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Abstract.

Rhoptries are secretory organelles involved in theilence of the human pathogen
Toxoplasma gondii. We have used high performance liquid chromatdgragnd capillary
gas-liquid chromatography to isclate and quaniiyds from wholeToxoplasma cells and
their purified rhoptries. This comparative lipidamanalysis revealed an enrichment of
cholesterol, sphingomyelin and, most of all, sakddatty acids in the rhoptries. These lipids
are known, when present in membranes, to be cotitidpto their rigidity and, interestingly,
fluorescence anisotropy measurements confirmed rtingbtry-derived membranes have a
lower fluidity than membranes from wholé gondii cells. Moreover, while rhoptries were
initially thought to be highly enriched in cholesie we demonstrated it is present in lower
proportions and provided additional evidence towaedlack of involvement of rhoptry
cholesterol in the process of host cell invasion thg parasite. Indeed, depleting the
cholesterol content of the parasites did not pretrensecretion of protein-containing rhoptry-
derived vesicles and the parasites could stillodistaa structure called the moving junction,
which is necessary for invasion. Instead, the alumle for host cholesterol for invasion,
which has already been demonstrated (Coppensd Uaner, K. A. (2003), Mol.Biol.Cell 14,
3804-3820), might be explained by the need of deserol-rich region of the host cell we
could visualise at the point of contact with thiaelhed parasite, in conditions where parasite
motility was blocked.

I ntroduction.

Toxoplasma gondii is a widely spread opportunistic pathogen causiggificant diseases in
immuno-compromised individuals and neonates. dini®bligate intracellular parasite, able to
actively invade virtually all nucleated mammaliaglls. As for the other members of the
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phylum Apicomplexa (which also include other impmtt human pathogenic species such as
Plasmodium, the causative agent of malaria ©ryptosporidium, responsible for intestinal
cryptosporidiosis), the invasion process is mediaby parasite proteins secreted by
specialised apical organelles in a coordinated mafi). These include micronemal proteins,
which are first secreted from small (~50 X 250 nog-like micronemes organelles, to allow
parasite to adhere to its host cell. A second wd\secretion originates from larger (~100 X
2500 nm) club-shaped compartments called the resptto form structures such as the
moving junction (MJ), at the interface between hoedt and parasite plasma membranes, or
the parasitophorous vacuole (PV), in which the giggawill grow intra-celiularly.

Proteomic analysis of a rhoptry-enriched fractioanf T. gondii has recently identified
several proteases, phosphatases and kinases thidf oace secreted, be involved in the
invasion process and the development of the pasaf#f]. For instancel. gondii-specific
kinases such as ROP16 and ROP18, which are sec¢oethd host cell nucleus and the PV
membrane (PVM), respectively, have recently beawshto be crucial for proliferation and
virulence [3-6]. Rhoptries are thus key playershia invasion process. Their secreted content
not only contains proteins, but also includes kpithdeed, secreted membrane-bound vesicles
originated from the rhoptries can be seen in pasdlocked for invasion by cytochalasin D
(CytD, [7]). Membranous structures can also bealised by electron microscopy inside the
organelle [8]. However, the exact role played bwptny lipids in invasion or in the
pathogenicity in general is unknown. Only a fewd#s so far have attempted to determine
the lipids composition of the rhoptries, by usifgntlayer chromatography or enzymatic
assays to perform quantitative and qualitative @& on rhoptry-enriched fractions [9;10].
The main conclusion from these studies, was thatridoptries seemed to be particularly
enriched in cholesterol (Chol), with a Chol to ppleslipids (PL) ratio >1, although Chol
appeared to be non-essential for parasite virulandehost cell invasion [9].

To the contrary, host cell Chol is essential i@ &@ntry ofToxoplasma and Chol is found at
the PVM shortly after invasion [9]. Several studies/e also shown that proteins and lipids
contained in Chol-enriched “raft” microdomains drethost cell’'s plasma membrane are
selectively incorporated in the PVM during parasitéry [11;12].

In the present work, we sought to determine thid lgpmposition of the rhoptries using more
sensitive techniques than those used previouslynpgaeative lipid composition and
guantitative analyses of whole cells and rhoptryetied fractions were performed by high
performance liquid chromatography (HPLC) and capyllgas-liquid chromatography. We
found an enrichment of saturated fatty acids inrtiaptries, suggesting an elevated rigidity
for membranes derived from these organelles. Wefalsnd a lower enrichment of Chol than
claimed before for these organelles. The role aiptty Chol was further verified by
investigations on rhoptry-secreted vesicles dunivgsion.

Experimental.

Parasite growth.

Tachyzoites of the RAHX strain, deleted for hypoxanthine guanine phosiblosyl
transferase [13], were propagatedvitro under standard procedures, by serial passage in
human foreskin fibroblast (HFF) monolayers in Dulb@s modified Eagle medium (DMEM,
Invitrogen) supplemented with 10% fetal bovine serivlass productions of tachyzoites were
achieved by infecting monolayers of Vero cells gnaw DMEM supplemented with 3% fetal
bovine serum at 37 °C and under 5%,CO

Preparation of cell extracts.
Tachyzoites for lipid analysis were collected byapping the cell monolayer, released by
passage trough a 22 gauge needle and extraceflalasites were filtered on a 3 um
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polycarbonate membrane (Whatman) to remove hoktlebtis. The parasites were pelleted
at 750 g for 10 minutes and washed three time®Bid Pefore being immediately frozen at -

20°C under nitrogen atmosphere. The absence oawomation by cell debris was assessed
by treating uninfected Vero host cells similarlydaperforming a subsequent lipidomic

analysis. The amounts of lipids measured from lymetl 3 pm-filtered Vero cells represented
at most about 4% that of the purified tachyzoited hence were considered negligible.

Purification of the rhoptry-enriched fraction.

