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ABSTRACT The obligate intracellular protozoan Toxoplasma gondii actively invades mam-
malian cells and, upon entry, forms its own membrane-bound compartment, named the para-
sitophorous vacuole (PV). Within the PV, the parasite replicates and scavenges nutrients, in-
cluding lipids, from host organelles. Although T. gondii can synthesize sphingolipids de novo,
it also scavenges these lipids from the host Golgi. How the parasite obtains sphingolipids
from the Golgi remains unclear, as the PV avoids fusion with host organelles. In this study, we
explore the host Golgi-PV interaction and evaluate the importance of host-derived sphingo-
lipids for parasite growth. We demonstrate that the PV preferentially localizes near the host
Golgi early during infection and remains closely associated with this organelle throughout
infection. The parasite subverts the structure of the host Golgi, resulting in its fragmentation
into numerous ministacks, which surround the PV, and hijacks host Golgi-derived vesicles
within the PV. These vesicles, marked with Rab14, Rab30, or Rab43, colocalize with host-
derived sphingolipids in the vacuolar space. Scavenged sphingolipids contribute to parasite
replication since alterations in host sphingolipid metabolism are detrimental for the parasite’s
growth. Thus our results reveal that T. gondii relies on host-derived sphingolipids for its
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development and scavenges these lipids via Golgi-derived vesicles.

INTRODUCTION
The obligate intracellular protozoan Toxoplasma gondii is an oppor-
tunistic pathogen that is associated with congenital birth defects and
severe ailments, such as encephalitis, in immunocompromised indi-
viduals. The host immune response restricts T. gondii replication,
leading to the conversion of the parasite to its cyst form, which re-
mains dormant in the brain and muscles (Luft and Remington, 1992).
On entry into a mammalian cell, T. gondii creates its own mem-
brane-bound compartment, termed the parasitophorous vacuole
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(PV). This vacuole does not share any characteristics with a phago-
some, as the process of invasion is entirely driven by the parasite
and is distinct from phagocytosis (Morisaki et al., 1995; Dobrowolski
and Sibley, 1996; Suss-Toby et al., 1996). A successful infection is
dependent on the biogenesis and maturation of the PV into a repli-
cation-permissive niche, in a process mediated by the parasite.
The PV membrane excludes most host plasma membrane trans-
membrane proteins during invasion and resists fusion with host
organelles (Mordue et al., 1999a; Charron and Sibley, 2004). Instead,
the PV membrane is composed of many proteins secreted by the
parasite (reviewed in Cesbron-Delauw et al., 2008; Nam, 2009).
Although the PV does not fuse with the host endolysosomal system
(Mordue et al, 1999b), it forms a tight association with host
mitochondria and endoplasmic reticulum (ER; Sinai et al., 1997).
Additional transformations of the PV include the formation of pores
across the PV membrane (Schwab et al., 1994) and the develop-
ment of a tubulovesicular network within the PV lumen (Nichols
et al, 1983; Sibley et al., 1995). These unique parasite-induced
modifications of the vacuole are hypothesized to be important for
nutrient acquisition.
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After invasion, the parasite migrates toward the perinuclear re-
gion of its host cell and localizes near the host microtubule-organiz-
ing center (MTOC) and the host Golgi (Coppens et al., 2006;
Romano et al., 2008; Walker et al., 2008). The Golgi-MTOC region
resides at the intersection of the endocytic and exocytic pathways of
the cell and is rich in endosomes, lysosomes, and post-Golgi vesi-
cles. The positioning of the PV in this region of the cell may facilitate
interception of host vesicular trafficking by T. gondii to satisfy the
parasite’s requirement for nutrients such as lipids. The parasite has a
marked requirement for host lipids that are derived from lysosomes
(e.g., cholesterol) or from the Golgi apparatus (e.g., ceramide;
de Melo and De Souza, 1996; Bisanz et al., 2006; Coppens, 2006).
In the case of cholesterol, T. gondii contains large amounts of cho-
lesterol, which it scavenges from plasma low-density lipoproteins
(LDLs) via host endocytic compartments (Coppens et al., 2000,
2006). The parasite sequesters nutrient-filled host lysosomes within
invaginations of the PV membrane, thereby obtaining cholesterol
from the host endocytic network (Coppens et al., 2006). The choles-
terol is then ultimately internalized by the parasite via ABCG trans-
porters (Ehrenman et al., 2010).

In eukaryotic cells, sphingolipids have an important role in cellu-
lar architecture, signaling, the cell cycle, and apoptosis (Breslow and
Weissman, 2010). Sphingolipids are also ubiquitous membrane
components in pathogenic protozoa and have been extensively
studied in Trypanosomatids and the malaria parasite (reviewed in
Zhang et al., 2010). Our lipidomic analysis of T. gondiii reveals that
the parasite contains >20 species of sphingolipids consisting of
both saturated and unsaturated fatty acids (Lige et al., 2011). The
parasite is capable of the de novo synthesis of sphingolipids, based
on inhibitor studies (Sonda et al., 2005), as well as on metabolic la-
beling studies of extracellular or released intracellular parasites
(Azzouz et al., 2002; Bisanz et al., 2006). Despite its ability to gener-
ate sphingolipids, the parasite also appears to scavenge sphingolip-
ids derived from the host cell via the host Golgi (de Melo and
De Souza, 1996; Bisanz et al., 2006).

In this article, we explored the interaction between the T. gondii
PV and the host Golgi apparatus. We investigate the process of host
sphingolipid delivery to the PV from the host Golgi and evaluate the
importance of host-derived sphingolipids for parasite growth. Be-
cause current treatment options to fight toxoplasmosis are limited
and poorly tolerated (Luft and Remington, 1992; Suzuki, 2002),
defining the molecular basis by which sphingolipids contribute to
T. gondiii infections might inspire new drug treatments.

