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Membrane microdomains that include lipid rafts, are
involved in key physiological and pathological pro-
cesses and participate in the entry of endocellular
pathogens. These assemblies, enriched in cholesterol
and sphingolipids, form highly dynamic, liquid-ordered
phases that can be separated from the bulk membranes
thanks to their resistance to solubilization by nonionic
detergents. To characterize complexity and dynamics of
detergent-resistant membranes of sexual stages of the
rodent malaria parasite Plasmodium berghei, here we
propose an integrated study of raft components based
on proteomics, lipid analysis and bioinformatics. This
analysis revealed unexpected heterogeneity and unex-
plored pathways associated with these specialized as-
semblies. Protein-protein relationships and protein-lipid
co-occurrence were described through multi-compo-
nent networks. The proposed approach can be widely
applied to virtually every cell type in different contexts
and perturbations, under physiological and/or patholog-
ical conditions. Molecular & Cellular Proteomics 16:
10.1074/mcp.M117.067041, 1801-1814, 2017.
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Membrane microdomains, also referred to as lipid rafts, are
specialized assemblies, enriched in cholesterol (CH)' and
sphingolipids, where specific protein-protein or protein-lipid
interactions occur (1). The peculiar structural organization of
these dynamic platforms also depends on the prevalence of
saturated fatty acids in sphingolipids that allow tight CH in-
teractions and the formation of highly packed phases. The
liquid ordered nature of CH-rich assemblies renders them
resistant to solubilization in nonionic detergents, compared
with the liquid-disordered bulk membranes, and allows their
enrichment as detergent resistant membranes (DRMs) by su-
crose gradient centrifugation.

DRM-rafts, extensively investigated in mammalian cells,
have been implicated in key cellular processes such as signal
transduction, membrane trafficking or cell polarization (2) and
their importance in the pathogenesis of human disorders (3-5)
has been elucidated over recent years. Furthermore, a grow-
ing number of pathogens have been shown to hijack lipid rafts
to enter and survive inside the target cell (6-38).

Given the increasing awareness of the fundamental role of
lipid rafts in various cellular functions, these assemblies are
being viewed as appealing drug targets. The pharmaceutical
potential of raft-associated proteins and lipid/fatty acids are
being explored, based on dietary modifications (9), or plant-
derived compounds (10).

Raft-like microdomains have been implicated in the control
of virulence of numerous parasite protozoa, including Plas-
modium falciparum, which causes the most severe human
malaria (11, 12).

" The abbreviations used are: CH, cholesterol; DAPI, 4',6-di-
amidino-2-phenylindole; DRM, detergent resistant membrane; ER,
endoplasmic reticulum; FAME, fatty acid methyl ester; GC, gas chro-
matography; GST, glutathione S-transferase; HPTLC, high perform-
ance thin layer chromatography; IFA, immunofluorescence assay;
IRBC, infected red blood cell; OB, osmiophilic body; PAP, protein
abundance profile; PC, phosphatidylcholine; PE, phosphatidyletha-
nolamine; PS, phosphatidylserine; PUFA, polyunsatured fatty acids;
SFA, saturated fatty acids; SM, sphingomyelin; WB, Western blot.
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Malaria is one of the major global health problems with
more than 200 million new cases and 438,000 deaths esti-
mated by WHO in 2015. Plasmodium blood stages multiply
asexually inside red blood cells (RBCs), causing malaria
symptoms, or differentiate into sexual gamete precursors, the
male and female gametocytes, responsible for parasite trans-
mission. Circulating gametocytes are arrested in the cell cycle
until they are ingested by a female mosquito of the genus
Anopheles. Environmental cues, associated with the mos-
quito midgut, trigger gamete maturation and escape from the
host RBC. With a spectacular process named exflagellation,
male gametocytes undergo three rounds of DNA replication
and axoneme assembly in 15-20 min, leading to the formation
of eight motile gametes, competent to fertilize the emerged
females, therewith commencing mosquito colonization by the
parasite.

Previous studies on Plasmodium asexual blood stages in-
dicated that CH-rich membrane microdomains participate to
various biological processes, such as protein sorting/traffick-
ing, host cell invasion, organelle biogenesis and membrane
remodeling with a key function in parasite virulence and
pathogenesis (13-16). A specific role of these assemblies in
sexual stages has not been investigated so far.

Here we propose an integrated method based on label-free
quantitative proteomics, lipid analysis and bioinformatics to
provide insights on components and buoyancy features of
membrane microdomains of Plasmodium sexual stages.

We show here that gametocyte-specific molecules, impli-
cated in either the exit of gametes from the host cell or in
gamete fertilization, are recruited into DRMs. This suggests
that membrane microdomains may be targeted to block not
only parasite invasion and development inside the host eryth-
rocyte but also transmission to the mosquito vector.

EXPERIMENTAL PROCEDURES

Plasmodium Berghei In Vivo Infection and Purification—A high
gametocyte producer P. berghei ANKA line (HP) was used for high-
yield production of gametocytes, whereas the isogenic nongameto-
cyte producer line (HPE) was used to obtain asexual trophozoites
freed from any contamination of sexual stages. Synchronous infec-
tions were established in CD1 mice by intravenous injection of puri-
fied infective schizonts (17). Blood was collected by heart-puncture
under anesthesia and leukocytes were removed using Plasmodipur
leukocyte filters (Euro-Diagnostica, Malmoe, Sweden). Schizont- or
gametocyte-infected erythrocytes were separated from uninfected
cells through Nycodenz density gradient centrifugation (17).

Antibodies—Polyclonal immune sera against the RNA helicase
(PBANKA_030680), the conserved protein (PBANKA_0604300) and
the deoxyribose-phosphate aldolase (PBANKA_0505800) were ob-
tained in BALB/c mice via intraperitoneal injection of purified recom-
binant proteins (50 ng in Freund’s complete adjuvant) followed by two
successive injections at 2-week intervals (25 pg in Freund’s incom-
plete adjuvant). Mice were bled 1 week after the third immunization.
The coding fragments used for immunization were cloned in BamHI-
Notl sites of PGEX6P-1 and expressed as GST fusions. Peptide
sequences and primers used for PCR amplifications are detailed in
supplemental Methods. A PbG377 peptide, expressed in pGEX-6P-1
vector detailed in (20) was purified and used to prepare a specific

rabbit immune serum for colocalization experiments (1:100 in IFA).
Antibodies used for Western blot (WB) and indirect immunofluores-
cence analysis (IFA) were: a-PbG377 mouse polyclonal (20), 1:300 in
IFA, 1:2000 in WB; «-SET rabbit polyclonal (21) 1:200 in IFA, 1:5000
in WB; a-Pb14-3-3 mouse polyclonal (22) 1:200 in IFA, 1:2000 in WB;
«-SEP1 rabbit polyclonal (23) 1:5000 in WB; «-alpha-tubulin rabbit
monoclonal (Abcam, Cambridge, UK), 1:500 in IFA; a-Flotillin mouse
monoclonal (BD Transduction Laboratories, Lexington, KY), 1:1000 in
WB; a-Pfhsp70 (kindly provided by Denise Mattei), 1:1000 in WB.

