ultracentrifuge tube (4.5 ml, 13 � 15 mm, Beckman) and overlaid
with 1.5 ml of 30% sucrose and 1.5 ml of 5% sucrose. Samples were
centrifuged (45,000 rpm for 16 h at 4 °C) in an SW60Ti rotor (Beckman
Instruments). 375-�l fractions were collected from the top of each
gradient. DRMs containing flotillin, a lipid raft marker, appeared as an
opaque band at 10% to 20% sucrose (fractions 4 and 5). For pro-
teomic analyses, these fractions were pooled, diluted 1:5, and cen-
trifuged at 30,000 � g for 30 min at 4 °C. The membrane pellet was
subjected to a second sucrose gradient in order to minimize the
presence of spurious contaminants. After centrifugation, proteins
contained in fractions 4 and 5 were identified via mass spectrometry
(see below).

Expression and Purification of Recombinant Proteins—Coding re-
gions of the selected genes were amplified and cloned in frame with
the glutathione S-transferase (GST) tag of the pGEX vector. Recom-
binant proteins were expressed in C41 competent cells. Soluble GST
fusions were purified on glutathione-Sepharose beads. Insoluble GST
fusions were subjected to SDS-PAGE, and gel slices containing Coo-
massie Blue–stained polypeptides were electro-eluted using a Bio-
Trap electro-elution device (Schleicher & Schuell, Dassel, Germany).
Primers used for PCR amplification and gel-separated recombinant
proteins are shown in the supplemental “Materials and Methods”
section.

Antibodies—Antibodies raised against DRM-associated proteins
were induced via subcutaneous immunization of 6- to 8-week-old
BALB/c mice with 20 to 50 �g of purified protein (first injection in
Freund’s complete adjuvant; two further injections, performed at
2-week intervals, in Freund’s incomplete adjuvant). Mice were bled 1
week after the third immunization. Sources of other antibodies used in
this study and the dilutions adopted are detailed in the supplemental
“Materials and Methods” section.
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Indirect Immunofluorescence Assay—P. falciparum–infected RBCs
(iRBCs) were fixed in 4% paraformaldehyde with 0.0075% glutaral-
dehyde (EMS Science, Hatfield, PA) in phosphate-buffered saline
(PBS) overnight at 4 °C. The next steps were all conducted at room
temperature. Fixed cells were washed in PBS, permeabilized with
0.1% Triton X-100 in PBS for 10 min, and treated with 0.1 M glycine
in PBS for 10 min to block free reactive aldehyde groups. iRBCs were
incubated in succession with 3% fetal calf serum (FCS) in PBS for 1 h
and the primary antibody diluted with 3% FCS in PBS for 1 h. After
several washes using 1% FCS in PBS, fixed cells were incubated for
1 h with the secondary antibody conjugated to Alexa 488 or 594
(molecular probe, 1:2000 dilution in 3% FCS in PBS) and washed
again. Nuclei were stained with Hoechst 33342 (1:10,000 dilution in
PBS). Samples were layered on poly-L lysine-coated immunofluores-
cence slides (Sigma P8920) and mounted with VECTASHIELD. Slides
were viewed under a Zeiss Axioimager epifluorescence microscope
(Axio Imager 2). When Z-stack acquisition was performed, images
with a slice distance of 0.3 �M were presented. For mitochondria
labeling, parasite cultures were incubated for 30 min with Mito-
Tracker® probe (M7512, Invitrogen) at a final concentration of 20 nM

in Hank’s balanced salt solution. Samples were then washed once
with Hank’s balanced salt solution medium, fixed in 4% paraformal-
dehyde, 0.0075% glutaraldehyde in PBS overnight at 4 °C, and fur-
ther processed as described above.

In-gel Tryptic Digestion—
Experiment A—DRM-raft proteins (fractions 4 and 5) were precip-

itated, solubilized in Laemmli sample buffer at 65 °C for 1 h, loaded on
SDS-PAGE (homemade 5% stacking/12% resolving), and run just
long enough to allow the protein marker (BenchMark™ Pre-Stained
Protein Ladder, Invitrogen) to enter the resolving gel. After Coomassie
staining (Novex, Colloidal Blue staining gel, Invitrogen), unseparated
bands were excised and in-gel tryptic digestion was performed as
described below. Supernatants were used directly for LC-MS/MS
analysis.