RESULTS
T. gondii actively scavenges exogenously derived ceramides
from the host Golgi
Short-chain ceramides added exogenously to mammalian cells are
internalized and, after 10 min, become concentrated in the Golgi
apparatus (Lipsky and Pagano, 1985). Within the Golgi, ceramide
is converted into sphingolipids (e.g., sphingomyelin or glucosylce-
ramide), which may then be delivered to the plasma membrane via
Golgi-derived, Rab-associated vesicles (Pagano et al., 1991).
A previous study reported that the obligate intracellular parasite
T. gondii scavenges a fluorescently labeled analogue of ceramide
from the host Golgi (de Melo and De Souza, 1996). We extended
these observations by analyzing the time course of ceramide scav-
enging by T. gondii and the incorporation of this lipid into organ-
elles of the parasite.

First, uninfected fibroblasts were incubated with NBD Cé-
ceramide and viewed by fluorescence microscopy. The results
in Figure 1A confirm that within 10 min of exposure to NBD
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Cé-ceramide the fluorescent lipid accumulated in the Golgi com-
plex of the fibroblasts. A progressive redistribution of the fluores-
cence signal from the Golgi to the cell surface was observed over
the time course of 20 min to 2 h (Figure 1A).

Next fibroblasts were infected with T. gondii for 24 h and then
incubated with NBD Cé-ceramide for 10 min. These infected cells
showed an intense staining of the host Golgi, as was observed in
uninfected cells (Figure 1B). After 20 min, the interior of the PV be-
came fluorescent (Figure 1B, 20’ inset) and the parasite’s plasma
membrane displayed a weak labeling (Figure 1B). Over time the
staining of the parasite intensified, and after 1 h the parasite’s plasma
membrane was brightly fluorescent. The apical region of the para-
site that houses the Golgi complex and faces outward toward the PV
membrane was also labeled (Figure 1B, 60" inset), suggesting that
the NBD-labeled lipids were redistributed within the parasite. Of
interest, in infected cells the host Golgi remained brightly fluores-
cent after 2 h, whereas in uninfected cells the fluorescence signal
was predominantly redistributed to the plasma membrane. This re-
sult suggests that the presence of the parasite may be slowing down
or altering Golgi activities. Finally, egressing parasites still contained
NBD-labeled lipids (Figure 1B, 120" inset).

Our data confirm that T. gondii scavenges NBD Cé-ceramide
from the host Golgi. To determine whether the parasite is actively
involved in the uptake of host Golgi-derived sphingolipids, we
treated infected cells with pyrimethamine before incubating them
with labeled ceramide; pyrimethamine is an inhibitor of the parasite’s
dihydrofolate reductase and acts to slow down parasite metabolism.
In pyrimethamine-treated cells, the PVs contained dying parasites
that displayed abnormal morphologies (Figure 1C, phase-contrast
images). Treatment of infected cells with pyrimethamine abolished
the fluorescence labeling of the parasite in a dose-dependent man-
ner, indicating that an active parasite metabolism was required for
the scavenging of lipids from the host Golgi.

To examine whether the parasites contained lipids derived from
NBD Cé-ceramide, we isolated parasites and analyzed their lipids by
TLC. Fibroblasts were infected for 48 h and then incubated for either
1 or 6 h in the presence of NBD Cé-ceramide. Total lipids were ex-
tracted from the egressed parasites and separated by TLC, and the
NBD-containing lipids were visualized by fluorometry (Figure 1D). In
addition to NBD Cé-ceramide, other molecular species of NBD-
labeled lipids were detected, with at least four distinct lipids discern-
ible after 6 h of incubation (Figure 1D). The nature of these lipids
remains to be identified, but lipids migrating between ceramides
and sphingomyelin are usually glycosphingolipids, which abound in
T. gondiii (Azzouz et al., 2002). No band corresponding to sphingo-
myelin was visible on the TLC plates under our experimental condi-
tions. Thus the parasite either uses ceramides retrieved from the
host Golgi to manufacture its own sphingolipids and/or is able to
scavenge complex sphingolipids directly from the host Golgi.

The parasite attracts the host Golgi early during infection

Our data indicate that T. gondii localizes near the host Golgi appa-
ratus and exploits the lipid content of this organelle (Figure 1A;
de Melo and De Souza, 1996). Because this interaction is already
clearly established at 24 h postinfection (p.i.), we next analyzed the
distribution of the host Golgi apparatus relative to the PV at early
times during an infection and assessed any physical transformations
of this organelle. VERO cells were infected with T. gondiifor 1, 2, 4,
and 8 h and examined by fluorescence microscopy to compare the
location of the Golgi and the PV; the host Golgi was visualized using
antibodies against the cis-Golgi protein giantin, whereas the PV was
identified using antibodies against the PV membrane protein GRA7.
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FIGURE 1: Association of host ceramides with the PV. (A) Live fluorescence microscopy of uninfected HFFs incubated
with 5 uM NBD Cé-ceramide complexed to BSA at the times indicated. (B) Live fluorescence microscopy of HFFs
infected with T. gondii for 24 h and incubated with fluorescent ceramides as described in A. The arrows denote PVs. The
insets of time points 20 and 60 min show additional parasites stained with NBD Cé-ceramide, and the inset for the
120-min time point shows freshly egressed parasites. (C) Live fluorescence microscopy of HFF cells infected with

T. gondii for 24 h and then treated with either 2 or 10 M pyrimethamine for 24 h before the addition of fluorescent
ceramide for 1 h. Arrows indicate PVs. (D) TLC plates of T. gondii lysates (Tg) revealed by fluorometry. Intracellular
parasites were loaded with NBD Cé-ceramide for 1 or 6 h and isolated from host cells, and their total lipids were
extracted and fractionated by TLC as described in Materials and Methods. Fluorescence standards (STD) are shown in
the right lane. CER, ceramides; SPM, sphingomyelin. Scale bars, 5 pm.
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A.