Western Blot Analysis—WB analysis was performed using MINI
TRANS-BLOT® Bio-Rad (Hercules, CA) apparatus at constant voltage
(100V) for 1h, in transfer buffer (20% methanol, Tris 0,025M, Glycine
0.192 m) onto Protran 0.22 microns membrane (Whatman, Maidstone,
UK). Primary and horseradish peroxidase-conjugated secondary an-
tibody were incubated 1h in PBS-Tween (0.05%) 1% nonfat milk and
membrane was developed using the ECL system (SuperSignalWest
Pico, Thermo Scientific) according to manufacturer’s instructions.

Indirect Immunofiluorescence Assay—Blood smears were fixed on
glass slides for 1h with 4% paraformaldehyde at room temperature
(RT), washed in PBS, treated with 0.1% Triton X-100 in PBS (10 min
at RT) and washed again in PBS. Blocking was performed overnight
in PBS/3% BSA at 4 °C. Slides were then incubated 1h in primary
antibody, washed in PBS and incubated 30min in fluorescein- or
rodamin-conjugated goat a-mouse or a-rabbit secondary antibodies
(1:400 dilution). Cell nuclei were labeled with 4’,6-diamidin-2-fenilin-
dolo (DAPI). The specificity of the immune sera was checked in
parallel using pre-immune sera. Subcellular localization of selected
proteins was analyzed in P. berghei sexual stages by double IFA.
Nonactivated and activated males were recognized using antibodies
against the nuclear protein NAP/SET and the alpha-tubulin respec-
tively, whereas nonactivated and activated females were identified
using antibodies against PbG377. For each examined antibody, about
100 gametocytes were inspected microscopically and fluorescence
pattern was considered representative when detected in 80-90% of
the examined cells, in two independent parasite preparations.

DRMs Furification and Fractionation—Nycodenz-purified infected
red blood cells (IRBCs) were centrifuged (900 X g,10 min) and RBC
membranes selectively ruptured by resuspending cell pellet in 20
volumes of cold lysis buffer (0.15 m NH,CI, 0.01 m KHCO5, 1 mm
EDTA) with the addition of protease mixture inhibitors (Roche, Basel,
Switzerland). The suspension was incubated in ice for 10 min. Free
parasites were collected by centrifugation, washed three times in PBS
to remove hemoglobin and stored at —80 °C for successive analyses
(3 X 108-parasite aliquots). Relative protein abundance was evalu-
ated by probing total protein extracts from the stored parasite pellets
of mature gametocyte sample A, (MG-A) and asexual trophozoite
sample A (T-A), with 14-3-3 and Pfhsp70 specific antibodies (supple-
mental Fig. S1A).

To isolate DRMSs, each parasite pellet (3 x 10® cells) was sus-
pended 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. Cell extracts were adjusted to
40% sucrose by the addition of 0.75 ml of 80% sucrose in MES-
buffered saline, placed at the bottom of an ultracentrifuge tube (4.5
ml, 13 X 15 mm, Beckman) and overlaid with 1.5 ml of 30% and 1.5
ml of 5% sucrose. Samples were subjected to equilibrium density
gradient centrifugation using SW60Ti rotor (Beckman Instruments,
Brea, CA) at 45,000 rpm (208,000 X g), for 18 h at 4 °C. 375-pul
fractions were then collected from the top of the gradient. To verify
linearity of the gradient, sucrose density of the collected fractions was
routinely determined through refractive index values (supplemental
Fig. S1B). Reproducibility of Flotillin density distribution was always
inspected by probing fractions 2-8 with the specific antibody; in our
working conditions Flotillin floats to fraction 4 (supplemental Fig.
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S1B). Proteins in light fractions 2—-8 were precipitated, as described in
(18), whereas lipids were extracted as described in (19).

To prepare total Triton-insoluble and -soluble parasite extracts, cell
pellets (107) were resuspended in 0.1 ml of cold MES-buffered saline
supplemented with 1% Triton X-100, homogenized as described
above, and centrifuged at 30,000 X g, 30 min. Soluble fractions were
collected, while the pellets were washed in cold MES-buffered saline.
Insoluble fractions were recovered after centrifugation (30 min at
30,000 X g). and resuspended in 0.1 ml volume of SDS-PAGE loading
sample buffer.

Experimental Design and Statistical Rationale—Here we propose a
method based on label-free quantitative proteomics to define flotation
properties of DRM-associated proteins separated by sucrose gradi-
ent centrifugation. DRM analysis was performed on mature gameto-
cytes (sample MG-A) and asexual trophozoites (sample T-A), purified
from synchronous P. berghei infections (described above). To limit
variability because of the high dynamic nature of these membrane
compartments, proteomics and lipid analysis were conducted on a
single sample preparation. However, to evaluate the experimental
reproducibility, the entire procedure that includes parasite solubiliza-
tion, DRM separation via equilibrium density sucrose gradient centri-
fugation, protein and lipid extraction and analysis was performed in
three independent experiments. The optimal size of the sample (3 X
108 parasites) was determined experimentally to guarantee efficient
cell lysis and avoid sucrose gradient overloading, factors that may
affect DRM flotations. Gradient linearity was always verified by meas-
uring refractive index values of the collected fractions.

To obtain protein and lipid constituents of DRMs for proteomics
and lipid analysis, fractions 2 to 8, were subjected to chloroform/
methanol extraction. Small aliquots of protein samples (about 10%)
were probed with antibodies against selected Plasmodium proteins to
verify their buoyancy profile in WB analysis (see Fig. 5A and 5B)
whereas Flotillin | was used to evaluate reproducibility of sucrose
gradient separation (Fig. 5C). Major lipid classes, CH, sphingomyelin
(SM), phosphatidylserine (PS), phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE), were identified by high performance thin
layer chromatography (HPTLC), whereas their fatty acid components,
i.e. saturated (SFA), mono-unsaturated (MUFA) and poly-unsaturated
(PUFA) fatty acids, were identified by Gas Cromatography (GC)
analysis.