Experiment B—Proteins contained in fractions 4 and 5 were sep-
arated on Invitrogen precast 4–20% Bis-Tris Gels and stained with
Coomassie Colloidal Blue. After visualization, each sample lane was
cut into sequential slices. Gel slices were destained in 50 mM

NH4CO3/CH3CN 1:1 and covered with acetonitrile until the gel pieces
shrank. The acetonitrile was removed and the gel particles were dried
by centrifugation under vacuum. Proteins were reduced (10 mM DTT,
25 mM NH4CO3 ) for 30 min at 56 °C, shrunk with acetonitrile, and
alkylated (55 mM iodoacetamide, 25 mM NH4CO3) for 30 min in the
dark at room temperature. Gel pieces were washed in 50 mM

NH4CO3/CH3CN 1:1 for 15 min and covered with acetonitrile until they
shrank. Acetonitrile was removed and gel particles were dried by
centrifugation under vacuum. In-gel digestion was performed by add-
ing 12.5 ng/�l of trypsin (Promega) in 25 mM NH4CO3 at 37 °C
overnight under stirring. Supernatants were directly used for mass
spectrometry analysis.

Mass Spectrometry Analyses—
Experiment A: Nano-LC-MS/MS on an LTQ XL Ion Trap—Nano-

RPLC was performed using a nano-HPLC 3000 Ultimate (Dionex,
Sunnyvale, CA) connected online to an LTQ-XL linear ion trap
(Thermo Fisher). Tryptic digests (20 �l) were first loaded on a C18
reversed-phase pre-column (300 �m inner diameter � 5 mm; 5-�m
particle size; 100-Å pore size; LC Packings-Dionex) and washed by
the loading pump at 20 �l/min with buffer A (5% CH3CN, 0.1%
HCOOH) for 5 min and then on a homemade 13 cm � 75 �m inner
diameter Silica PicoTip (8 � 1 �m) column (PicoTip Emitter, New
Objective, Woburn, MA) packed with Magic C18AQ (5-�m particle
size; 200-Å pore size; Michrom Bioresouces Inc., Auburn, CA) for
chromatographic separations. Peptides were eluted at 0.3 �l/min
along a 120-min linear gradient from 20% to 60% buffer B (95%

CH3CN, 0.1% HCOOH) and electro-sprayed directly into the mass
spectrometer with a spray voltage of 1.60 to 1.65 kV and a capillary
temperature of 180 °C. Data acquisition was performed in Top5 data-
dependent mode to automatically switch between MS and MS2.
Full-scan MS parameter settings were as follows: automatic gain
control value of 30,000 ions, maximum injection time of 50 ms, and
m/z 400–2000 mass range. The five most intense ions were sequen-
tially selected and fragmented in collision-induced dissociation mode
with the following parameter settings: isolation width of 2.0, automatic
gain control value of 10,000 ions, maximum injection time of 100 ms,
m/z 50–2000 mass range, collision energy of 35%, minimum signal
threshold of 200 counts, and wide band activation on. A dynamic
exclusion of ions previously sequenced within 60 s was applied.

Experiment B: Nano-LC-MS/MS on Hybrid Quadrupole TOF-MS—
Samples (5 �l) were mixed with an equal volume of 3% acetonitrile,
1% formic acid and analyzed via nano-LC electrospray ionization
MS/MS. Chromatographic separations were carried out using a
75-�m inner diameter, 15-cm-long fused silica capillary column (LC
Packings PepMap, 100 A). Nano-reversed-phase LC was performed
using an Agilent 1100 system (Agilent Technologies, Santa Clara, CA).
After sample injection, the column was washed for 5 min with 90%
mobile phase A (2% CH3CN, 0.1% HCOOH) and peptides eluted
using a linear gradient from 10% to 90% mobile phase B (98%
CH3CN, 0.1% HCOOH) over 75 min with a constant flow rate of 0.2
�l/min. The nano-reversed-phase LC column was coupled online to a
hybrid quadrupole TOF mass spectrometer (API Q-STAR pulsar, PE
SCIEX, Toronto, ON, Canada) using a nano-electrospray source
(Proxeon Biosystems, Odense, Denmark) with an applied electro-
spray potential of 1800 V; the m/z range was 350–1400 for MS and
100–2000 for MS/MS. Spectra were recorded using external calibra-
tion. Raw MS/MS data were analyzed using Analyst QS 1.1 (Applied
Biosystems, Darmstadt, Germany) as provided by the manufacturer
and were reported as monoisotopic masses.

Spectra files from both experiments were analyzed by the Sequest
search engine with Proteome Discoverer 1.4 (ThermoFisher) using a
homemade database constructed with the Human UniProt–Swiss-
Prot database (released June 2012) and P. falciparum 3D7 (PlasmoDB
9.2, released November 2012) and containing a decoy database
(150,994 total entries). Carbamidomethylation of cysteines was spec-
ified as a fixed modification, and the oxidation of methionine was set
as a variable modification. The mass tolerance was set to 0.8 Da for
precursor ions and 0.4 Da for fragment ions, and a maximum of two
missed cleavages was allowed. The Percolator tool was used for
peptide validation based on the q-value, and high confidence was
chosen, corresponding to a false discovery rate of �1% on the
peptide level. Proteins were identified with a minimum of two peptides
(rank � 1) in both experiments.