Giantin, GRA7, DAPI B. 4

PV-hGolgi Distance

Attraction of the T. gondii PV for the host Golgi. (A) VERO cells were infected with
T. gondii for the times indicated, fixed, and stained with 4’,6-diamidino-2-phenylindole (DAPI;
blue, nucleus) and antibodies against giantin (green, Golgi) and GRA7 (red, PV). Representative
extended focus images are shown. The arrows in the phase images point to the intracellular
parasite. (B) Box plot showing the distribution of distances between the PV and the nearest part
of the host Golgi. The data are from three independent experiments, and the total number of
PV-giantin distances measured for the time points shown is 84, 70, 74, and 112, respectively.
Whiskers of the box plots represent the upper and lower values excluding outliers, outliers are
marked as open circles, and the line inside the box is the median value. The numbers written
within the plot are the mean distances in micrometers. *p < 0.001. (C) 3D reconstructions of
optical z-slices from the images in A. Arrows show PV-Golgi interaction. (D) HeLa cells were
infected for 8 h, fixed, and stained as in A. (E) VERO cells were infected for 4 h, fixed, and
stained as in A. Scale bars, 6 ym.

The PV preferentially localized close to the host Golgi within the first
few hours of infection (Figure 2A). To quantify the association be-
tween the PV and host Golgi, we measured the closest distance
between the two structures on three-dimensional (3D) volumes re-
constructed from optical z-slices. At 1 h p.i., the distance between
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PVs and the host Golgi ranged (excluding
outliers) from 15 to <1 ym, with 31 £ 4% of
the PV population located within 1 pm of
the host Golgi (Figure 2B). The percentage
of PVs found <1 um from the host Golgi in-
creased from 69 + 3% at 2 h p.i. to 89 £ 7
and 100% at 4 and 8 h p.i., respectively. For
these PVs, sections of the host Golgi closely
aligned with the edge of the PV as observed
in 3D reconstructions of optical z-slices ob-
tained from infected cells (Figure 2C). In
some cases, the host Golgi appeared to ex-
tend on top of the PV (Figure 2C, 4-h time
point) while the host Golgi partially sur-
rounded the PV in other cells (Figure 2, A
and C, 8-h time point). The close association
of the PV and host Golgi did not appear to
change the morphology of the Golgi at
early times during an infection (Figure 2).

The physical attraction between the PV
and host Golgi was further suggested by the
observation that extensions of the PV mem-
brane appeared to target the host Golgi. In
a dramatic example, a PV distant from the
host Golgi was connected to this organelle
via several PV membrane (PVM) projections
(PVMPs) that surrounded the host nucleus to
reach the Golgi (Figure 2D). Impressively, in
dividing cells harboring many sets of newly
formed Golgi complexes, the PYMPs were
observed threading through the host Golgi
(Figure 2, D and E).

These results suggest that T. gondii is at-
tracted to the host Golgi at the onset of in-
fection and forms a close association with
this host organelle.

The T. gondii PV localizes near the host
Golgi before the host MTOC in
nonpolarized cells

In nonpolarized cells, the MTOC is involved
in positioning the Golgi apparatus in the
perinuclear region (Kupfer et al, 1982).
Because we showed that the PV closely asso-
ciates with the host Golgi by 2 h p.i. (Figure
2B), we addressed the question of whether
the parasite first hijacks the host MTOC to
recruit host microtubules and attract organ-
elles such as the Golgi. Previous studies
showed that the host MTOC detaches from
the nuclear envelope, relocates to the PV sur-
face at 24 h p.i., and remains associated with
the PV until the end of the infection
(Coppens et al., 2006; Romano et al., 2008;
Walker et al., 2008; Wang et al., 2010). To
clarify the sequence of these postinvasion
events, we compared the timing of the PV-

host MTOC recruitment with the timing of the PV-host Golgi associa-
tion. We used immunofluorescence assays to detect the host MTOC
and PV using antibodies against y-tubulin and GRA7, respectively,
and measured the distance between these structures from 2 until
24 h p.i. (Figure 3A). The mean distance between the PV and
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FIGURE 3: Localization of the T. gondii PV near y-tubulin foci during an infection. (A) VERO cells
were infected with T. gondii, fixed, and stained with DAPI (blue, nucleus) and antibodies against
y-tubulin (green, MTOC) and GRA7 (red, PV). Representative extended focus images are shown.
Black arrows indicate the PV; white arrows denote the MTOCs. The yellow arrow indicates a
PVMP. (B) Box plot (as in Figure 2) showing the distribution of distances between the PV and
host y-tubulin foci at the times indicated. The data are from three independent experiments, and
the total number of PV-host y-tubulin distances measured for the time points shown is 277, 235,
248, 318, 228, 189, 292, and 205, respectively. Scale bars, 6 pm. (C) Electron micrograph taken
from a fibroblast infected with T. gondii for 36 h, showing a transverse section of the host

MTOC near the PV on the right side. hc, host cell. Scale bar, 100 nm.

host y-tubulin foci decreased between 2 and 8 h of infection, reaching
a plateau between 8 and 12 h p.i. (Figure 3B). Of interest, this plateau
coincides with the commencement of parasite replication within its PV
(Figure 3A). As was observed with the host Golgi (Figure 2, D and E),
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PVMPs were sometimes seen extending to-
ward the host MTOC (Figure 3A, 6-h time
point). The percentage of PVs located within
1 pm of the y-tubulin foci increased up to
24 hp.i,with5+1,16+5,35+9,and 52 +
3% of the PVs close to the foci at 2, 8, 15, and
24 h p.i., respectively. These results contrast
with the findings for the host Golgi—PV asso-
ciation, for which 69 + 3% of the PVs were
close to the cis-Golgi at 2 h p.i (Figure 2B).
These results suggest that the PV associates
with the host Golgi before localizing near the
host MTOC.