Proteins detected with a minimum of two unique peptides, in at
least two out of three replicates (for search parameter and accept-
ance criteria see below) were used for further analysis. The abun-
dance of each protein in collected gradient fractions was determined
by label-free Top3 method (24). Normalized Top3 values were used to
construct protein abundance profiles (PAPs), that describe buoyancy
features of each identified protein (see below). Reproducibility of
PAPs between replicates was evaluated by the Pearson’s correlation
coefficient. Biological reproducibility of PAPs was assessed by prob-
ing DRM gradient fractions of two independent preparations of ma-
ture gametocytes (MG-B and C) and trophozoites (T-B and C) with
antibodies against the proteins under study (supplemental Fig. S3).

Protein-related PAPs obtained in the three proteomic replicates
were then merged in a single profile of 21 points and submitted to
hierarchical average linkage clustering by Cluster 3.0 (2). The resulting
dendrogram was manually inspected and clusters of correlated pro-
files (R = 0.5; p < 0.05) were extracted. A cluster abundance profile
was then calculated as the median of the three replicates Top3-
medians. Finally, relationships between clusters in the different gra-
dient layers (fractions 4-8) were visualized as stage-specific lipid and
protein co-occurrence networks.

Sample Preparation for Proteomic Analysis—Proteins extracted
from DRM fractions 2—-8 were loaded on SDS-PAGE (home-made 5%
stacking-12% resolving bis-tris-PAGE) and run just to allow the pro-

tein marker (BenchMark™ Pre-Stained Protein Ladder, Invitrogen,
Carlsbad, CA) to enter the resolving gel. After Coomassie Staining
(Novex, Colloidal Blue Staining gel, Invitrogen) unresolved bands
were excised and in-gel tryptic digestion was performed as already
described (16) with slight modifications. Briefly, gel slices were
destained by washings in acetonitrile (ACN)/50 mm NH4COS3 (1:1),
treated with 10 mm DTT (40 min at 56 °C) and 55 mm iodoacetamide
(80 min in the dark at RT) to reduce and alkylate cysteines, shrunken
with ACN and rehydrated for 40 min on ice with a solution of 12,5
ng/ul trypsin (Promega, Madison, WI) in 50 mm NH,CO4 and protein
digestion was carried out overnight at 37 °C. Trypsin digests were
removed and gel pieces were shrunk with 95% ACN, 1% FA. Super-
natants were combined with trypsin digests, the volume reduced in
speedvac and adjusted to 20 ul with HPLC buffer A (95% ACN, 0.1%
FA).

Liquid Chromatography Tandem Mass Spectrometry—Nano-RPLC
was performed using a nano-HPLC 3000 Ultimate (Dionex) connected
in line to LTQ-XL linear ion trap (Thermo Fisher, Waltham, MA). Tryptic
digests were first loaded on a C18 RP-precolumn (300 um i.d.x5 mm;
5 um particle size; 100 A pore size; LC Packings-Dionex), washed by
the loading pump at 20 wpl/min with buffer A for 5 min and then on an
home-made 13 cm X 75 um- i.d. Silica PicoTip (8 = 1 um) column
(PicoTip Emitter, NewObjective) packed with Magic C18AQ (5 um
particle size; 200 A pore size, Michrom Bioresouces Inc.) for chro-
matographic separations. Peptides were eluted at 0.3 wl/min along a
120-min linear gradient from 20% to 60% of buffer B (95% ACN,
0.1% FA) and electrosprayed directly into the mass spectrometer.
Data acquisition was performed in data-dependent Top5. Full-scan
MS was set with a maximum injection time of 10 ms and m/z 400-
2000 mass range. The five most intense ions were sequentially se-
lected and fragmented in CID mode: maximum injection time of 100
ms; m/z 50-2000 mass range; minimum signal threshold of 100
counts. Wide band activation and dynamic exclusion were enabled.

Mass Spectrometry Data Processing and Analysis—Spectra files
were analyzed by Sequest HT search engine with Proteome Discov-
erer 1.4 (Thermo Fisher) using a homemade database constructed
with the Mouse and Rattus Uniprot-Swissprot database (released on
June 2012) and PbergheiANKA_9.2 (released on November 2012 on
PlasmoDB) and containing also human keratins and decoy database
(# sequences: 28632). The carboamidomethylation of cysteines was
specified as fixed modification whereas the oxidation of methionine
and phosphorylation of serine, threonine, and tyrosine were set as
variable modification; only full tryptic peptides were used for identi-
fication, mass tolerance was set to 1 Da for precursor ion 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 g-value and high confidence was chosen, corresponding to a
false discovery rate (FDR) =1% on peptide-level. Proteins were iden-
tified with a minimum of 2 peptides rank = 1, whereas maximum
peptide rank was 2. Score versus Charge State was set as following:
Minimal Score for charge state = 1:1.5, Minimal Score for charge
state = 2:2, Minimal Score for charge state = 3:2.5, Minimal Score for
charge state = 4:3. For peptides and proteins grouping default set-
tings were used. Protein and peptide identification data are reported
in supplemental Tables S1 and S2.

Protein Quantification and Analysis—Protein abundance was de-
termined according to the “label-free” Top3 method (24). For a
given protein, the average of the three precursor peptides with the
highest intensities was calculated (supplemental Tables S3 and S4).
Top2 value was reported for proteins identified with only two
peptides. Normalized PAPs were then constructed according to

Top3ij
TOpS/maX

PAPjj = where Top3i is the Top3 value in the i-th fraction of
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the j-th protein and Top3),,., is the highest Top3i value found for the
j-th protein.

Functional annotation of the identified proteins was extracted from
PlasmoDB [http://plasmodb.org/] and manually revised.

Reproducibility Assessment of Proteomic Data— 170 proteins were
common to the three replicates of gametocyte DRMs, whereas 74 to
trophozoite DRMs (supplemental Table S5). To evaluate reproducibil-
ity of proteomic data, the Pearson’s correlation coefficient of PAP
pairs (7 points) was determined. As reported in supplemental Fig.
S1C, the percentage of proteins with at least two conserved PAPs
(R=0.7; p < 0.05) is 77.4% for gametocytes and 82.5 for tropho-
zoites. Moreover, 39% and 52.7% of them display PAPs conserved in
the three replicates of gametocytes and trophozoites respectively
(R=0.7), 52 and 44.6% in two out of three, whereas 9 and 2.7 % have
variable profiles (supplemental Table S5).