Rhoptry-enriched fractions were prepared usingodogol adapted from previously published
methods [2;14]. Briefly, ~18 purified tachyzoites were washed once in phospbatfered
saline (PBS) buffer and once in homogenisationdsuf250 mM sucrose, 1 mM EDTA, 10
mM MOPS pH 7.2, 2 mM DTT) at 1300 g for 10 minutBsrasites were then resuspended at
5.1C cells/ml in homogenisation buffer and disruptedphgsage through a French press at 35
kg/cnt. Intact cells and large debris were collected éytigfugation at 1300 g for 5 minutes,
resuspended in homogenisation buffer and submitied second disruption step with the
French press. After a last centrifugation at 13@0r¢ minutes, supernatants containing lysed
cell contents were pooled. From these supernatantgrganellar fraction was obtained by
centrifugation at 15000 g for 30 minutes. The pell@s resuspended in homogenisation
buffer and Percoll was added to a final concemmatf 30%. The mix was centrifuged at
66000 g for 30 minutes in a Beckman Ti-50 rotere Thoptry-enriched band was collected
near the bottom of the gradient (see Fig. 1A). 8lkmgas washed out by two successive
centrifugations in homogenisation buffer at 100@0fdr 30 minutes. All steps were carried
out at 4°C. Pellets were immediately frozen at @0nder nitrogen atmosphere.

Purity of the fractions was determined by Westdai &dd immunofluorescence analysis with
antibodies specific for several organellar compartts. Enrichment was calculated by band
densitometry measurements using the ImageJ soft@atonal Institute of Health, USA)
after normalisation on the total protein conceirat

Determination of protein concentration.

Protein concentrations were determined by the timninic acid (BCA) assay (Interchim) or
the Bradford protein assay (Bio-Rad) accordinghte tespective protocols supplied by the
manufacturers.

| mmunobl otting.

Western blots were performed as described prewddsl. The primary antibodies used and
their respective dilutions were mouse monoclonatROP5 diluted 1:1000 (T5 3E2, [14]),

rabbit anti-Hsp28 diluted 1:1000 [16], rabbit aGiRA3 diluted 1:1000 [17], mouse

monoclonal anti-Sag1 diluted 1:500 (T4 1E5, [18]).

Lipid profiling.

Neutral lipid molecular species analysis by gas-liquid chromatography.

Parasites or rhoptries fractions were homogenis&dm| of methanol/ 5 mM EGTA (2:1 v/v)
with FastPrep hoemogeniser (MP Biochemicals). 10Qvaite evaporated, dry pellets were
dissolved in 0.25 ml (or 0.05 ml) of NaOH (0.1 My fcells (or rhoptries) overnight and used
to determine protein concentration. Lipids corregpog to 0.3 ml of the homogenate were
extracted according to Bligh and Dyer [19] in clkoarm/methanol/water (2.5:2.5:2.1, viviv),
in the presence of internal standards: 2 ug ofregjerol, 2 ug of 1,3-dimyristine, 2 pg of
cholesteryl heptadecanoate and 2 pg of glycergeptadecanoate. Chloroform phase was
evaporated to dryness. Neutral lipids were sepdrater SPE column (Strata SI-1 Silica 55
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um, 70 A, 100 mg): after washing the cartridge watiml of chloroform, the extract was
applied on the cartridge in 20 pl of chloroformdareutral lipids were eluted with chloroform
(2 ml). The organic phase was evaporated to dryaesisdissolved in 20 ul of ethyl acetate. 1
pl of the lipid extract was analyzed by gas-liqukhromatography on a Focus Thermo
Electron system using an Zebron-1 fused silicalleapicolumns (5 m x 0.32 mm ID, 0.50
pm film thickness, Phenomenex) [20]. Oven tempeeatuas programmed from 200°C to
350°C at a rate of 5°C per minute and the car@srwgas hydrogen (0.5 bar). The injector and
the detector were at 315°C and 345°C, respectively.

Ceramide-sphingomyelin analysis.

Lipids corresponding to 0.4 ml of the homogenateewextracted as described above, in the
presence of the internal standard ceramide NC1hag(2prepared according to Vies al.
[21]), the dried lipid extract was submitted to ddsalkaline treatment in methanolic NaOH
0.6 N (1 ml), a second organic extraction and tieesilylation in 50 ul BSTFA (1% TMSCI)-
acetonitrile (1:1, v/v) overnight at room temperaturhe extract (5 pl) was directly analysed
by gas-liquid chromatography [21] on a 4890 HewRdtkard system using a RTX-50 fused
silica capillary column (30 m x 0.32 mm id, 0.1 puifm thickness, Restek). Oven
temperature was programmed from 195°C to 310°C) (@Ra rate of 3.5°C per minute and
the carrier gas was hydrogen (0.5 bar). The injeantd the detector were at 310°C and 340°C
respectively.

Phospholipids analysis.

Lipids corresponding to 1 ml of the homogenate wexeracted as described above, but
without internal standard. The lipid extract wasssdived in 50 ul of buffer A
(hexanel/isopropanol, 82:18, v/v), 10 ul to 45 pievanalysed by HPLC on a Summit system
(Dionex) using an Uptisphere 60H (5 pm) 250 X 2 mwlumn (Interchim). The flow rate
was 0.25 ml/minute and the temperature was keR5dT during all runs. A light-scattering
detector was used for the detection (PL-ELS2100Q;nRer Laboratories). The evaporator and
nebulisator temperatures were kept respectivejOaand 80°C, and nitrogen pressure was
1.8ml/minute. A binary solvent system was used WAh hexane/isopropanol (82:18, v/v)
and (B): isopropanol/water (85:15, v/v) in the pmse of triethylamine (0.014%, v/v) and
acetic acid (0.5%, v/v). The gradient profile waarted at 5% B for 5 min, was moved to
35% B after 25 minutes, and then to 85% B aften@ubes. Finally, the gradient was returned
to the starting conditions after 10 minutes and dbleimn was equilibrated for 10 minutes
before the next run.