As in previous studies, we frequently ob-
served supernumerary centrosomes in in-
fected cells, which correlates with the rup-
ture of the nucleus—centrosome connection
(Figure 3A, 8-h time point; Walker et al.,
2008). To verify the closeness of the host
MTOC and the PV, we undertook ultrastruc-
tural studies in cells infected for 36 h. Trans-
mission electron microscope (EM) observa-
tions show that the host MTOC was located
distant from the host nucleus and was
closely apposed to the PV membrane
(Figure 3C and Supplemental Figure S1A).
Our EM studies also confirmed the pres-
ence of supernumerary centrosomes, with
one infected cell containing up to eight
MTOCs adjacent to the PV (Supplemental
Figure S1B).

The mammalian MTOC is composed of a
pair of centrioles and a pericentriolar matrix.
To determine whether an infection with
T. gondii affects the composition of the
MTOC, we examined the localization of ad-
ditional components of this structure:
NEDD1, a component of the y-tubulin ring
complex that is critical for microtubule nu-
cleation, and pericentrin, a pericentriolar
matrix protein. To track NEDD1, we trans-
fected cells with NEDD1-green fluorescent
protein (GFP) and then infected them with
T. gondii for 18 h. The NEDD1-GFP foci
localized along the edge of the PV and colo-
calized with y-tubulin foci (Figure 4A).
Because both y-tubulin and NEDD1 are
found in the y-tubulin ring complex, we
analyzed the localization of pericentrin.
T. gondii-infected cells were stained with
antibodies against pericentrin to assess the
distance of pericentrin foci from the PV. Data
show that the PV localized near host peri-
centrin foci during the infection; the anti-
pericentrin antibody displayed a diffuse
staining pattern within the parasites, but the
pericentrin staining in the host cell was eas-
ily distinguishable (Figure 4B). The mean
distance between PVs and the host pericentrin foci decreased be-
tween 4 and 8 h p.i. and then plateaued after 8 h (Figure 4C), as
observed with the y-tubulin foci (Figure 3B). The pericentrin and
v-tubulin foci colocalized at the edge of the PV (Figure 4D). These
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Localization of the T. gondii PV near the MTOC during an infection. (A) Hela cells expressing NEDD1-GFP
were infected with T. gondii for 18 h, fixed, and stained with antibodies against GRA7 (blue) to detect the PV and
v-tubulin (red). An individual z-slice is shown. (B) VERO cells were infected with T. gondii for the times indicated, fixed,
and stained with DAPI (blue) and antibodies against pericentrin (green) and GRA7 (red). Representative extended focus
images are shown. (C) Box plot (as in Figure 2) showing the distribution of distances between the PV and host
pericentrin foci. The data are from three independent experiments, and the total number of PV-host pericentrin
distances measured per time point shown is 202, 173, 177, and 193, respectively. (D) VERO cells were infected with
T. gondii for 24 h, fixed, and stained with antibodies against y-tubulin (green) and pericentrin (red). A single z-slice is
shown. The PV is indicated by an arrow; PCC, Pearson r. Black arrows indicate the PV and white arrows the MTOC.
Scale bars, 6 pm.
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results reveal that in infected cells, the MTOCs that are recruited by
T. gondii maintain their integrity, as they consist of centrioles sur-
rounded by a pericentriolar matrix.

In polarized cells, the T. gondii PV also localizes near

the host Golgi before the host MTOC

In nonpolarized cells the Golgi localizes in the perinuclear region
near the MTOC, but in polarized Madin-Darby canine kidney
(MDCK) cells the organization of the Golgi and MTOC is more com-
plex. On differentiation, the centrioles migrate to the apical domain
and are closely apposed to the apical membrane, where they do not
nucleate many microtubules (Bacallao et al., 1989). The Golgi is ini-
tially a compact structure located in the perinuclear region, but after
differentiation the Golgi spreads around the nucleus in the apical
region of the cell (Bacallao et al., 1989). To determine whether the
organization of the Golgi and centrioles in polarized MDCK cells
affected the ability of the parasite to associate with these host struc-
tures or the timing of the interactions, we infected MDCK cells with
T. gondii for 2 or 24 h and viewed the cells by fluorescence micros-
copy; we detected the PV, Golgi, and MTOC using antibodies di-
rected against GRA7, giantin, and y-tubulin, respectively (Figure 5
and Supplemental Figure S2). Early during infection, at 2 h p.i., the
host y-tubulin foci localized to the apical side of the nucleus, whereas
the PV was adjacent to the nucleus (Figure 5A). On numerous occa-
sions, a PV that was localized adjacent to the nucleus draped over
the apical side of the nucleus and extended a PVYMP or GRA7-posi-
tive vesicle toward the y-tubulin foci (Figure 5A and Supplemental
Figure S2A, yellow arrows). Later in infection, at 24 h p.i., the host
MTOC was closely associated with large PVs. In these cases, the y-
tubulin foci were relocalized to the apical side of the PV as opposed
to the apical side of the host nucleus. In sharp contrast, elements
of the host Golgi were very closely associated with the edge of the
PV membrane starting at 2 h p.i (Figure 5B and Supplemental
Figure S2B). In some cases, the host Golgi surrounded the PV even
at this early time point (Supplemental Figure S2B), and Golgi ele-
ments were observed to encircle PYMPs (Supplemental Figure S2C).
At 24 h p.i., PVs were entirely encompassed by Golgi material,
and the giantin material was very tightly associated with the PVYM
(Figure 5C). These observations indicate that in polarized MDCK
cells, the PV first associates closely with the host Golgi and subse-
quently interacts with the host MTOC, which complements our
results with nonpolarized cells. Of interest, in MDCK cells the attrac-
tion between the PV and host Golgi is more dramatic than in the
nonpolarized cells that were analyzed.