Lipid Analysis—Lipids were extracted from DRM containing gradi-
ent fractions 3-8 using a chloroform/methanol (2:1, v/v) solution
according to the procedure described by Folch (19). Extracts were
dried under nitrogen atmosphere and used for neutral lipid and phos-
pholipid HPTLC. HPTLC for neutral lipids was done by eluting lipid
extract in a solution of hexane/diethylether/acetic acid (70:30:1, v/v).
HPTLC for phospholipids was performed by running lipid extract in a
chloroform/methanol/acetic acid/formic acid/H,O (35:15:6:2:1, v/v)
solution in order to separate SM, PC, and PE. The spots were visu-
alized 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 stand-
ards (Sigma-Aldrich Corporation, St. Louis, MO) using a GS-700
imaging densitometer (Bio-Rad). Total lipid amount, calculated by the
sum lipid extracted in each gradient fraction, was higher in gameto-
cyte DRM compared with trophozoite stage (176.67 = 28.32 versus
118.35 = 4.94 p = 0.02).

Cis and trans fatty acid methyl ester (FAME) used for GC analysis
were purchased from Aldrich (Milan, Italy), 6 cis-hexadecenoic acid
methyl ester from Lipidox (Lidingd, Sweden), n-hexane from Baker
(HPLC grade) (Modena, ltaly); all compounds were used without
further purification. FAMEs were analyzed by GC (Agilent 6850, Milan)
equipped with a 60 m X 0.25 mm X 0.25 um (50%-cyanopropyl)-
methylpolysiloxane column (DB23, Agilent), and a flame ionization
detector with the following oven program: temperature started from
165 °C, held for 3 min, followed by an increase of 1 °C/min up to
195 °C, held for 40 min, followed by a second increase of 10 °C/min
up to 240 °C, and held for 10min. A constant pressure mode (29 psi)
was chosen with helium as carrier gas. Methyl esters were identified
by comparison with the retention times of authentic samples. Phos-
pholipid extracts of each DRM fraction were treated with a 0.5 m
solution of KOH in methanol (0.5 ml) for 10min at room temperature
under inert atmosphere. The reaction mixtures were quenched with
brine (0.5 ml) and FAMEs were extracted with n-hexane (3 X 2 ml), the
organic phase was dried on anhydrous Na,SO, and evaporated to
dryness. The FAMEs were than dissolved in 10 ul of n -hexane and 1
wul was injected in GC equipment using the split mode (50:1). Under
these mild conditions the polyunsatured fatty acids (PUFA) residues
present in DRM fractions were quantitatively transformed into their
corresponding FAMEs, as determined by comparing the recovery
yield with standard references of 18:0 (saturated) and 18:2 (polyun-
saturated) fatty acid methyl esters. The efficiency of the extraction-
transesterification procedures was estimated as 90 + 3% based on
the theoretical yield expected from the starting PL and using an
internal calibration standard (C17:0). Quantitative analysis was per-
formed using the calibration factors of each FAME. Relative abun-
dance of lipids and fatty acids in each gradient fraction was ex-
pressed as mean percentage values of two replicates for fatty acids
and two out of three replicates for lipids (selecting the closest values).

Generation of Cooccurrence Networks—Protein/lipid cooccur-
rence networks were constructed for trophozoite and gametocyte
DRMs (fractions 4-8). Protein groups obtained by hierarchical clus-
tering represent network nodes, whereas proteins belonging to dif-
ferent clusters but exhibiting correlated PAPs (R = 0.5; p < 0.05)
represent network edges. Multi-component networks were visualized
using Cytoscape 3.3.0 (http://www.cytoscape.org). Clusters were
represented as pie charts proportional to cluster abundances,
whereas the abundance of each functional category was calculated
as the sum of protein Top3 values in each class. Relative abundances
of lipids and fatty acids in each gradient fraction were represented as
half ring charts.

RESULTS

A Pipeline for the Generation of a “DRM Barcode”—In this
study we propose and validate a method based on label-free
quantitative proteomics and lipid analysis to define DRM
components (proteins and lipids), and their flotation proper-
ties, following enrichment by sucrose gradient centrifugation
(Fig. 1). We applied this approach to the analysis of DRMs of
sexual gametocytes of the rodent malaria model P. berghei,
not investigated so far.

To gain insights into conserved and stage-specific func-
tions associated with these membrane assemblies, we
compared DRM proteome and lipid components of sexual
stages with those obtained from the asexual trophic stage
(trophozoite).

IRBCs, collected from peripheral blood of mice were en-
riched by Nycodenz cushions (17) and hemoglobin was re-
moved by osmotic lysis of the host RBC. Gametocytes or
trophozoites were recovered by centrifugation and stored at
—80 °C for successive analyses (3 X 108-parasite aliquots).

The thawed parasite pellet was treated with ice-cold Triton
X-100 and the resulting cellular extract was subjected to
sucrose gradient centrifugation (15). Triton-insoluble floating
membranes (DRM-rafts) were collected in light density frac-
tions 2-8, whereas detergent-soluble membranes (DSM) re-
mained in the loading zone (heavy density fractions 9-12).
The effectiveness of gradient separation was always verified
by probing fractions with antibodies specific for Flotillin I, a
raft marker highly enriched in RBCs, floating to fraction 4 in
our gradient conditions. Major lipids and proteins, present in
light fractions, were determined in three independent repli-
cates.

HPTLC and GC were employed to define and quantify
major lipids components, whereas DRM-associated proteins
were quantified by label-free mass spectrometry. Normalized
quantity values were then exploited to generate abundance
profiles characteristic for each identified protein (PAPSs).
PAPs, obtained from the three experimental replicates, were
then submitted to unsupervised hierarchical clustering to
identify correlated protein groups. Intercluster relationships
and protein-lipid cooccurrence were described by multicom-
ponent networks.

Stage-specific Features of Gametocyte DRM-raft Pro-
teome—Mixed mature male and female gametocyte-IRBCs
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Fic. 1. Experimental pipeline for whole-cell DRM analysis. A, Detergent-resistant membranes (DRMs) of Plasmodium-infected erythro-
cytes were separated from detergent-soluble membranes (DSM) by sucrose gradient centrifugation, exploiting their resistance to solubilization
in cold nonionic detergents. The flotation profile of the erythrocyte raft marker Flotillin | was used as gradient control. Light fractions 2—-8 were
collected and subjected to proteomic or lipid analyses. Proteins detected by LC-MS/MS spectrometry in at least 2 out of 3 biological replicates
were quantified (Top3 method) and quantity values in each gradient fraction exploited to generate protein abundance profiles (PAPs). To
generate an overall picture of DRM buoyancy features, PAPs were grouped by a hierarchical clustering (an example is shown in Panel B). For
each gradient fraction, cluster abundance was calculated as the median of abundance values of each replicate (see Experimental Procedures).
Major lipid classes and fatty acid components in DRM fractions were determined by HPTLC and GC, respectively (fraction 5 is shown in Panel
C). Relative abundance of sphingomyelin (SM), phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
cholesterol (CH), as well as the one of saturated (SFA), monounsaturated (MUFA), and polyunsatured (PUFA) fatty acids was calculated as the
percentage of total amount of lipids and fatty acids detected in each gradient fraction. Relationships between protein clusters (circles) in their
lipid/fatty acid context (rings), were visualized as fraction-specific multi-component networks. As an example, fraction 5 network is shown in
panel D.