Bioinformatics Analysis—A manually curated functional classifica-
tion was performed on the basis of the Gene Ontology annotation
available in PlasmoDB.

Gene expression profiling of the DRM-associated proteins was
reconstructed from RNA sequencing data (20) available in PlasmoDB.
For each of the six time points, rings, early trophozoites, late tropho-
zoites, schizonts, early gametocytes of stage II, and late gametocytes
of stage V were analyzed. RNA abundance values (x) were normalized
according to

Z �
�x � m�

stdv
(Eq. 1)

where m is the mean value and stdv is the standard deviation.
The self-organizing tree algorithm was used to group normalized

gene expression profiles. The Pearson correlation coefficient was
chosen as a metric, and the “max cycle” parameter was fixed at 7 to
obtain six clusters.
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Transmembrane helices were predicted using TMHMM 2.0. GPI-
SOM was used to predict the GPI-anchor addition. plasmodium ex-
port element–containing Plasmodium exported proteins were pre-
dicted using dedicated software (21).

Lipid Extraction and Analysis—Trophozoite-infected RBCs (6 �
108) were purified and host cells were subjected to osmotic lysis.
Recovered parasites were suspended in cold Triton, and Triton-
insoluble material was fractionated by means of discontinuous su-
crose gradient centrifugation (see the paragraph on parasite purifica-
tion and analysis in the preceding section). Fractions 2–6 were diluted
1:5 and centrifuged at 30,000 � g for 30 min at 4 °C. Lipids were
extracted from pellets using a chloroform:methanol (2:1, v/v) solution
according to the procedure described by Folch et al. (22). Extracts
were dried under nitrogen atmosphere and used for neutral lipid and
phospholipid thin layer chromatography (TLC). TLC for neutral lipids
was done by eluting lipid extract in a solution of hexane:diethylether:
acetic acid (70:30:1, v/v). TLC for phospholipids was performed by
running lipid extract in a chloroform:methanol:acetic acid:formic acid:
H2O (35:15:6:2:1, v/v) solution in order to separate sphingomyelin,
phosphatidylcholine, and phosphatidylethanolamine. The spots were
visualized via copper acid staining (3% w/v). The plate was heated for
about 5 min at 180 °C, and the abundance of the different lipid
classes in each fraction was estimated in comparison with lipid stan-
dards (Sigma-Aldrich Corporation, St. Louis, MO) using a GS-700
imaging densitometer (Bio-Rad).

RESULTS

DRM Proteome of P. falciparum Late Trophozoites/Early
Schizonts—Trophozoite/early schizont-infected RBCs were
purified from highly synchronous P. falciparum cultures. Intact
parasites and associated membranous structures were recov-
ered after osmotic lysis of the erythrocyte plasma membrane
(18). DRM rafts were then isolated based on their resistance to
Triton X-100 extraction at low temperature and their specific
density in discontinuous sucrose gradients (18). DRM rafts,
detected as an opaque band floating to the 5%-to-30% su-
crose boundary (fractions 4 and 5), were collected and further
purified through a second sucrose gradient to minimize the
presence of spurious contaminants. In order to obtain a ro-
bust dataset, two entirely independent biological replicates
were analyzed, and only the overlap between the identified
proteomes was considered for further characterization. In ex-
periment A, the peptide mixtures of fractions 4 and 5 were
analyzed separately on a 2-hour-long gradient and subjected
to MS/MS analysis on an LTQ XL Ion Trap. In this case we
detected 158 parasite proteins matching the imposed criteria
(false discovery rate of �1 and at least two peptides (rank 1)
identified per protein). In experiment B, pooled DRM fractions
4 and 5 were precipitated and protein components were
separated via one-dimensional SDS-PAGE. Coomassie Col-
loidal Blue–stained gel was cut into slices, trypsin digested,
and subjected to MS/MS analysis on a hybrid quadrupole
TOF mass spectrometer. Using this procedure, we identified
93 Plasmodium proteins that passed the imposed filters. The
final compiled list (Table I) included 83 common proteins
detected with false discovery rates of �1 and two peptides in
both experiments and a conserved Plasmodium protein of
unknown function (PF3D7_1013300), identified with four pep-

tides in experiment A and one in experiment B. We included
this protein because its presence in parasite DRMs was sup-
ported by data obtained previously in our laboratory (not
shown). Various members of the MC-resident 2TM family
were identified, but only PF3D7_0222100, detected in both
experiments, is reported in Table I. The presence of microdo-
mains in the MC membranes explains previous observations
suggesting that the delivery of virulence factors from MCs to
the RBC membrane involves cholesterol-rich microdomains
(23).