Fatty Acid Methyl Ester (FAME) analysis.

Lipids corresponding to 0.2 m! of the homogenateenextracted as described above, in the
presence of the internal standards glyceryl trinéptanoate (2 j1g), and transmethylated for 1
h in boron trifluoride methanol solution 14% (Signaml) at 55°C. After addition of water (1
ml), FAMEs were extracted with hexane (3 ml), evaped to dryness and dissolved in ethyl
acetate (20 pl). FAME (1 pl) were analysed by gasid chromatography [22] on a 5890
Hewlett Packard system using a Famewax fused siéipdlary column (30 m X 0.32 mm ID,
0.25 um film thickness, Restek). Oven temperatuas programmed from 110°C to 220°C at
a rate of 2°C per minute and the carrier gas wakdgen (0.5 bar). The injector and the
detector were at 225°C and 245°C, respectively.

Fluorescence anisotropy.

Membrane fluidity was evaluated with the fluoredcprobe 1,6-diphenyl-1,3,5-hexatriene
(DPH) as described by Shinitzky and Barenholz [28]cording to this method, the greater
the exient of probe rotation during its excitedestdetime, the smaller will be the observed
fluorescence anisotropy)( to the extent that= 0 for complete DPH reorientation.

The DPH fluorescence anisotropy was determinedhieyformula: r = ((Ilvw)-G(vn))/((
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lw)+2G(vh)) wherelyy andlyy are the intensities of the emitted light whosengplaf
polarisation is oriented, respectively, parallell @erpendicular to the plane of polarisation of
the excitation beam. G is the correction gratingtdg ln/lyn. The latter is instrument-
dependent and accounts for the different sensitioft photomultipliers to polarised light,
measured as the intensities of emitted beams invénrgcal () and horizontal ()
directions when the excitation beam is orientedicaty.

Whole tachyzoites, rhoptries, or erythrocyte “gBbghypotonic “ghosts” prepared according
to the protocol described by Blisniek al. [24]) samples corresponding to ~100 pg/ml of
proteins were incubated with 2 uM of DPH in PBSatC for 30 minutes in the dark, with
an optional methyp-cyclodextrin treatment (5 mM, 30 minutes at 37°(©) deplete
cholesterol prior to incubation. Membranes werehedsonce in PBS before measuring the
anisotropy. The DPH anisotropy was measured at 2%&hg a Perkin-Elmer LS-55
spectrophotometer, with the excitation and emissirmmochromators fixed at 355 and 430
nm, respectively. Excitation and emission slitsn(bgpasses) were set at 2.5 and 5.0 nm,
respectively. The intensity values for unlabelleimples were subtracted and corrections
made for light-scattering artefacts likely to berid in the organeliar or cellular suspensions.

Invasion assays, immunofluorescence and filipin labeling.

Invasion assays were carried out by allowing taoligs to sediment on confluent HFF for 20
minutes at 4°C and subsequently warming them dw#gmin at 37°C to trigger invasion.
An excess volume of 4% paraformaldehyde in PBS agaed both to stop the invasion and
fix the cells. When needed, cytochalasin D treatmeas applied, by pre-incubating the
parasites with 1 uM of the drug for 20 minutes befmvasion and then allowing them to
sediment on HFF monolayers for 20 minutes at 378l in the presence of drug.
Extracellular parasites were washed and cells yiezd with 4% paraformaldehyde in PBS.
Immunofluorescence assays were performed as fallaftsr fixation, cells were blocked in
PBS containing 0.1% w/v bovine serum albumin (BS$éY) 15 minutes, before incubation
with the primary antibody for 1 hour in PBS-BSA.irRary antibodies used were mouse
monoclonal anti-RON4 antibody (T5 4H1, [14]) dildtet 1:1000 and rabbit anti-ROP1
antibody (J.F. Dubremetz and O. Mercereau-Puijalmpublished) at 1:1000. For organelle
detection in fraction Ill, mouse monoclonal anti-R®)3,4 (T3 4A7, [25]) and rabbit anti-
GRAS3 [17] were used at 1:1000. After three PBS wasind another blocking step in PBS-
BSA, the cells were then incubated with the respeclexa 488- or alexa 594-coupled anti-
rabbit or anti- mouse secondary antibodies (Ing#rg at the dilution recommended by the
supplier.

For the fluorescent labelling of membrane cholestefilipin (10 mg/ml in dimethyl
sulfoxide, Sigma) was used at 50 pg/ml on fixedsceh addition to the primary and
secondary antibodies.

Slides were mounted with Immumount (Calbiochem) abderved with a Leica DMRA2
microscope. Images were acquired with a Micromax SYH300 camera (Princeton
Instruments) using the Metamorph software (Molecudevices); image acquisition was
performed on workstations of the Montpellier RIOalgmg facility.

Cholesterol-depletion of T. gondiitachyzoites.

Cholesterol-depleted tachyzoites were obtainedeasribed previously [9]. Tachyzoites were
put to invade HFF monolayers, which were subsedpdntated with 4 uM lovastatin
(Sigma, activated as the dihydroxy acid form) aodptemented with 250 uM mevalonate
(Sigma) in complete DMEM for two days. Before dg#lis, culture medium was replaced by
serum-free DMEM and methy-cyclodextrin (Sigma) was added to a final concardn of

10 mM for 20 minutes. Cells were scrapped and lysepassage trough a 22 gauge needle to
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free the parasites, which were left in the presesfcmethylf-cyclodextrin for an extra 25
minutes. Cholesterol depletion was routinely assedsy UV-microscopic observation of
filipin-treated parasites. Quantification of chat¥sl concentration in the purified tachyzoites
obtained after a typical treatment was assessaghbyiquid chromatography and showed a
reduction of ~70 % of parasite cholesterol.