D)

were isolated from synchronous infections of the high game-
tocyte producer P. berghei line HP (MG-A sample). Gameto-
cyte purification was performed using a buffer that strongly
limits their maturation to gametes (20), even though, triggering
of early events of gametogenesis cannot be excluded. MG-A
sample was used for proteomics and lipid analyses together
with trophozoite-IRBCs prepared from the isogenic, non-ga-
metocyte producer line HPE (T-A sample).

Sucrose gradient centrifugation of gametocyte- or tropho-
zoite-IRBCs, solubilized by cold Triton X-100, were run to
determine either protein or lipid/fatty acid components. Pro-
teins were extracted from each of the DRM-containing frac-
tions 2-8 and identified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Their relative abundance
was calculated as the average of the three highest precursor
peptide intensity values detected (24). We detected 257 ga-
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metocyte and 103 trophozoite proteins, with a minimum of
two unique peptides, in at least two out of three replicates
(supplemental Tables S6 and S7).

DRM proteome of trophozoites largely overlaps (88%) the
one of sexual stages. It mainly includes proteins involved in
basic cellular processes, such as ion transport, protein folding,
trafficking and cell redox homeostasis, likely representing a
common core of functions associated with parasite DRMs. In
both parasite stages, we detected proteins implicated in nuclear
activity, translation or endoplasmic reticulum (ER)-specific pro-
cesses, suggesting that functionally distinct microdomains lo-
calize to various membrane compartments inside the cell.

Interestingly, gametocyte DRMs also recruit proteins impli-
cated in processes specific for sexual stages, which naturally
occur in mosquito gut. For example, we detected molecules,
functionally characterized as involved in male gametogenesis,
such as the calcium-dependent protein kinase 4 (CDPK4,
PBANKA_061520) with a role in DNA replication and axoneme
assembly, an armadillo repeat motif-containing protein
(PBANKA_091740), component of the flagellum central appa-
ratus and the actin I, with a role in male gamete development.
We also detected components of the osmiophilic bodies
(OBs), secretory organelles, implicated in gamete egress from
the host erythrocyte, such as the female-specific PbG377 (20)
(PBANKA_146300) or the MDV/PEG3 (26) (PBANKA_143220)
and GEST (27) (PBANKA_131270), present both in male and
female gametocytes.

Buoyancy Characteristics of Plasmodium Blood Stage
DRMs—To evaluate flotation features of DRMs, we then gen-
erated PAPs using the abundance values of the identified
proteins in each gradient fraction. In both sexual and asexual
stages, about 80% of proteins display PAPs well superimpos-
able in at least two out of three replicates (correlation values
between 1 and 0.7, supplemental Fig. S1C). This conserved
set of PAPs represents an internal control of robustness of the
adopted method. It is conceivable that the limited PAP vari-
ability may be due to intrinsic features of certain microdo-
mains. For this reason, we decided to include all the identified
proteins in successive analyses.

Using a hierarchical clustering method (25), we then ana-
lyzed global complexity of stage-related DRMs by grouping
proteins based on similarity of their 21-point profiles obtained
by merging PAPs of the three replicates. Functional catego-
ries were then assigned to each protein group (Fig. 2 and
Supplemental Tables S6 and S7).

Variable PAPs may be suggestive of proteins recruited in
membranes with a less-ordered structural organization or
proteins weakly binding DRM components in our experimen-
tal conditions. For example, four out of five proteins of game-
tocyte cluster 15 are known components of the ER membrane
(Fig. 2 and supplemental Table S6). They float to light fraction
3 in replicate 2, whereas the remaining were confined to the
denser fraction 8 in replicates 1 and 3. At variance, PAPs
grouped in the neighbor cluster 16, displaying a floating-peak

centered at light fraction 4 (where host Flotillin resides), are
very well conserved between replicates. This cluster includes
parasite aquaglyceroporin and the band 7-related protein,
expressed in both asexual and sexual stages, as well as
gametocyte-specific factors, such as the female p47 (PBANKA_
135970) and the male p48/45 (PBANKA_135960), with a key
role in gamete fertilization or the female-specific OB-resident
protein PbG377 (20). Notably, the OB components MDV/
PEG3 (26) and GEST (27) peak to fraction 4 but also to the
denser fractions 7 and/or 8 (cluster 4), suggesting that they
are recruited in membrane contexts different from that of
PbG377. From a functional point of view, g377 null mutants
display only a slight delay in female egress (20), whereas
deletion of either madv1 (26) or gest (27) causes a dramatic
impairment in the egress of both male and female gametes
that remain trapped inside the host cell.

Interestingly, eight proteins identified both in gametocytes
and trophozoites display PAPs highly conserved in both
stages (see protein Top list in supplemental Table S5). They
include two proteins also identified in DRM proteome of P.
falciparum trophozoites (16): the plasmepsin 4, an aspartic
protease that localizes in a lysosomal compartment, the food
vacuole, with a role in parasite virulence (28) and an ATP-
binding cassette (ABC) family member, the multidrug resist-
ance protein 1 (MDR1) (29). We also detected the intra-eryth-
rocytic P. berghei-induced structures 1 (IBIS1) shown to
reside in membrane structures exported to the cytoplasm of
the host erythrocyte and to the parasitophorous vacuole of
liver stages (30). This suggests that in P. berghei, like in P.
falciparum (16), DRMs are implicated in the host erythrocyte
remodeling.

DRM Environment: Cooccurrence of Proteins and Lipids—
Functional analysis indicated that molecules implicated in
several and unrelated processes, such as secretion, trans-
port, membrane fusion events or nuclear activities, are com-
partmentalized in intracellular microdomains with different flo-
tation capacity. Lipid composition of DRMs likely contributes
to these distinct chemo-physical properties. To investigate
this aspect, lipids were extracted from DRM-containing gra-
dient fractions of both trophozoites and gametocytes and
analyzed by HPTLC. As shown in Fig. 3, SM, PC, PE, and PS
were the most abundant phospholipids detected, whereas CH
was the only neutral lipid revealed by HPTLC. We could
quantify lipid content of fractions 3-8 of sexual gametocytes
and fractions 4-8 of trophozoites (because of the lower
amount of lipids recovered from the asexual parasites).