To define cellular processes associated with trophozoite/
early schizont DRM rafts, we assigned the identified P. falcip-
arum proteins to functional categories based on the annota-
tion available in PlasmoDB (Fig. 1).

As shown in Table I, 37 proteins identified in this study had
already been reported in the DRM proteome of P. falciparum
late schizonts (16). Among them, we found factors related to
the host erythrocyte invasion, eight membrane transporters
(PF3D7_0523000, PF3D7_0914700, PF3D7_1132800, PF3D7_
1211900, PF3D7_1347200, PF3D7_1432100, PF3D7_1456800,
PF3D7_0316600), three members of a small family of GPI-
anchored proteins (P41 (PF3D7_0404900), Pf38 (PF3D7_
0508000), and Pf12 (PF3D7_0612700)) characterized by six
cysteines (cys) conserved in their position (24), two additional
cysteine-rich proteins (Pf 92 (PF3D7_1364100) and Pf113
(PF3D7_1420700)) that do not exhibit structural features
distinctive of the 6-cys family, and components of the PVM-
resident translocon machinery (PF3D7_1436300, PF3D7_
1471100, PF3D7_1116800), implicated in the export of para-
site proteins across the PVM (2). Thirteen other proteins had
been identified previously in the DRM proteome of P. berghei
mixed blood stages, and 34 novel proteins were identified in
this study. Based on this comparative analysis, 47 DRM-
associated proteins detected in this study, but not in the DRM
proteome of P. falciparum late schizonts, might be considered
potential trophozoite/early schizont-specific candidates. They
include an abundance of molecular chaperones, five RAB
GTPases, and a vesicle-associated membrane protein
(PF3D7_1439800). This strongly suggests that DRMs may act
as regulators of protein sorting and trafficking during parasite
growth and host cell remodeling.

Notably, the four plasmepsins (PMs) encoded by the P.
falciparum genome, PM I, PM 2, PM III (or HAP), and PM IV,
partition into DRMs during trophozoite development. These
aspartic proteases are involved in the catabolism of host
hemoglobin internalized by the parasite during intraerythro-
cytic development (25).

Mass spectrometry data available in PlasmoDB indicated
that the majority of proteins detected in this study are ex-
pressed in both asexual and sexual blood stages of P. falcip-
arum, with the exception of eight proteins identified only in
asexual stages. They include two members of the 6-cys family
(PF3D7_1364100, PF3D7_0404900); the merozoite surface
protein MSP7 (PF3D7_1335100); a nucleoside transporter
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(PF3D7_1347200); the rhoptry-associated antigen RAMA
(PF3D7_0707300); and three proteins exported beyond the
parasite plasma membrane: the PV-localized protease SERA5
(PF3D7_0207600), a member of a family of putative papain-
like proteases SERA, with a role in parasite egress; the PVM-
resident ETRAMP5 (PF3D7_0532100), which belongs to the
early transcribed membrane protein family; and a member of
the Pfmc-2-TM family localized to the MCs (PF3D7_0222100).

Expression Profile of Genes Encoding DRM Components—
RNA sequencing data from synchronous asexual and sexual
P. falciparum blood stages (available in PlasmoDB) were an-
alyzed to assess the expression profile of genes encoding
DRM-associated proteins (Fig. 2). Normalized RNA values of
each gene at the different time points of infection were
grouped in six clusters of co-regulated genes by the self-
organizing tree clustering algorithm. Genes activated/up-reg-
ulated at the trophic stages (clusters 1–3) encode the majority
of DRM-associated proteins involved in transport, metabolic
pathways, and protein translation, wheras the products of
genes grouped in clusters 3 and 4, activated/up-regulated in
late trophozoites and schizonts, include the majority of pro-
teins related to invasion. A small subset of genes transcribed
at a higher level in rings and/or early throphozoites (clusters 1
and 2) includes the three translocon components detected in
this study: PTEX150 (PF3D7_1436300), HSP101 (PF3D7_
1116800), and Exp2 (PF3D7_1471100).

Predicted Localization Signals in DRM-associated Pro-
teins—About 60% of the DRM-associated proteins are pre-
dicted to contain a signal peptide (SP) and/or a transmem-
brane domain (TM). Within this subset, the relative abundance
of proteins containing an SP or an SP plus a TM significantly
differs from that calculated for the entire trophozoite pro-

teome, whereas proteins containing TM regions display sim-
ilar abundance (Fig. 3). Six SP-containing proteins are GPI-
anchored, and three identified proteins (PF3D7_0222100,
PF3D7_0721100, and PF3D7_1407800) have been predicted
to contain a plasmodium export element motif (26, 27) that
directs the export of parasite-encoded proteins beyond the
PVM via the translocon machinery (2). These data support a
role of DRMs in the sorting/trafficking of parasite proteins to
intra- or extracellular membrane compartments.