Satistical analysis.

Values were expressed as meastahdard error of the mean (SEM). Data were andliee
comparison using unpaired Student’s T-test withaégariance (homoscedastic) for different
samples or paired Student’s T-test for similar daspefore and after treatmentpAvalue of
<0.0050r <0.05 was used as the level of significance.

Results and discussion.

Preparation of the rhoptry-enriched fraction. Rhoptries-enriched fractions were isolated as
previously described [2;10;14]. This cell fractitiba on a Percoll gradient allowed us to
separate the rhoptries from other sub-cellular comepts, as rhopiries were highly enriched
in a distinct band near the bottom of the grad{erg. 1A, fraction Ill). However, this fraction
could occasionally be found to be contaminated witier organelles such as mitochondria,
or dense granules [2;14]. The protocol used by IByeet al. for the proteomic analysis of the
rhoptries [2], providing an improved purity of tmkoptry fraction by the use of a second
fractionation on a sucrose gradient, is leadingrt@xtensive loss of material and could not be
implemented for our lipidomic analysis. Instead, systematically analysed the fractions by
Western blot using markers for rhoptries, densewes, mitochondria and plasma membrane
(Fig. 1B). In a typical fraction retained for ligthic analysis, fraction Il was indeed found to
be enriched in rhoptry markers, whereas it conthiaemost, only traces of mitochondria and
plasma membrane components and few contaminatingsedegranules (Fig. 1B).
Quantification of the enrichment of each marker wserformed by measuring band
densitometry after Western blot analysis (Fig. 14l).markers were found to be present in
fraction |, where they would be trapped in inconbglle lysed parasites. In addition, the
rhoptry marker ROP5 showed a highly specific, yetierate, enrichment in fraction Ill. This
6.6-fold enrichment could be explained by the thett rhoptries occupy a large part of the
total cell volume (10 to 30%, [26]) and are relatwrich in proteins ([2] and this study).
Consequently, rhoptry proteins would already behlyigepresented in total cell extracts.
Most importantly, the rhoptry marker showed a ntben 20-fold enrichment over the marker
from the most commonly contaminating organelle, ttense granules (Fig. 1C). This
demonstrates the high purity of the rhoptry-ennicHeaction. It was further verified by
immuno-detection and microscopic analysis of factill using dense granules (anti-GRAS3)
or rhoptry (anti-ROP2,3,4) -specific antibodies: agtitative analysis of the labelled
microscopic objects showed that dense granulesdagenerally represented less than 10% of
the organelles present in fraction Il (data nodvgh). These rhoptry-enriched fractions, as
well as purified extracellular tachyzoites from gondii, were used for qualitative and
guantitative lipidomic analyses by HPLC and capyllgas-liquid chromatography.

Phospholipid and ‘ceramides composition. Analysis of the PL class revealed that rhoptries
contain about 3.6 times less total phospholipidsnpg of proteins than tachyzoites (Fig. 2A)
and this was the case for all the PL subclasses.raiio of the respective PL subclasses to
total PL showed some differences between the twraets (Fig. 2B). One common feature is
that phosphatidylcholine, a major structural congrarof membrane bilayers, which can be
both scavenged byoxoplasma from its host cell or synthesised by the paradiffi, is the
main PL found both in rhoptries and whdlexoplasma extracts (Fig. 2B). On the other hand,
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noticeable differences include the absence of giaistylserine, reduced amounts of
phosphatidylethanolamine as well as higher amowftsphingomyelins (SM) and, less
consistently, lysoPL and phosphatidylinositol ire tthoptries (Fig. 2A, 2B). These results
were globally in accordance with previous studib3;27]. For both whole cells and rhoptry
fractions, ceramides were also separated and dedntbgether with SM. The main species
found were short-chain (C16, C18) sphingolipids, o qualitative difference between the
extracts could be reproducibly observed (data hotve). Among the sphingolipids, SM were
consistently found in higher amounts than cerami@s9 vs. 5.40 nmoles.mg proteéins
respectively, for whole cells); it was especialhe tcase for the rhoptries (17.88 vs. 1.81
nmoles.mg proteins respectively), where the proportion of SM amohg bther PL was
particularly high compared to whole cells (Fig. 2B)

Fatty acids. Toxoplasma is known to be able to synthesise fatty addsovo thanks to the
presence of the fatty acid synthesis (FAS)I and IIFAgstems, but it is also able to scavenge
fatty acids from its host [28]. For the estimatintotal fatty acids composition, lipids were
extracted from tachyzoites and rhoptry-enrichedtioas, to be subsequently analysed as
fatty acid methyl esters (FAME). Several of the maAME species were found in both types
of extracts (Table 1): palmitic (C16:0) and stegi@18:0) acids are the most abundant
saturated fatty acids (SAFA) found in tachyzoiteshoptries; similarly, for both extracts, the
most represented unsaturated fatty (UFA) acid & dkeic acid (C18:1n-9, Table 1).
However, important qualitative differences wererfduFirst, the rhoptry extracts were found
to lack several long chain fatty acids (Table 1)sd5 one striking difference was that rhoptry
fractions contained high proportions of SAFA congohmwith the mono- and poly-UFA
species (Fig. 3). Indeed, our results for tachygzoéxtracts show a SAFA/UFA ratio of ~0.9
(Table 3), in accordance with previously publismedults [29] describing a rich content of
UFA in Toxoplasma cells, whereas in rhioptries we found a SAFA/UF#Aoraf ~2.24(Table

3). This is of importance as fatty acid compositi®known to be involved, along with Chol,
in the regulation of the fluidity of the membrarj@8] and this will be discussed later.