PC was the most represented lipid component in each
fraction of both asexual and sexual stages. Relative abun-
dance of the SM and CH, lipids known to confer liquid-
ordered nature to membrane microdomains, varies along the
gradient. In asexual DRMs, the highest concentration of CH
was observed in fractions 5 and 6, whereas SM was decreas-
ing from fraction 4 to fraction 8. This reduction of SM level
(Fig. 3) is consistent with the acidic profile of DRM fractions,
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Fic. 2. Hierarchical clustering of PAPs. Clustering of PAPs from three replicates of trophozoite (A) and mature gametocyte (B); DRMs are
shown as heatmaps. Each cluster includes PAPs with Pearson’s correlation coefficient higher than 0.5. The number of proteins and the
minimum correlation coefficient in each cluster are reported in parentheses. Cluster abundance profiles were calculated as the median value
of the replicate Top3-medians. In the case of trophozoites this value ranges from 0 to 2 X 10°, whereas in gametocytes the highest value is
4 x 10°. Vertical lines represent the standard error of the mean (S.E.). Results of the functional classification of proteins in each cluster are
shown as pie charts the size of which are proportional to cluster dimensions.

being SM a phospholipid characterized by a high content of
saturated fatty acids. We observed, in fact, a marked de-
crease of saturated fatty acids (SFA) in fractions 6-8, bal-
anced by an increase of PUFA. The lower level of SM accom-
panied by a higher content in PUFA may justify a decrease in
resistance to detergent solubilization of membranes recov-
ered in fractions 7 and 8. At variance, we observed a peak
level of SM in fraction 5, and a peak level of CH in fractions 4
and 5 of gametocyte DRMs. Peculiar was also the trend of PS
along the gradient: it was slightly reduced in fractions 5 and 6
of trophozoite DRMs, whereas being completely absent in the
corresponding DRM fractions of gametocytes, although the
total amount of lipids recovered from sexual stages was sig-
nificantly higher than that of trophozoites (176.67 + 28.32
versus 118.35 + 4.94 p = 0.02). Collectively these data indi-

cate that lipid composition of DRMs display differences be-
tween asexual and sexual parasites, likely reflecting the re-
markable specificity of subcellular structures that characterize
these parasite stages as well as the biological processes they
are involved in.

Construction of Multicomponent DRM Networks—As seen
above, quantitative analysis of DRM-associated molecules
revealed an uneven distribution and abundance of both pro-
teins and lipids along the gradient. This suggests the pres-
ence of distinct and heterogeneous membrane assemblies.

To investigate the relationships between DRM components,
we integrated protein clusters into stage-specific networks
(depicted as graphs in supplemental Fig. S2). Network cen-
trality measures (betweenness, closeness and degree), iden-
tified few clusters crucial for network architecture, the game-

Molecular & Cellular Proteomics 16.10

1807


http://www.mcponline.org/cgi/content/full/M117.067041/DC1

Dynamics of Membrane Microdomains

fr3 fra frs fré

Trophozoites
[Jsp [EPe @@ pPs [CIcH

fr7 fr8

=rc

Lipids

frS fré

Gametocytes

fr3 fr7 fr8

Fatty acids

%
7

L.

fr2 fr3 fra

frS

Trophozoites

fr6. fe7 fr8

[JsFa EIMUFA EEPUFAwW3 [l PUFAWG

%
70

fr3

fra s r6

Gametocytes

fr2 fc7 r8
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tocyte clusters g1, g4, g7, g11, g12 and the trophozoite
clusters t1, t5, t7.

To compare relationships between DRM clusters at the
different gradient layers, we then derived fraction-specific
networks (Fig. 4), which take into account relative abundance
of cluster components in each of the collected fractions.
Functional categories represented were also reported as pie
charts. Relative abundance of the major lipid classes and their
fatty acid components were included as half ring pies. Col-
lectively, fraction-specific networks of gametocytes are more
populated than the trophozoite ones and nodes much more
interconnected, suggesting a higher structural and functional
complexity of membrane microdomains of sexual stages.

Dynamics of DRM Components at the Gametocyte-Gamete
Transition— Cluster profiles indicate that parasite DRMs are
characterized by different floating properties. Some protein
groups display a single sharp peak in light gradient fractions,
such as the case of g8, g9 or g16, suggesting that they stably
reside in membrane microdomains. At difference, molecules
floating both to light and heavy fractions, at the DSM bound-
ary, as the case of cluster g1, may be dynamically recruited

into DRMs. This cluster occupies a central position in game-
tocyte network (supplemental Fig. S2) and includes molecules
involved in various functions, such as nuclear activity, protein
folding/trafficking and proteolysis. It is conceivable that tem-
poral and spatial compartmentalization of these molecules/
pathways may be required to guarantee a prompt and effec-
tive response to the gametogenesis stimuli.

We then decided to analyze several candidates assigned to
cluster 1, to evaluate their expression pattern and subcellular
localization at the gametocytes-gametes transition. All se-
lected proteins display similar floating properties, with a peak
at the fraction 5 (see supplemental Table S6). This fraction
contains the highest relative amount of CH and SM (Fig. 3 and
4), the abundance of which is characteristic of the liquid-
ordered membrane microdomains.

Polyclonal rabbit immune sera were available for the nu-
clear protein NAP/SET (21) and the multifunctional protein
14-3-3 (22), detected both in asexual and sexual stage
DRMs. Mouse immune sera were prepared against the con-
served Plasmodium protein of unknown function, which con-
tains a tetratricopeptide repeat (TRP) region, known to medi-
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ate protein-protein interactions (PBANKA_060430, from now
on named PbTRP1), the putative ATP-dependent RNA heli-
case UAP56 (PBANKA_030680) and the putative deoxyri-
bose-phosphate aldolase (PBANKA_050580, from now on
named PbDPA), detected only in gametocyte DRMs.

To further validate the proposed quantitative proteomic
approach, we compared PAPs of the selected proteins, with
the corresponding antibody signals obtained by probing gra-
dient fractions 2-8 of the same material used for proteomic
analysis (gametocyte preparation MG-A). As shown in Fig. 5A
and 5B, the intensities of WB signals along the gradient are
well superimposable to PAPs. Interestingly, NAP/SET and
14-3-3 detected in both parasite stages, float to the light
fractions in gametocytes and to the heavier fractions (7 and 8)
in asexual trophozoites (Fig. 5A), suggesting that they are
recruited to different membrane contexts. In both stages Flo-
tillin, used as a control, peaks at fraction 4 (Fig. 5C).

Reproducibility of PAPs obtained from gametocyte sample
MG-A was confirmed by probing DRM fractions 2 to 8 of two
additional mature gametocyte preparations (MC-B and C)
with antibodies specific for Flotillin and for the parasite pro-
teins PbG377, NAP/SET and 14-3-3 (supplemental Fig. S3).