Validation of Trophozoite DRM Proteome—To validate our
proteomic data, we selected and characterized six proteins
(Table II) containing a predicted localization signal or having a
role in protein folding/trafficking. Recombinant proteins, ex-
pressed as GST fusions, were purified and used to prepare
mouse immune sera. Their specificity was verified by Western
blot analysis on total cell lysate prepared from P. falciparum-
infected and non-infected RBCs (supplemental Fig. S1). The
immune sera tested reacted exclusively with the iRBCs and
recognized protein bands of the expected size, with the ex-
ception of the immune serum specific for PfN201. In that
case, antibodies reacted strongly with a 250-kDa polypeptide
and faintly with two additional protein bands, one at the
expected size of around 100 kDa and the other at 150 kDa,
suggesting that PfN201 may form homo-/heterodimers not
completely disrupted in SDS-PAGE. Consistently, PfN201
(also known as Pf113) was detected associated with high
molecular mass complexes (�400 kDa) in DRMs of P. falcip-
arum schizonts (16, 17).

To investigate the stage-specific expression of the selected
proteins, we probed time-course samples from a highly syn-
chronous P. falciparum infection with the characterized im-
mune sera (Fig. 4). Specific protein bands were mainly de-
tected in trophozoites/early schizonts (Fig. 4A) and in late
schizonts (Fig. 4B), with the exception of the Pfmc-2-TM
family members, which were absent in mature schizonts. The
abundance of cognate transcripts is reported in Fig. 4C.

In order to verify the association of the selected proteins
with DRMs, purified trophozoites were treated with Triton-
X100 at 4 °C after erythrocyte lysis and cell extracts were
subjected to discontinuous sucrose gradient centrifugation.
The effectiveness of the gradient separation was verified by
probing the collected fractions for the presence of the eryth-
rocyte Flotillin 1 (28) and Band 3 (13), which partition into DRM
rafts, or the skeletal protein Spectrin, excluded from this
compartment (Fig. 5). All Plasmodium proteins analyzed were
detected in floating low-density fractions but displayed differ-
ent buoyancy profiles; PFJ130, PFB985, and the 250-kDa
protein band, which includes PFN201, partition into DRMs
with a buoyant density similar to that of the erythrocyte raft
markers (fractions 3–5), whereas PFL1070c, PFK55, and
PFK351 partition into DRMs with a higher buoyant density
(fractions 5 and 6).

Lipid Composition of DRMs Contained in P. falciparum
iRBCs—The different buoyancy of parasite proteins associ-

FIG. 1. Major functional categories associated with DRMs iso-
lated from P. falciparum trophozoites/early schizonts. Occur-
rences of DRM-associated proteins in each functional class are re-
ported as a histogram.
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ated with DRMs may reflect heterogeneity in the lipid compo-
sitions of membrane microdomains they are embedded in. To
verify this, we analyzed lipid components of total parasite
extract and low-density gradient fractions 2–6, containing the
majority of floating DRMs. As expected, the relative abun-
dance of lipid species in pooled DRM fractions differed from
that of total parasite extract (Fig. 6A). Notably, when choles-
terol and phospholipids (phosphatidylcholine, phosphatidyl-
ethanolamine) and sphingomyelin were measured in each
DRM fraction, we observed that individual lipid species are
differently represented along the gradient (Fig. 6B).

DRMs Localize to Various Membrane Compartments of P.
falciparum iRBCs—Subcellular localization of the selected
proteins was investigated via indirect immunofluorescence
assay on paraformaldehyde-fixed trophozoite-infected RBCs
(Fig. 7). PfJ130 contains a predicted signal peptide and a
hydrophobic stretch of amino acids close to its C terminus.
This conserved protein of unknown function also was identi-
fied in the DRM proteome of mixed blood stages of the rodent
malaria parasite P. berghei (Table I). Specific antibodies iden-
tified a confined dotted labeling within the parasite cytoplasm.
PfN201, characterized by an N-terminal signal peptide fol-