Neutral lipids. Qualitative and quantitative analysis of neutrgdids (NL) were also
performed on tachyzoites and rhoptry-enriched imast Here, no qualitative difference was
observed, both extracts were found to contain #reestypes of cholesteryl esters (CE),
diacylglycerides (DAG) and triacylglycerides (TAGlable 2). CE can be synthesised from
Chol by Toxoplasma and although it was previously suggested that paiencould to be
preferentially used to esteriiy Chol in the paa$itl], the main CE species we found in both
extracts was a C18 (Table 2).

There were quantitative differences however. Indedtble cells bore elevated amounts of
TAG compared to DAG, which was not the case inrttaptry fractions, where both CE and
TAG were found in lower proportions (Fig. 4). CEdailfAG cannot integrate into the
phospholipid bilayer [32] so they cluster to forhethydrophobic core of the so-called lipid
bodies. Lipid bodies are stores of NL, which carubed for energy production or membrane
biogenesis [33], and those structures are preaefspicomplexa (see [34] for a review). It is
thus likely that the elevated levels of TAG foundahole cell extracts reflect the presence of
these lipids in the storage organelles where tejydcbe the main constituent.

Previous studies by us [10] and others [9], hadontegd that rhoptries were Chol-rich
organelles, with an unusually high Chol/PL ratiol)>Although we found significant
amounts of Chol in the rhoptry-enriched fractionda Chol/PL ratio higher than for the
whole cells (0.34 vs 0.24, respectively, Table &) current results differ from those previous
findings. Because of the different methodologiesdus past studies to measure the Chol
concentrations (enzymatic assay and quantitativelélyer chromatography), we also sought
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to use one of these alternative approaches (aic@tic assay based on the Chol oxidase) to
assess the Chol levels in our tachyzoites and riespgamples (Supplementary Table 1). Chol
concentrations in both whole cells and Chol-enricfraction (fraction 1ll) were found to be
in the same range as the values that were detetnaye chromatography (Table 2),
confirming that our results were consistent. We ehano obvious explanation for the
differences observed with previously published Itssbut the reasons could be multipie; for
instance, there could possibly come from experialecttanges in the culture conditions, or
the slightly modified protocol used for the purétmon of the organelles.

Rhoptries-derived membranes have a high rigidity compared to whole cell membranes. The
fluidity of biological membranes is known to be nutated by their lipidic composition
[30;35;36]. The main modulators are i) the Cholaantration: when Chol is present in large
amounts, it introduces conformational ordering bé tlipid chains and it increases the
mechanical stiffness while keeping the membrand fluthe SM concentration: SM have the
capacity to form intermolecular hydrogen bonds lawvg its ceramide constituent with other
lipids, which is likely to stabilise and rigidify @mbranes iii) the degree of unsaturation of the
hydrocarbon tail: lipids with unsaturated fattyds;iwhich have kinks in their acyl chains are
more likely to be disordered. These three parametan be reflected by the following three
ratios (the higher they are, the more rigid is thembrane), respectively, Chol/PL, SM/PC
and SAFA/UFA. When comparing to membranes from & wteidied cell type such as
erythrocytes, whol&oxoplasma cells have lower Chol/PL, SM/PC and SAFA/UFA ratio
which could be indicative of a higher membranedity (Table 3) as already described for
tachyzoites [29;37]. However, as mentioned befbgigs from rhoptry-enriched fractions
display higher Chol/PL, SM/PC and SAFA/UFA ratidseamn whole tachyzoites (Table 3).
When compared to erythrocytes, rhoptry lipids sthaower Chol/PL and SM/PC ratios, but on
the other hand displayed a much higher SAFA/UFAorétable 3), making it difficult to
predict their fluidity.

We thus used the fluorescent lipophilic molecule-D®hich has been established as a probe
to measure the fluidity of the lipid bilayer of ipomes, biological membranes and whole
cells, by fluorescence anisotropy assay [23]. DPH partitions equally between tHéedent
lipid domains in a membrane, without apparent cotreéion differences between ordered
and disordered lipid domains and it is thought @oelvenly distributed among all the lipidic
regions of a whole living cell. The anisotropy oPB reflects the capacity of this probe to
move in its lipid surroundings and hence, the filyicbf the membraneshe higher the
anisotropy value, the higher the rigidity of the miwanes. DPH was used on membranes
from whole Toxoplasma cells, as well as tachyzoites “ghosts” and rhoeptmyiched fractions
from the Percoll gradient (fractions | and lll, pestively, Fig. 1); we also used erythrocyte
“ghosts” as a control, as they have been extensistldied. Our results show that while
membranes from whol&oxoplasma tachyzoites and parasite “ghosts” seemed to hdow a
DPH anisotropy value (~0.15 and 0.17, respectivéig,. 5), indicative of a rather high
membrane fluidity, as previously observed [29], rbesnes from the rhoptry-enriched
fractions displayed a significantly higher value0.@2), similar to the one obtained for
erythrocytes “ghosts” (~0.20). Depletion of memlgraghol by methyB-cyclodextrin
treatment lowered the DPH anisotropy value of memés from parasite and erythrocyte
“ghosts” and wholdoxoplasma (Fig. 5). This increase in membrane fluidity teggd by the
depletion of Chol has been documented before fetlgthrocytes [38] and can be explained
by the order-inducing effect of this molecule foetdisordered (i.e. unsaturated) acyl chains
of the PL [39]. On the contrary, a less consisefféct on DPH anisotropy was observed
when membranes from the rhoptry-enriched fractivere treated with methyl-cyclodextrin
(Fig. 5). This could not be explained by a low Chohcentration, as the Chol/PL ratio is
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higher for rhoptries than for wholBoxoplasma cells for example. Instead, the presence in
rhoptry membranes of high concentrations of PL wigid acyl chains (i.e. saturated), could
create a highly ordered domain where the presehéghol would have a lesser effect on
rigidity, or even rather favour membrane fluidity twveakening van der Waals' interactions
between hydrocarbons chains of fatty acids andegmtawg crystallisation [40]. Overall, our
results suggest that, in contrast to the globabifly of the membranes from the whole
Toxoplasma cell, total membranes from rhoptries (possiblyludag internal membranous
structures [8]) appear to have a high membranelitygiwhich could be explained by the
presence of saturated fatty acids in ordered tipichains.