When DRM fractions of two additional biological replicates
of trophozoites (samples T-B and C) were analyzed by WB,
14-3-3 and NAP/SET were detected in the heavy fraction 8
(supplemental Fig. S3), thus confirming the consistency of
buoyancy differences between developmental stages ob-
served for these proteins.

Overall, these results indicate that the proposed approach
for membrane microdomain analysis may represent a useful,
reproducible and robust tool to characterize DRM dynamics
at the whole cell level.

To define membrane partitioning of the selected molecules
at the gametocyte/gamete transition, Triton-soluble and -in-
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Fic. 5. DRM partitioning of selected candidates. Floatation profile of selected proteins was determined either by label-free quantitative
proteomics (PAP) or by Western blot (WB) analysis. Gradient fractions were probed with specific antibodies raised against: A, the nuclear
protein NAP/SET and the nucleo-cytoplasmic protein 14-3-3, partially recruited into DRMs of both sexual and asexual stages; B, the
gametocyte-specific protein PbG377, the putative RNA helicase UAP56, the conserved protein of unknown function PbTRP1 and the
deoxyribose phosphate aldolase (PbDPA), recruited only in gametocyte DRMs. In all cases, WB profiles are superimposable to PAPs. in our
experimental conditions, Flotillin resident into erythrocyte DRMs, floats to fraction 4 (C). To define membrane partioning of the selected
proteins, specific antibodies were used in WB analysis of Triton-insoluble and -soluble extracts from nonactivated and 10 min-activated
gametocytes (D). To validate the procedure, protein extracts were probed with antibodies against the DRM-resident proteins PbG377 and
Flotillin and the integral membrane protein SEP1, not detected in DRM proteome. An asterisk indicates protein bands at the correct molecular
mass. Multiple bands, were detected by PbG377-specific antibodies, because of post-translational cleavage.

soluble extracts were prepared from a new sample of nonac- probing the extracts with antibodies against the DRM-resi-
tivated mature gametocytes and the same cells activated 15 dent proteins PbG377 and Flotillin as well as the integral
min (see Methods section). After centrifugation DRMs were  membrane protein SEP1, not detected in DRM proteome. As
recovered in the pellet, whereas DSMs remained in the su- expected (Fig. 5D), both PbG377 and Flotillin were detected in
pernatant. The effectiveness of the procedure was verified by  Triton-insoluble extracts, whereas SEP1 was recovered in the
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soluble fractions of both nonactivated and activated gameto-
cytes. The presence of multiple PbG377-specific bands, likely
because of post-translational cleavage, was already de-
scribed (20).

14-3-3 and PbTRP1 were detected in the soluble and in-
soluble fractions of both gametocyte and developing gam-
etes, whereas the nuclear protein NAP/SET partitions into
DRMs only in nonactivated gametocytes. Notably, PbDPA
and RNA helicase-specific signals strongly increase in the
Triton-insoluble fraction of activated gametocytes, suggesting
that a subset of proteins may be recruited into DRMs during
gametogenesis. To further support this observation, we pre-
pared Triton-soluble and -insoluble extracts from two prepa-
rations of young gametocytes (YG-A and B), not yet compe-
tent to undergo gametogenesis in vitro, and probed them with
antibodies specific for the parasite proteins under study. As
already observed for mature gametocyte sample (Fig. 5D), in
both preparations of young gametocytes (supplemental Fig.
S4), PbG377 partitions in Triton-insoluble fraction, NAP/SET
and 14-3-3 in soluble and insoluble fractions, whereas SEP1
localizes to Triton-soluble membranes. At difference, PbDPA,
RNA-helicase and PbTRP1 were only detected in Triton-
soluble extracts, thus supporting the idea that recruitment
of these proteins into DRMs may occur in early stages of
gametogenesis.

Subcellular localization of these molecules was inspected
by IFA on blood smears of nonactivated and activated game-
tocytes. PbG377 was used as a female-specific marker to
distinguish female gametocytes prior and after activation.
NAP/SET was used to discriminate male gametocytes in
which this nuclear protein is highly abundant (21). Activated
male gametocytes and mature male gametes were identified
using commercial antibodies against alpha-tubulin, a com-
ponent of flagella. Representative images are shown in
Fig. 6.

The multifunctional protein 14-3-3 was detected in dot-like
structures spread in the cytoplasm of both male and female
gametocytes, as well as in activated gametocytes. During
male gamete maturation it localizes to the cell periphery,
moving then into the forming gametes. These observations
are consistent with WB analysis where 14-3-3-specific signal
was detected in the insoluble fractions of both gametocytes
and developing gametes, (Fig. 5D), suggesting that DRM-
associated 14-3-3, likely exerts a role throughout sexual
development.

PbTRP1-specific signal was absent in female gametocytes
and very faint in males. TRP1 fluorescence greatly increases
in the cytoplasm of 2-min activated males and is clearly visible
as dotted fluorescence in the nuclei of male gametocytes 10
min upon activation. So far, no functional role has been at-
tributed to PbTRP1, even though its subcellular localization
and timing of expression suggests a nuclear-related function.
According with PlasmoDB, PbTRP1 contains homology re-

gions with the synaptonemal complex protein 1 (SCP1), and
the histone-binding protein N1/N2.

Recruitment of the putative RNA helicase UAP56 into DRMs
increases in developing gametes (Fig. 5D) and is accompa-
nied by changes in subcellular localization. In gametocytes,
we observed a cytoplasmic punctuate pattern, whereas a few
minutes after activation the protein is recruited in the nuclear
compartment of both males and females.

As stated above, the nuclear protein NAP/SET (21) is very
abundant in male gametocytes and its DRM association oc-
curs only at the gametocyte stage (Fig. 5D). A high protein
level is still detected 1-2 min after activation but specific
fluorescence drops within 8—10 min, remaining confined in
few focal points.

Specific antibodies identify PbDPA to dotted structures in
the cytoplasm of both male and female gametocytes. These
structures are distinct from the OB population, already char-
acterized in P. berghei for the presence of G377 (20), MDV1
(26) and GEST (27). During gametogenesis, DPA-specific sig-
nal decreases in females, whereas it is abundant in activated
male gametocytes and in mature gametes.