FIG. 2. Expression profiles of genes encoding DRM-associated proteins. Data from RNA sequencing of P. falciparum blood stages (20),
available in PlasmoDB, were used to determine the expression profiles of genes encoding DRM-associated proteins at different time points
of parasite development: ring (R), early trophozoite (ET), late trophozoite (LT), schizont (S), and early (GII) and late (GV) gametocytes. Blue and
yellow boxes correspond to positive and negative values, respectively, and zero is shown as a white box. Six clusters were identified by the
self-organizing tree clustering algorithm. For each cluster, a centroid profile is shown (left) in which red bars represent the standard deviations
at each time point. Pie charts represent the functional classification of proteins in each cluster.
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lowed by a cysteine-rich region, co-localized with the PVM
resident protein EXP1. PfB985 belongs to the MC-resident
2TM family, composed of 13 members, which exhibit more
than 90% identity (29). Raised antibodies, expected to react
with all the expressed 2TM proteins, confirmed the subcellular
localization of these molecules. PfK351, an Hsp70 chaperone
homolog, is mainly localized to parasite mitochondrion, as
indicated via overlay with mitotracker labeling. PfL1070, an
endoplasmin homolog, contains a predicted SP and an en-
doplasmic reticulum (ER) retention signal SDEL at the C ter-
minus. Co-immunofluorescence with the ER-resident marker
PfBiP confirmed the ER localization of this protein. PfK55, a
conserved hypothetical protein with unknown function, con-
tains an SP and an ER retention signal (KDEL), strongly sug-
gesting ER targeting. However, due to the poor reactivity of
the specific immune serum in the indirect immunofluores-
cence assay, the exact subcellular localization of this protein
remained elusive.

Overall, these results indicated that membranes of P.
falciparum–infected erythrocytes contain distinct types of

DRMs, most likely characterized by specific protein and lipid
contents. These assemblies are present in membrane struc-
tures exported beyond the P. falciparum plasma membrane
(PVM, MCs), as well as intracellular compartments/organelles
such as the mitochondrion and the ER.

DISCUSSION

DRM Rafts in Malaria Parasite Infection and Pathogenesis—
The existence and properties of DRMs in human erythrocytes
have been described recently (13, 30, 31), and their involve-
ment in invasion by malaria parasite is amply documented.
The cholesterol-depleting agent methyl-�-cyclodextrin abol-
ishes parasite entry into erythrocytes (32). A similar effect was
also observed when erythrocytes were treated with lidocaine,
a local anesthetic that affects DRM-raft organization, without
any alteration of the membrane cholesterol content (33).
Moreover, major merozoite structural proteins involved in the
early stages of invasion reside in cholesterol-rich membranes
(16, 34–39). During parasite entry, extensive remodeling of the
erythrocyte DRM rafts occurs (13, 40) with selective recruit-
ment of host DRM-associated proteins into the newly formed
PVM, most likely induced by proteinaceous parasite ligands
present in the invasion-associated apical organelles (reviewed
in Ref. 41).

These studies indicated that DRM-based interactions of
both host and parasite origin are essential for the invasion
process. However, the subcellular localization, organization,
and dynamics of DRMs during parasite development inside
the host erythrocyte were poorly explored. A limited number
of parasite proteins were characterized as DRM-associated in
P. falciparum trophic stages, and the majority of them localize
to the PVM. These include the PVM-resident proteins EXP1
and EXP2, the rhoptry components, Pf-stomatin and RhopH2
(34), translocated across the parasitophorous vacuole upon
invasion, and, importantly, the recently characterized export
machinery (2).

In this study, we performed two independent proteomic
analyses of DRM rafts isolated from P. falciparum–infected
erythrocytes at the late trophozoite/early schizont stage of
development. The first experiment (A) was carried out using a
long chromatographic peptide separation and a linear ion-trap

FIG. 3. Relative abundance of proteins containing localization
signals. The percentages of DRM-associated proteins with a signal
peptide (SP) and/or a transmembrane domain (TM) (gray bars) are
compared with those of the entire trophozoite proteome (white bars).
A chi-squared test was performed to evaluate the significance of the
observed differences (p � 10�10).

TABLE II
Selected DRM-associated proteins. Six DRM-associated proteins containing a signal peptide (SP) or a transmembrane domain (TM) or having
a role in protein folding/trafficking were selected for the production of specific mouse immune sera. Protein regions expressed in bacteria are

indicated

Gene ID
Parasite
protein

SP TM
Expected molecular

weight (kDa)
Expressed region

(amino acids)
Annotation

PF3D7_1104400 PfK55 	 � 49 98–321 Conserved protein, unknown function
(ER retention signal KDEL)