Cholesterol and cell invasion.

Several microbial pathogens use Chol-rich domdmsiistance “raft” domains or caveolae)
as a gateway for entry into their host cells [4];42uring the process oToxoplasma
invasion, the limiting membrane from the parasitetaining PV, which is largely derived
from the host cell’'s plasma membrane but also cositdoptry-derived material, is known to
be rich in Chol [9]. Hence, the presence of Chahim rhoptries was initially though to be of
importance for the virulence of the parasite thiougutative secretion at the plasma
membrane or for insertion into the nascent PV [Tliese hypotheses have been tested and
Chol depletion assays have shown that parasite @nal, in particular, from the rhoptries)
was not necessary for infection, whereas hostGiedl was [9]. Our lipidomic data, indicating
lower amounts of rhoptry Chol, could also point éods a low impact of rhoptry Chol from
the organelle on the virulence of the parasite sTe wanted to investigate more precisely if
Chol could be found in secreted rhoptry materiad. 8ssess this, we took advantage of
specific experimental conditions where the parasitsility is blocked by cytochalasin D
(CytD, a potent inhibitor of actin polymerisatiorin these conditions, tachyzoites cannot
invade, although they can bind to host cells, fammoving junction (MJ), and secrete
protein-rich rhoptry-derived vesicles that can mualised in the cytosol of the host cell and
are termed “evacuoles” [7]. We could label the exdes through the rhoptry protein marker
ROP1, and perform co-localisation experiments Milipin, a fluorescent dye specific for
membrane-bound Chol (Fig. 6A). As observed prewguSytD-treated parasites displayed
an apical punctate signal for the rhoptry neck ggroRON4, showing that the parasites had
successfully attached and formed the MJ [43]. Adddlly, ROP1 was found to label
clustered evacuoles forming a network extending ihé host cell cytoplasm [7]. Labelling of
the membrane-bound Chol with filipin highlightecetplasma membrane of the parasite and
of the host cell (Fig. 6A). An Intense filipin ladbeg could often be seen at the interface
between the parasite and the host cell, which ceitiletr correspond to the apical part of the
parasite or to the plasma membrane of the hostitellesent at the apex of the parasites, the
filipin labelling could possibly be internal to thr@optries; however, it is to note that the
organelles were not found to be labelled in exthalee parasites, suggesting they would
possess a low amount of membrane-bound cholesteratcordance with our lipidomic data
(Table 2).

When the evacuoles clusters were close to the plamembrane (suggesting an early time
point after contact, as the evacuoles network manto extend further into host cell with
time [7]), both evacuoles and MJ were in the clesénity of the Chol-rich region, even
showing some partial co-localisation at the poiftcontact of the parasite (Fig. 6A).
However, when the network of ROP1-positive evacai@as more developed inside the host
cell cytoplasm, no obvious co-localisation coulddaen between the farthest evacuoles and
filipin (Fig. 6A, bottom row), suggesting that tleesvacuoles are indeed not enriched in Chol.
To further analyze this process, we prepared Chpleded parasites by growing them into
fibroblasts that had been treated with statin (dombitor of HMG-CoA reductase in the Chol
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biosynthesis pathway) and metlpyeyclodextrin (a Chol-segregating drug) to lower
considerably (by ~70%) their Chol content [9]. Tdh@srasites were used to assess if the Chol
seen at thdoxoplasma-host cell interface is of parasite origin, by peniing the same type
of CytD-blocked invasion assay as described ablbwéiese conditions, Chol could still be
seen at the interface between the parasite antidstecell plasma membrane, whereas the
parasite plasma membrane appeared devoid of pegploe internal filipin labelling,
suggesting efficient and considerable reductionCbbl (Fig. 6B). Both the MJ and the
evacuoles were still found to be forming with Cllelpleted parasites and apart from the point
of contact, no consistent co-localisation was fowvith the filipin signal (Fig. 6B). This
would mean that the Chol-rich membranes visualigedhe interface between host and
parasite during the initial stages of invasion afehost origin. It could either be that the
parasite is preferentially selecting Chol-rich damsaof the host's plasma membrane to
initiate invasion, or thatoxoplasma could trigger the recruitment of host Chol at #ite of
invasion. This could be mediated simply by lateddfusion through the membrane, by
vesicle-mediated transport, or a soluble protemea(see [44] for a review).

Finally, as filipin-labeled Chol was found close ttee MJ at the point of contact between
Toxoplasma and the host cell, we wanted to assess if theipmcemains bound to Chol-rich
membranes during parasite invasion. Invasions tene performed without CytD (Fig. 7), to
allow the active penetration of the tachyzoitesipki was generally not found to be co-
localising with the MJ throughout the invasive pFss and with the residual junction found
on the recently closed PVM [43], although it wasrfd together with ROP1 at the PVM as
described before [9].

Not only has the PVM been found to be enriched holCat the time of invasion by
Toxoplasma [9], but it has also been shown to incorporateessvother host cell membrane
reporter molecules belonging to Chol-rich raft .(i@Pl-anchored proteins CD55, GPI-
ICAM1, GM1 ganglioside or Dilgs lipid), and also to non-raft lipid domains (i.ailess
ICAML1 protein, FAST DIOCyg lipid) [12]. Although the MJ could play a role sorting the
protein components of raft domains (such as GPhama proteins) to be incorporated into
the PVM [11], we have shown that the MJ itself dnesseem to be co-localising with Chol-
rich domains of the host cell during invasion. Rrasmodium, several raft-associated host
proteins seem to be dispensable for parasite infedbut total raft depletion blocks parasite
entry [45]. Similarly, depletion of Chol from theos$t cell totally blocks invasion by
Toxoplasma [9], suggesting that host lipid rafts could hawle in invasion. Our finding that
Chol-rich membranes can be visualised at the exterbetweeoxoplasma and its host cell
seems to go along the same line. However, theliatthey can still be observed when using
Chol-depleted parasites, that the parasite-derexextuoles do not seem to be enriched in
Chol, and that, as observed before [9], Chol-degl&bxoplasma can still invade its host cell
suggests little or no involvement of rhoptry Cholnvasion.