The host Golgi is fragmented in infected cells, and the
scattered Golgi ministacks distribute around the PV

We extended our studies on the PV-host Golgi association by as-
sessing the morphology of the Golgi at later times during an infec-
tion. Early during an infection, regions of the host Golgi closely ap-
posed the PV membrane, but the Golgi retained its perinuclear
localization and compact structure (Figure 2, A and C). By 24 h p.i.,
the host Golgi often encompassed the PV, and the ribbon-like mor-
phology of the Golgi was less distinct (Figure 1B). To further analyze
the Golgi morphology, we infected VERO cells with T. gondiii for 24
and 32 h and visualized the Golgi by immunofluorescence using
antibodies against the cis-Golgi protein giantin (Figure 6A). In cells
infected with T. gondii for 24 h, the structure of Golgi was less com-
pact and more diffuse than in uninfected cells (Figure 6A). In some
cases, the Golgi was disrupted into small, giantin-positive foci that
were distributed around the PV (Figure 6A). The Golgi fragmenta-
tion was more pronounced at 32 than at 24 h p.i. (Figure 6A).
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To quantify the level of Golgi fragmentation, we measured the
number and volume of host giantin foci in infected cells at 32 h and
compared the results to those for uninfected cells. The number of
host giantin foci in infected cells significantly increased by sixfold
over uninfected cells (Figure 6B), and the volume of these foci de-
creased significantly by 14-fold (Figure 6C). The breakdown of the
host Golgi was independent of the host cell type, as the event also
occurred in infected human foreskin fibroblast (HFF) and MDCK
cells (Supplemental Figure S3). The attraction of the host Golgi by
T. gondii is not a result of the expanding size of the PV, but instead
seems to be an intrinsic component of the parasite’s infectivity pro-
gram. First, the host Golgi associates with the PV before parasite
replication begins when the PV is still small in size (Figure 2A). Sec-
ond, the PV of the related parasite Plasmodium yoelii does not have
any physical contact with the host Golgi even if this parasite forms
very large schizonts in liver cells (Supplemental Figure S3C).

In infected cells, the presence of supernumerary centrosomes
appears to interfere with cytokinesis, as some infected cells contain
multiple nuclei (Walker et al., 2008). To determine whether the num-
ber of host nuclei was related to Golgi fragmentation, we compared
fragmentation in infected cells with one or two host nuclei. We ob-
served no difference in Golgi fragmentation between the two popu-
lations of infected cells (Supplemental Figure S4).

Up to this point, we focused on the fate of the cis-Golgi during a
T. gondii infection since we followed the localization of the giantin
protein. To determine whether the entire Golgi complex associates
with the PV and is fragmented into smaller foci in infected cells, we
examined the localization of the trans-Golgi network (TGN) protein
golgin97 by immunofluorescence. We observed that the TGN also
associated with the PV (Figure 6, D and E) and fragments into smaller
golgin97-positive foci (Figure 6E). By following both compartments
in the same infected cell, we observed that both the giantin- and
golgin97-positive foci were distributed around the PV, but with little
overlap between the two types of foci in infected cells displaying
a dramatically disrupted Golgi complex (Figure 6E). The loss of
overlap between giantin and golgin97 and the increase in Golgi
fragmentation were more dramatic in infected cells containing
large PVs, where the parasite had undergone numerous divisions
(Figure 6E).

To analyze in finer detail the morphology of host Golgi frag-
ments, we performed transmission EM studies in cells infected for
24, 36, and 48 h. In uninfected cells, the Golgi formed lateral stacks
of long ribbons extending over 3 pm (Figure 7A, a). In infected cells,
the typical organization of the Golgi was lost, but instead abundant
shortened stacks made of four to six laterally linked cisternae were
visible around the PVs (Figure 7A, b and c). These ministacks were
not aligned with each other and had no particular orientation to-
ward the PV. Some ministacks were very close to the PV membrane,
albeit without any attachment to this membrane, and some were
squeezed between host mitochondria attached to the PV mem-
brane. To ascertain the origin of the ministacks, we performed
immunogold staining using anti-giantin antibodies on cryosections
of cells infected for 24 h (Figure 7B). As we expected, the ministacks
were decorated with gold particles, indicating that giantin was
maintained on the ministacks. In infected cells, there was an increase
in the relative number of host Golgi elements detected by EM with
a corresponding decrease in the relative size of these elements
(Figure 7C). In cells infected for 24 versus 48 h, there was an increase
in the number of Golgi elements, although without a significant dif-
ference in size (Figure 7C).