PF3D7_1013300 PfJ130 	 1C-term 75 39–186 Conserved protein, unknown function
PF3D7_1134000 PfK351 � � 73 195–496 Heat shock protein hsp70 homologue
PF3D7_1222300 PfL1070 	 � 95 27–416 Endoplasmin homolog (ER retention signal SDEL)
PF3D7_0222100 PfB985 	 2C-term 27 73–176 Pfmc-2TM family member 2.2 (PEXEL/HCT motif)
PF3D7_1420700 PfN201 	 1C-term 112 44–257 Surface protein, Pf113
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mass spectrometer and led to the identification of 158 para-
site proteins, whereas the second experiment (B), based on
electrophoretic separation of the proteins and employing a
hybrid quadrupole TOF mass spectrometer, identified 93 par-
asite proteins. The difference in the number of detected pro-
teins is not surprising, mainly because the two experiments
were run on mass spectrometers with different peptide ioni-
zation efficiencies and scan rates (42). Moreover, the different
separation methods employed (long gradient and PAGE) may
explain in part the observed discrepancy. To be confident, we
considered only the 84 proteins identified in both experiments
for further analyses. These molecules mainly fall into four
broad functional categories: metabolism, protein transport/
signaling, folding, and proteolysis. We detected an abun-
dance of chaperones and RAB-GTPases, as well as compo-
nents of the machinery that mediates the translocation of
parasite proteins across the PVM (2). This strongly suggests

that DRMs at the trophozoite stage recruit molecules impli-
cated in the establishment of new pathways of protein sorting
and trafficking within the iRBC.

Consistent with the idea that DRM association varies de-
pending on the parasite’s developmental stage, we detected
four plasmepsins, PM I, PM II, PM III (or HAP), and PM IV,
involved in catabolism of the host hemoglobin (25), a process
characteristic of Plasmodium trophic stages. These aspartic
proteases are type II integral membrane proteins routed to a
lysosomal compartment, the food vacuole. Deletion of each of
the individual genes did not affect parasite viability, indicating
substantial functional redundancy (43). These proteases are
trafficked to the food vacuole via the parasite plasma mem-
brane, where they incorporate as inactive proenzymes into
forming cytostomes, which deliver hemoglobin to the food
vacuole (44). Once at the food vacuole, PMs are activated and
released from the membrane by means of proteolytic cleav-

FIG. 4. Expression profiles of six proteins identified in trophozoite/early schizont DRM proteome. Samples from a synchronous P.
falciparum culture were taken at different hours post infection (hpi) and probed with immune sera raised against PFJ130, PFN201, PFB985c,
PFL1070c, PFK55, and PFK351 proteins (A). Noninfected erythrocyte extract (RBC) was loaded as a negative control. Specific signals are
detected exclusively in the infected erythrocytes (iRBC), mainly at the trophozoite and early schizont stages (24–36 hpi). All proteins except
PFB985c were also detected in late schizonts (B). RNA sequencing data (20) were exploited to determine the relative abundance of the specific
transcripts in rings (R), early trophozoites (ET), late trophozoites (LT), and schizonts (S) shown in C.
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age (45). The detection of PMs in DRM fractions suggests that
specialized raft-like membrane microdomains may be impli-
cated in this internalization process.

DRMs Are Present in Various Membrane Compartments
of P. falciparum–infected Erythrocytes—To validate our
proteomic data and to gain insights into DRM-dependent
functions, we prepared immune sera against six putative
DRM-associated proteins that had not been previously char-
acterized. Candidates were selected for the presence of pre-
dicted localization signals or for their potential role in protein
folding/trafficking. Sucrose gradient fractions probed with the
specific immune sera indicated that all the selected proteins
partitioned into DRMs, although five out of six were also
detected in Triton-soluble high-density fractions, suggesting
that their incorporation in cholesterol-rich microdomains is
dynamic. Immunolocalization studies showed that the se-

lected proteins are targeted to various subcellular compart-
ments of the iRBC, including internal organelles. PfK55 and
PfL1070 contain a predicted SP and an ER retention signal.
Co-localization with the ER resident protein PfBiP was clearly
shown for PfL1070. PfJ130, predicted to contain an SP, was
detected in confined dot-like structures inside the parasite,
whereas PfK351 localized to the mitochondrion. The exis-
tence of different populations of DRMs routed to internal
membrane compartments of P. falciparum has not yet been
documented, although increasing evidence suggests that in
other organisms raft-like regions reside in internal organelles
and not only in the plasma membrane. For example, two ER
proteins, members of the family of prohibitin domain-contain-
ing proteins, referred to as erlin-1 and -2, were identified in the
detergent-insoluble low-density fractions of different cell
types (46). A subdomain of the ER, the mitochondria-associ-
ated membrane, was shown to mediate cross-talk between
the ER and mitochondria. This domain regulates important
processes such as Ca2	 signaling and protein folding (47).
DRM-associated proteins at the mitochondria–mitochondria-
associated membrane interface most likely coordinate these
events (47). Raft-like membrane microdomains were also
identified in mitochondria and shown to be implicated in mi-
tochondrial fission processes (48).