DISCUSSION

The importance of membrane microdomains enriched in
CH and sphingolipids, also referred to as lipid rafts, has been
highlighted in recent years (2). However, attempting to cap-
ture their complexity at the whole cell level in the physiological
as well as in the pathological conditions is challenging be-
cause of the dynamic nature of these assemblies. Raft clus-
tering, in fact, rapidly occurs under different stimuli, leading
to recruitment and/or stabilization of protein components
(831-33). Visualization in living cells of CH-rich microdo-
mains, laterally segregated from the rest of membrane, is
limited, whereas biochemical means to assess raft affinity
rely on indirect approaches based, for example, on DRM
extraction by detergents. This ruling method has been de-
fined as a “working description” of lipid rafts (34). Insolubil-
ity in nonionic detergents was, in fact, observed in lipid
bilayers, which exist in physical states where lipid packing is
tight (35).

Most proteomic approaches identify proteins associated
with membrane domains that are visible as a major opaque
band in the upper part of the gradient. However, these studies
lack information on membrane assemblies, which may pop-
ulate other density layers.

In this study we developed and validated a method based
on label-free quantitative proteomics, lipid analysis and bioin-
formatics that allows for capturing overall complexity and
flotation properties of membrane microdomains at a whole-
cell level.

This approach was applied to characterize stage-specific
features of DRMs isolated from sexual blood stages of the
rodent malaria parasite P. berghei after Triton X-100 treatment
and separation by sucrose gradient centrifugation.
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Fic. 6. Immunolocalization of DRM-associated proteins in nonactivated and activated P. berghei gametocytes. To define subcellular
localization and dynamics of proteins associated with gametocyte DRMs, antibodies specific for NAP/SET, 14-3-3, PbTRP1, the putative
ATP-dependent RNA helicase UAP56 and PbDPA, were used in IFA on fixed nonactivated (A), activated gametocytes (B) and mature male
gametes (C). PbG377 and NAP/SET were used as female and male specific markers, respectively. Antibodies against the alpha-tubulin were
used to distinguish both the activated male gametocytes and the mature male gametes. Nuclei were stained with DAPI. Activated
male gametocytes undergoing DNA replication display bright DAPI fluorescence. PbTRP1 localizes to the nucleus of activated males whereas
the RNA helicase UAP56 is detected in the nucleus of both males and females upon activation. NAP/SET is abundant in the nucleus of male
gametocytes; whereas the specific fluorescence drops in activated males. 14-3-3 and PbDPA localize to the cytoplasm of nonactivated and
activated gametocytes with a dotted pattern. They are also detected in mature male gametes. PbDPA does not colocalizes with the

OB-resident PbG377. Bars correspond to 5 um.

Identified proteins were first associated with a characteris-
tic buoyancy profile (PAP) and then grouped based on floating
similarities in each replicate. Interestingly, comparative anal-
ysis of PAPs showed that 80% of buoyancy profiles were
conserved between replicates, indicating that the proposed
procedure is robust. A lower reproducibility of buoyancy pro-
files, observed for a certain number of proteins (about 20% of
the DRM proteome), was expected, because of variability
inherent to the analysis of these microdomains (36). This
variability may be in part explained by intrinsic features of
local membrane structures, displaying, for instance, a lower
liquid-ordered state, more prone to detergent solubilization or
by weak protein-protein and/or protein-lipid interactions.

The lifetime of membrane microdomains depends on their
size and factors that may stabilize or destabilize them to cope
with cellular processes such as signaling, immune response
and cellular trafficking. DRM analysis would be particularly
useful in assessing raft potential when able to capture differ-
ences in DRM composition triggered by relevant biological
events. The ability to highlight buoyancy features of the DRM-
associated proteins (PAP analysis) as well as their lipid con-
text, may be valuable to assess proteins going toward a
stabilization into or exclusion from functional membrane mi-
crodomains after exogenous stimuli or perturbation.

Previous studies (37-39) indicated that membrane mi-
crodomains of Plasmodium asexual blood stages have a key
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role in parasite virulence and pathogenesis as they participate
to biological processes, such as protein sorting/trafficking,
host cell invasion and membrane remodeling. Here we fo-
cused on sexual stage DRMs, not investigated previously.
Notably, we identified stage-specific proteins implicated in
gamete egress from the host erythrocyte and fertilization,
crucial events that occur in mosquito midgut after an infected
blood meal. This finding suggests that membrane microdo-
mains may be targeted to block both parasite invasion and
transmission.

Further, functions associated with DRMs include molecules
residing in the ER, the mitochondrion or secretory organelles.
The presence of DRMs in endocellular membrane compart-
ments is not surprising, because evidence is accumulating
that suggests a role for membrane microdomains in estab-
lishing networks of contact sites (MCS) between organelles,
thus ensuring tight coordination of cellular activities, for re-
view see (40). Membranes tethered near one another favor
transient or durable exchanges between segregated compart-
ments. Among the others, we detected EMC3, component
of the endoplasmic reticulum membrane protein complex
(EMC), involved in lipid exchange between ER and mitochon-
dria (41). IEMCS profile has been assigned to cluster 16 where
several DRM-raft resident proteins locate. They include Alba 1
and Alba 4, implicated in translational repression of female
gametocytes (42, 43) and the calcium-dependent protein ki-
nase CDPK1, localized to the parasite periphery (44), with
multiple key functions in sexual stage development including
egress of male gametes and the translational activation of a
subset of repressed mRNAs in the ookinete (44).

Stage-specific DRM networks indicated that protein clus-
ters of the highly specialized sexual stages are more intercon-
nected than those of the asexual trophic stages; cluster g1
occupies a central position in the gametocyte network. Float-
ing properties of its components suggest for them a transient
association with membrane microdomains during sexual
stage development. We showed that nuclear proteins in clus-
ter g1 are dynamically regulated at the gametocyte to gamete
transition. Among them, the putative RNA helicase UAP56
moves from the cytoplasm to the nucleus upon gametocyte
activation, whereas the conserved protein of unknown func-
tion PbTRP1 is detected exclusively in the nuclei of activated
males. At difference, the chromatin assembly factor NAP/SET
(45, 46), shown to accumulate in the nuclei of male gameto-
cytes (21), is rapidly degraded during male gamete maturation
where it is detected only in few focal points.

Recent data support the notion that specific functions seg-
regate in nuclear membrane microdomains (47, 48), even
though their organization is still unknown. Cellular nuclei con-
tain high levels of PC and SM, which are partially linked with
CH and proteins to form lipid microdomains. These may act
as attachment sites for active chromatin during cell prolifera-
tion (49) or as a platform for the transcription process (50).

In conclusion, this study reveals unexplored pathways as-
sociated with DRMs and highlights unexpected heterogeneity
and complexity in membrane microdomains floating at differ-
ent density layers. The proposed approach could be widely
applied to explore structural organization and dynamics of
membrane microdomains, using different extraction proce-
dures, in various cellular contexts and perturbations, under
physiological or pathological conditions, thus opening new
perspectives for the investigation of membrane organization
and dynamics.
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