The structural alterations of the Golgi in T. gondii-infected cells
might result from the modification of Golgi proteins, such as golgins
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Localization of the T. gondii PV near the host Golgi before the host MTOC in MDCK cells. (A) MDCK cells
were infected with T. gondii for 2 or 24 h, fixed, and stained with DAPI (blue) and antibodies against y-tubulin (green)
and GRAY (red). The MTOC is indicated with a white arrow and PVs with the black arrow. The yellow arrows denote
PVMPs extending toward the MTOC. Extended focus images are shown on the left next to the phase images. The
panels labeled 3D are 3D reconstructions of the z-stacks. (B) MDCK cells were infected with T. gondii for 2 h, fixed, and
stained with DAPI (blue) and antibodies against giantin (green) and GRA7 (red). Shown are an extended focus image,
phase image, and two individual optical z-slices (3.6 and 4.6 ym). The white arrows indicate host Golgi elements that are
closely associated with the PV, and the black arrows denote the PV. (C) MDCK cells were infected with T. gondii for 24 h
and stained as in B. Shown are a phase image, extended focus image, and an individual z-slice (2.0 ym). The arrows are
as described in B. Scale bars, 6 pm.
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FIGURE 6: Remodeling of the host Golgi during a T. gondii infection. (A) VERO cells were infected with T. gondii for
24 or 32 h, fixed, and stained for fluorescence microscopy with DAPI (blue) and antibodies against giantin (green) and
GRAY7 (red). Representative extended focus images are shown, along with the corresponding phase images. (B) The
number of giantin foci was measured as described in Materials and Methods. The box plot (as in Figure 2) shows the
distribution of the number of host giantin foci from three independent experiments. The mean number of host Golgi
foci is shown. *p < 0.001. (C) The mean volume of the host Golgi foci was measured as described in Materials and
Methods. The mean volume was calculated from three independent experiments. Error bars, SD. *p < 0.001.

(D) Representative phase and extended focus images of Hela cells infected with T. gondii for 32 h, fixed, and stained
with DAPI (blue) and antibodies against golgin97 (green) and GRA7 (red). (E) Hela cells were infected with T. gondiii for
32 h, fixed, and stained with DAPI (blue) and antibodies against golgin97 (green) and giantin (red). Representative phase
and extended focus images are shown. PCC denotes the Pearson'’s r; black arrows indicate PVs. Scale bars, 6 pm.
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FIGURE 7: Fragmentation of the host Golgi into ministacks in infected cells. (A) EM of an
uninfected VERO cell (a) or infected cells with T. gondii for 24h (b, c). In b, the fragments of the
host Golgi surrounding the PV are encircled. In ¢, the arrow pinpoints a Golgi ministack between
two PVs. (B) Immuno-EM of a Hela cell infected with T. gondii for 24 h labeled with anti-giantin
antibodies revealing the association of gold particles on a ministack close to the PV. P, parasite.
Scale bars, 250 nm. (C) Quantification of EM observations. Comparison of the numbers and
average sizes of Golgi elements in uninfected cells (uninf.) vs. infected cells for 24 and 48 h. Data
show means * SD of three independent experiments. (D) Cell lysates (50 pg) from uninfected
(U), T. gondii-infected (30 h; T), and C. trachomatis-infected (30 h) HeLa cells were separated by
SDS-PAGE. The Golgi proteins golgin97 and golgin160 were detected by immunoblotting, and
the arrows pinpoint the full-length version of these proteins. MW indicates the molecular weight

markers in kilodaltons.

(e.g., p115, golgin245, GM130), which contribute to the structural
organization of this organelle (Barr and Short, 2003; Short et al.,
2005). For instance, during apoptosis or an infection with Chlamydia
trachomatis, golgin proteins are proteolytically cleaved, leading to
fragmentation of the Golgi (Mancini et al., 2000; Chiu et al., 2002;
Lane et al., 2002; Nozawa et al., 2002; Lowe et al., 2004; Heuer
et al., 2009). To determine whether the cleavage of host Golgi
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proteins occurs during a T. gondii infection,
we examined by immunoblotting the status
of golgin160 and golgin97, which localize to
the cis-Golgi network and the TGN, respec-
tively. Lysates from uninfected cells and
C. trachomatis—infected cells were used as
negative and positive controls, respectively.
Neither golgin97 nor golgin160 was cleaved
during a T. gondii infection, although both
proteins were cleaved during an infection
with C. trachomatis (Figure 7D).

Taken together, these data indicate that
a T. gondii infection in mammalian cells in-
duces the fragmentation of the Golgi into
ministacks, which surround the PV. Ministack
formation appears to be independent of the
proteolytic cleavage of Golgi matrix pro-
teins, at least as documented for golgin160
and golgin97.

The cystogenic Prugniaud strain of

T. gondii also attracts, fragments, and
scavenges ceramides from the host
Golgi, although to a lesser extent than
the RH strain

Our previous experiments on the host
Golgi-PV interaction were performed using
the RH strain of T. gondii, which is a highly
virulent strain in mice (Dubey, 1977). We
wanted to examine whether the Prugniaud
strain of T. gondlii, which is capable of form-
ing cysts, behaves like the RH strain with re-
gard to the ability to attract and remodel the
host Golgi, as well as to scavenge sphingo-
lipids from this organelle. In a preliminary
series of experiments we compared the
growth rate of these two parasite strains in
vitro. Hela cells were infected with each
strain and inspected by microscopy to de-
termine the number of parasites per PV
(Figure 8A). At 24 h p.i., ~40% of PVs con-
tained eight RH parasites, as opposed to
less than ~10% of PVs for the Prugniaud
strain. PVs containing more than eight para-
sites were only observed for the RH strain at
this time point. This result was verified by
[BH]uracil incorporation assays to measure
parasite replication in fibroblasts. Data indi-
cate that the Prugniaud strain incorporated
tritiated uracil at 10.4% of the rate of the RH
strain (p < 0.001). In addition, we performed
a plaque assay and measured the size of the
lysed area in a cell monolayer infected by
each strain (Figure 8B). Fibroblasts were in-
fected with each strain and incubated for 7 d
to allow for multiple rounds of replication and egress. The RH strain
produced plaques that were significantly larger than those of the
Prugniaud strain by about twofold (Figure 8B).