In this study, we identified two novel membrane proteins
associated with DRMs and exported beyond the parasite
plasma membrane, PfN201 (PF3D7_1420700), which local-
izes to the PVM, and PfB985 (PF3D7_0222100), targeted to
the MCs. PfN201, also known as surface protein Pf113, con-
tains a predicted SP followed by a cystein-rich stretch and a
putative GPI-anchor sequence. It was previously identified in
the DRM proteome of P. falciparum late schizonts (16) and
shown to be present in high molecular mass complexes
(�400 kDa) (17), even though subcellular localization and
DRM association of this protein were not proved. PfB985 is a
member of the PfMC-2TM family. These proteins, localized to
the MCs (29), were also identified in a proteomic study of P.
falciparum–infected erythrocyte ghosts (4). Here we showed,
for the first time, the presence of raft-like structures in MC
membranes. This supports previous observations that the
assembly and translocation of virulence factors PfEMP1 (22)
and PIRs (18) to the host cell surface involve insertion at
cholesterol-rich microdomains.

Lipid Composition of DRM Microdomains in the Trophozo-
ite iRBCs—Although a variety of cell functions take place in
DRM rafts, where proteins and lipids interact intimately (for a
review, see Ref. 49), few studies have analyzed the diversity of
the lipid composition of these membrane microdomains (50).
In this study, specific antibodies revealed a diverse flotation
capacity of DRM-associated proteins upon sucrose gradient
centrifugation, suggesting that they are embedded in different
lipid contexts. This was confirmed by the analysis of major
lipid classes present in low-density gradient fractions 2–6. We
observed, in fact, that the relative abundance of cholesterol

FIG. 5. DRM association of the selected proteins. Trophozoite-
enriched iRBCs were purified from a synchronous P. falciparum cul-
ture and treated with cold Triton-X100 after erythrocyte lysis. Cell
extract was subjected to discontinuous sucrose gradient centrifuga-
tion. Proteins associated with triton-insoluble membranes float to the
low-density fractions (2–6) of the gradient, whereas proteins associ-
ated with triton-soluble membranes remain mainly confined to the
loading zone (high-density fractions). Equal volumes of fractions 2–8,
collected from the top to the bottom of the gradient, were probed with
antibodies raised against Flotillin 1 and Band3 (associated with eryth-
rocyte DRMs), the erythrocyte skeletal protein Spectrin (excluded
from this compartment), and the P. falciparum proteins PFJ130,
PFN201, PFB985c, PFL1070c, PFK55, and PFK351.
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FIG. 6. Lipid components of DRM fractions. Relative abundance (expressed as a percentage) of lipids from pooled DRM fractions (2–6)
or unfractionated trophozoites after erythrocyte lysis is shown in the pie charts (A). The lipid content of each DRM fraction is shown in B.

FIG. 7. Subcellular localization of P.
falciparum DRM-associated proteins.
Immunofluorescence studies were per-
formed on paraformaldehyde-fixed P. fal-
ciparum trophozoite-infected RBCs using
mouse immune sera raised against the
DRM-associated proteins PFJ130,
PFN201, PFB985, PFL1070c, and
PFK351. Immune sera specific for PfBip
and PfEXP1 were used for co-labeling, as
indicated. Mitochondria labeling was per-
formed with the MitoTracker® probe. Par-
asite nuclei were stained with Hoechst
33342. Microscopic observations were
made on an apotome-equipped Axio Im-
ager 2 (Carl Ziess, Jena) with a 100� apo-
chromat objective and differential interfer-
ence contrast (DIC). The DIC merged and
overlay images are presented. Bar size: 5
�m.

Detergent-resistant Membranes of P. falciparum Trophozoites

Molecular & Cellular Proteomics 12.12 3959



and phospholipids, phosphatidylethanolamine, phosphatidyl-
choline, and sphingomyelin differs in each DRM-containing
fraction. The existence of raft-like domains with distinct prop-
erties has been previously proposed for late endosomes,
which contain cholesterol-rich microdomains both in their
limiting membrane and in intraluminal vesicles (51). It was also
shown that the fractionation patterns for two falciparum de-
tergent-resistant rhoptry proteins differ, suggesting that mul-
tiple DRM populations exist within this organelle (52).

In conclusion, this study provides insights into the protein
composition and subcellular localization of DRM rafts isolated
from P. falciparum trophozoites/early schizonts. We showed
that these assemblies are heterogeneous in subcellular local-
ization, lipid composition, and, most likely, set of associated
proteins. We expect that further investigation of the complex-
ity and dynamical flexibility of DRMs during the different de-
velopmental stages of the Plasmodium parasite will provide
important knowledge for the design of novel intervention
strategies.
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