Conclusion. The lipid composition oToxoplasma tachyzoites and of their rhoptries has been
the object of a few past studies, which were aimangletermining the composition and
properties of the membranes from this pathogen thede organelles that are considered
important for virulence. With improved technolodit@ols at hand, our data provided a more
exhaustive analysis and substantial additionarmétion. Our study revealed several features
of the rhoptries lipidome: i) globally, we foundawer lipidto protein ratio in the rhoptries
than for the whole tachyzoites, suggesting a ratioér protein content of the organelle. ii)
choline-containing PL (i.e. PC, SM) appear to kghhyj represented, with a lower percentage
of PE and no detectable PS. iii) low levels of TAgly reflect an absence of lipid bodies in
the organelle. iv) FA analysis of the whole lipi@sealed that there was a high proportion of
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short chain and highly saturated FA. v) in contragh previous studies, we did not find a
particularly high enrichment of Chol in the rhop#i

Consistent with this, our study confirmed that thle played by the Chol in the rhoptries does
not appear to be essential for the virulence oftdolyzoites, contrarily to host cell Chol
which seems to be present at the contact pointdegtvparasite and the plasma membrane
during early stages of invasion. A major challemg@ow to understand the precise role of
host cell Chol and the molecular interactions betwieost and parasite lipids during invasion.
On the other hand, Chol may have, along with SM #@medparticularly abundant SAFA, a
structural role for the organelle. Indeed, the eneg of such lipids, assuming they would be
incorporated into the rhoptry membranes is likehatfect their physical properties, which, as
we have shown, are rather rigid compared to thbaylmembranous content of the parasite
and this might contribute to the so peculiar eldéedanorphology of rhoptries. In contrast,
high membrane fluidity of the tachyzoites mightdssential for the plasticity of their plasma
membrane, as they undergo extensive deformabiliing host cell invasion. It might also
facilitate the movement of surface adhesive prstarhich are transiocated along the parasite
cell body during the invasion process.

Finally, our results reflect a global lipidomic &mas of the organelle and obviously, there
must be local variations within membrane domainsth& rhoptries. For instance, these
organelles appear to be highly polarised, as thaypdur proteins that are specifically
localised to their neck (RON) or bulbous parts (RRQ#hich seem to have different roles for
invasion or the establishment of the parasite i@ BV and hence could be secreted
sequentially in time. Thus, rhoptry lipids might evolved in sorting and segregation of
these proteins. There are several examples wherépidic composition of the membranes
drives protein sorting and trafficking such ashe photoreceptor rod, where there is a Chol
and FA unsaturation gradient conferring differehygcal properties and functional roles to
the organelle [46] or with theis to trans Chol gradient of the Golgi [47]. The lipids we
detected in the rhoptries might also be presentiimternal structures that could be involved
in the packaging of the proteins. Indeed, soluftii treatments of the organelle show that
many rhoptry proteins could be embedded in memksrfzje Some of these might be resident
proteins of the rhoptries and structural compoménhe membrane, but others such as ROP2
[48], are known to be secreted after invasion. leena additional role of rhoptry lipids could
be organising and packing the insoluble rhoptrytgins as lipoproteins or within vesicular
membranes, before secretion into the host cellpRizdChol does not appear to be essential
for secretion of RON or ROP proteins, but determgnthe lipid sub-domains within the
rhoptry and the putative role of local lipids inrtsag or secreting those proteins is certainly a
future objective to further characterise the mainylence factors present in the organelle.
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Whole tachyzoites (n=3) Rhoptries (n=4)
SAFA
14.0 87.02 £ 10.05 30.55 £ 13.23
15:0 nd nd
16:0 423.91 £ 5.54 399.09 £ 62.67
180 139.12 + 44.21 219.56 + 42.68
20:0 8.49 + 0.92 13.14 £ 4.90
21:0 nd nd
220 0.36 £ 0.48 nd
23:0 nd nd
24:0 3.86 £ 0.90 nd
Total 662.76 £ 61.20 662.34 £ 123.48
MUFA
14:1 n-5 nd nd
15:1 n-5 nd nd
16:1 n-7 83.08 + 16.37 23.63 £ 2.41
17:1 n-7 nd nd
18:1 n-9 517.90 + 114.13 235.97 £ 15.00
18:1 n-7 nd nd
20:1 n-9 29.27 £ 4.85 0.71 £ 1.05
22:1 n-9 0.30 + 0.40 nd
24:1 n-9 1.45 + 0.29 nd
Total 632 £ 136.04 260.31 + 18.46
PUFA
18:2 n-6 73.43 £ 16.64 34.69 = 18.23
18:3 n-6 nd nd
18:3 n-3 3.35 £ 0.61 nd
20:2 n-6 3.02 + 0.55 nd
20:3 n-3 nd nd
20:3 n-6 4.37 + 1.44 nd
20:4 n-6 20.13 £ 4.53 nd
20:5 n-3 2.24 £ 0.62 nd
22:5 n-3 nd nd
22:2 n-6 nd nd
22:6 n-3 4,72 £ 1.15 nd
Total 111.26 £ 25.54 34.69 = 18.23