To compare the ability of the Prugniaud strain to attract the host
Golgi, we infected Hela cells for 24 h with either the Prugniaud or
RH strain and visualized the host Golgi by immunofluorescence us-
ing antibodies against giantin. The majority of the PVs of the
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Distribution and morphology of the host Golgi in cells infected with the cystogenic T. gondii strain Prugniaud.
(A) Distribution of the number of parasites per PV in Hela cells infected with T. gondiii RH (white) or Prugniaud (Pru, black)
parasites for 24 h. Results in percentage are expressed as the mean number of intravacuolar parasites + SE for three
independent experiments. *p < 0.05. (B) Plaque assays were performed as described in Materials and Methods. The mean
area of the plaques + SD was calculated from three independent experiments. (C) Hela cells were infected with T. gondiii
RH or Prugniaud parasites for 24 h, fixed, and stained with DAPI (blue) and antibodies against giantin (green) and GRA7
(red). The infected cells were grouped into three categories (around, close, and far), as described in Materials and Methods.
The mean percentage of the population (+ SD) was calculated from three independent experiments. *p < 0.01.
(D) Uninfected (U) or T. gondii RH- or Prugniaud-infected Hela cells were fixed and stained with DAPI (blue) and antibodies
against giantin (green) and GRA7 (red). Representative extended focus images are shown. Most of the RH parasites
egressed from their PV by 48 h of infection and are not shown. (E) The number of giantin foci was measured as described in
Materials and Methods for uninfected (U), Prugniaud-infected (Pru), and RH-infected (RH) Hela cells. The box plot (as
described in Figure 2) shows the distribution of the number of host giantin foci from three independent experiments.
*p < 0.01 (as compared with uninfected cells). (F) Live fluorescence microscopy of HFF cells infected with the T. gondii strain
Prugniaud for 24 h and incubated in the presence of 5 uM NBD Cé-ceramide complexed to BSA for the times indicated.
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Prugniaud strain localized near the host Golgi (Figure 8C). There
was, however, a delay in the PV-host Golgi association for the
Prugniaud strain, since 23% of these PVs were still distant from the
Golgi by 24 h, as opposed to only 3% of the RH PVs (Figure 8C). The
Prugniaud strain was able to induce host Golgi fragmentation, but,
as with its association with the Golgi, a delay was observed (Figure
8D). By 32 h p.i., the host Golgi was fragmented in RH-infected cells,
but the structure of this organelle was more preserved in Prugniaud-
infected cells (Figure 8D). Unlike in RH-infected cells, the number of
host giantin-positive foci in cells infected with Prugniaud parasites
for 32 h was similar to that of uninfected cells (Figure 8E). By 48 h
p.i., however, the number of host giantin-positive foci increased
by 10-fold in Prugniaud-infected cells (Figure 8E). These results
indicate that during a Prugniaud infection the PV-host Golgi asso-
ciation and Golgi fragmentation occur but are delayed as compared
with an RH infection. This delay might be related to the slower
growth rate of the Prugniaud strain.

Because the cystogenic Prugniaud strain associated with the
host Golgi, we assessed the ability of this strain to scavenge host
sphingolipids. HFFs infected with Prugniaud parasites for 24 h were
incubated with NBD Cé-ceramide for 30 min, 1 h, and 2 h and then
viewed live by fluorescence microscopy (Figure 8F). The host Golgi
was brightly fluorescent at all time points, whereas the parasite was
progressively stained on the PV membrane, on the parasite’s plasma
membrane, and finally within the parasite (Figure 8F). These results
indicate that Prugniaud parasites were also capable of retrieving
sphingolipids from the host Golgi, although the PV-host Golgi as-
sociation and Golgi fragmentation were delayed in this strain com-
pared with the RH strain.

Host sphingolipid levels affect T. gondii growth

We established that the host Golgi represents a source of sphingo-
lipids for intravacuolar T. gondlii. Next we sought to examine the reli-
ance of T. gondii on host sphingolipids that are either produced by
its host cell or present in the medium. To analyze the influence of
host sphingolipids on T. gondii growth, we manipulated the levels of
these lipids in the host cell and measured parasite grown using [°H]
uracil incorporation assays (Table 1). We targeted four major path-
ways for ceramide generation in mammalian cells from which the
parasite may scavenge ceramides/sphingolipids: the pathways of
de novo synthesis, neutral and acid sphingomyelinase activities, and
uptake of extracellular ceramide (Figure 9).

First, we analyzed the effect of ceramides produced de novo in
the host ER on T. gondiii replication (Table 1). Treatment of infected
cells with myriocin, an inhibitor of serine palmitoyltransferase that
catalyzes the first step in sphingosine biosynthesis in the de novo
pathway of ceramide synthesis, resulted in a significant decrease in
parasite replication in a dose-dependent manner. We and another
group (Pratt et al., 2013) did not observe any deleterious effects of
myriocin treatment on extracellular T. gondii. However, to confirm
that the effect of parasite growth in cells exposed to myriocin is
due to the inhibition of host serine palmitoyltransferase, we also
monitored parasite replication in the mutant LY-B cell line, which is
incapable of de novo sphingolipid synthesis due to a loss of serine
palmitoyltransferase activity (Hanada et al., 1998). Compared to
the parental cell line CHO-K1, uracil uptake by the parasites was
significantly reduced by twofold in LY-B cells (Table 1). The negative
impact on parasite development from defects in host de novo
sphingolipid synthesis suggests that T. gondii may also depend on
the sphingolipid biosynthetic pathway of its host cell.