THIS IS NOT THE FINAL VERSION - see doi:10.1042/BJ20080795

Table 1. Fatty acid composition of the whole tadis and rhoptry-enriched extracts.
Results are in nmol of lipid per mg of prote#SEM. nd: not detected. SAFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFAypokaturated fatty acids.
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Whole tachyzoites (n=5) Rhoptries (n=4)

Cholesterol 81.19 + 13.92 31.30 + 4.79
Cl14 nd nd

C1l6 2.92 £ 0.79 0.19 £ 0.23
C18 4.26 = 0.73 0.75 £ 0.33
C20:4 0.23 +£ 0.37 0.03 £+ 0.05
C22 nd nd

Total CE 7.41 + 1.89 0.98 + 0.61
C33 6.66 = 0.92 3.07 £ 0.67
C35 4.2 +0.43 2.09 £ 0.43
C37 6.16 £ 0.70 3.10 £ 0.23
C39 3.09 £ 0.70 1.16 £ 0.28
C41 0.65 + 0.36 0.35 £+ 0.25
C43 nd nd

Total DAG 20.76 + 3.11 9.77 £ 1.86
C49 6.92 + 0.77 1.17 £ 0.91
C5h1 7.91 £ 0.59 0.44 £ 0.53
C53 9.57 +£ 0.42 0.65 + 0.60
C55 7.53 £ 0.66 0.47 £0.62
C57 3.66 £ 0.37 0.25 £+ 0.39
C59 0.27 £ 0.42 0.06 £ 0.10
Total TAG 35.85 + 3.23 2.81 £ 3.15

Table 2. Neutral lipids composition of the wholehgzoites and rhoptry-enriched extracts.
Results are in nmol of lipid per mg of proté#$EM. nd: not detected. CE, cholesteryl esters;
DAG, diacylglycerides; TAG, triacylglycerides. DA@d TAG molecules were separated
and named according to their total number of casbon
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Chol/PL | SM/PC | SAFA/UFA
Erythrocytes* 0.8 0.87 1.35
Whole tachyzoites 0.24 0.18 0.9
Rhoptry fraction 0.34 0.32 2.24

Table 3. Lipid ratios from erythrocytes, whole tgrbites and

rhoptry-enriched fraction.

Chol, cholesterol; PL, phospholipids; SM, sphingefn; PC, phosphatidyicholine; SAFA,
saturated fatty acids; UFA, unsaturated fatty acids
* data derived from Dodge and Phillips [49]
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Figure 1. Isolation of a rhoptry-enriched fractioom T. gondii tachyzoites. A. Scheme of the

organellar fractions obtained after Percoll grati®ensities are indicated on the left (g/ml)

B. Assessment by Western blot of the purity of frlaetions using antibodies against protein
markers of the rhoptries (ROP5), mitochondria (HHP&8ense granules (GRA3) and plasma
membrane (SAG1). 15 pg of total proteins were Idadeeach lane. C. Relative enrichment
of each fraction compared to a tachyzoite cell aottr Band densitometry analysis was
performed after Western blot analyses comparabtegémne shown in B and band densities
in each fraction were expressed relatively to whatihyzoite extracts, reflecting the relative
enrichment of each marker in the fractions. Highedties in fractions for each organellar
marker are in bold. Data are mean + SEM from twaependent rhoptry preparations on
which n Western blot analyses were performed.

Figure 2. Analysis of the phospholipids presentwimole tachyzoites extracts and rhoptry-
enriched fractions. A. Total amounts of the diffarephospholipids subclasses (PE,
phosphatidylethanolamine; PC, phosphatidylcholinBG, - phosphatidylglycerol; PS,
phosphatidylserine; PI, phosphatidylinositol; LRtsophospholipids; SM, sphingomyelin) in
the extracts”: might be PG, but could not be unambiguously idiedt due to a shift in the
corresponding peak. Sphingomyelin species were ys@dl separately by gas-liquid
chromatography (see Experimental section). B. Hiapws of the different subclasses
compared to the total amount of phospholipids prese the extracts. Data represent the
mean from independent experiments (tachyzoites; rhoptries,n=3), £+ SEM. *:p < 0.05
(Student’s T-test).

Figure 3. Proportions of saturated (SAFA), monoatmsated (MUFA) and poly-unsaturated
fatty acids (PUFA) compared to the total amountattfy acids present in the extracts. Data
represent the mean from independent experimerdkyitaitesn=3; rhoptriesn=4), £ SEM.

*: p<0.05 or **:p< 0.005 (Student’s T-test).

Figure 4. Proportions of cholesterol (Chol), chtded esters (CE), diacylglycerides (DAG)
and triacylglycerides (TAG), compared to the t@alount of neutral lipids measured in the
extracts. Data represent the mean from severapemtient experiments (tachyzoites5s;
rhoptries,n=4), + SEM.

Figure 5. Analysis of membrane fluidity by analyss$ DPH anisotropy inT. gondii
tachyzoites,T. gondii ghosts from fraction I, rhoptries isolated fromadtion lll, values for
erythrocyte ghosts are indicated as a referencea&g were previously treated or not with
Chol-segregating drug methgiecyclodextrin (M3CD). Data represent the mean from four
independent experiments + SEM. p*< 0.05 or **:p < 0.005 (Student’s T-test).

Figure 6. Cholesterol localisation during invasiancytochalasin D-treated tachyzoites. A.
Membrane-bound cholesterol was labeled with filiffif), the evacuoles with an anti-ROP1
antibody and the moving junction with an anti-ROtibody. Arrowheads point the zone
were co-localisation can be seen. B. Cholesterpletied parasites were used for invasion.
Scale bar=5um.

Figure 7. Fate of cholesterol during invasion irrnpiesive conditions. Membrane-bound
cholesterol was labeled with filipin (fil), the @esitophorous vacuole membrane with an anti-
ROP1 antibody and the moving junction with an &@N4 antibody. Scale bar=5um.
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Figure 7.
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