Second, we investigated the role of host neutral sphingomyeli-
nases on parasite replication. Located at the plasma membrane of
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Parasite replication [*H]uracil

Condition incorporation in cpm (% control)
A. +Myriocin
0 uM 4990 + 222
5uM 3879 + 199* (78%)
10 uM 2707 + 88** (54%)
CHO-K1 5225+ 125
LY-B 3003 £ 96** (57%)
B. +GW 4869
0 uM 5001 + 328
1 uM 4330 £ 287* (86%)
5uM 4017 £+ 120* (80%)
NHF 5419 + 325
NPD-A 9528 + 458** (176%)
C. +Exogenous Cé-ceramide
0 uM 5420 + 280
5uM 7002 + 321* (130%)
15 uM 8160 + 450** (150%)

Uracil incorporation assays to monitor Toxoplasma growth at 24 h p.i. Condition
A probes the influence of host ceramide synthesis on parasite development

in HFFs using myriocin at the indicated concentrations or in LY-B mutant cells.
Condition B assesses the effect of host sphingomyelin degradation on parasite
development in HFFs using GW 4869 at the indicated concentrations or in
NPD-A mutant cells. Condition C monitors the effect of excess ceramide exog-
enously added in the medium at the indicated concentrations on Toxoplasma
growing in HFFs. Data are means + SD from three independent experiments
(*p < 0.05; **p < 0.01).

TABLE 1: Influence of host ceramide levels on Toxoplasma growth.

mammalian cells, neutral sphingomyelinases catalyze the release of
ceramide from sphingomyelin in response to cellular stress (Wu
etal., 2010). We analyzed the effect of the noncompetitive inhibitor
GW 4869 of neutral sphingomyelinases on the replication of
T. gondii. A modest, dose-dependent decrease in uracil uptake was
observed in infected cells treated with GW 4869 (Table 1). Third, we
examined the contribution of host acid sphingomyelinases on para-
site growth. The mutant cell NPD-A has a defect in acid lysosomal
sphingomyelinases, and defects in these sphingomyelinases result
in the accumulation of sphingolipids in late endosomes/lysosomes
(Ng et al., 2008). The growth of T. gondii in NPD-A cells was signifi-
cantly enhanced, as a twofold increase in uracil uptake was mea-
sured in the mutant versus wild-type fibroblasts (Table 1).

Fourth, we probed the influence of excess ceramides added in
the medium on parasite replication. In this case, parasite growth was
significantly augmented in a dose-dependent manner (Table 1).

These observations indicate that host cell sphingolipid levels
influence the development of T. gondii. They also suggest that
the parasite may take advantage of the different sources of sphingo-
lipids present in the cell and its scavenging of these lipids is not
limited to sphingolipids present in the Golgi.

Host Golgi-derived vesicles are intercepted by T. gondii
and sphingolipids are transported to the PV via Rab14-,
Rab30-, and Rab43-associated vesicles

The close association of T. gondii with the host Golgi may facilitate
the scavenging of sphingolipids present in this organelle by the
parasite. One possible mechanism that the parasite may employ to
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FIGURE 9: Sources of sphingolipids for the parasite. The biosynthetic pathways for sphingolipids in both the host cell
and the parasite. (I) Ceramides added exogenously to mammalian cells are internalized and become concentrated in the
host Golgi apparatus, where ceramides are converted into sphingomyelin (SM) or complex glycosphingolipids (glycoSL),
which may then be delivered to the plasma membrane. (ll) In the host de novo synthetic pathway, ceramides are
produced in the ER. The inhibitor myriocin blocks serine palmitoyltransferase (SPT), which catalyzes the first step in the
pathway (CerS, ceramine synthase; Des, dihydroceramide desaturase). Ceramides are then transferred to the Golgi
either via vesicles or CERT. Within the Golgi, ceramides are converted into sphingomyelin by sphingomyelin synthases
(SMS) or complex glycoSL. (lll) In the sphingomyelinase pathway, neutral sphingomyelinase (hSMase) in the plasma
membrane catalyze the hydrolysis of sphingomyelin to ceramides. The compound GW 4869 is a noncompetitive
inhibitor of neutral sphingomyelinases. (IV) In the salvage pathway, acid sphingomyelinase located in the endolysosomes
(E-L) catalyze the hydrolysis of sphingomyelin into ceramides. (V) The parasite has its own de novo synthesis pathway for
ceramides and sphingomyelin, inositol phosphoceramide (IPC) by IPC synthase (IPCS), and IPC derivatives, based on
metabolic labeling studies. Arrows in green are the potential host pathways that are diverted by Toxoplasma.

scavenge sphingolipids is to intercept host Rab-mediated vesicular
transport from the Golgi. To investigate this possibility, we followed
the distribution of Golgi-derived vesicles by focusing on those
marked with Rab14, Rab30, or Rab43.

Rab14 mediates trafficking between the TGN, endosomes, and

puncta were squeezed between parasites. To determine whether
the cystogenic Prugniaud strain was also able to hijack host Rab14-
associated vesicles, we infected cells expressing GFP-tagged
Rab14 (Figure 10C). As with the RH strain, Prugniaud PVs were sur-

rounded by Rab14-GFP, and some puncta were detected within
the plasma membrane (Junutula et al., 2004; Proikas-Cezanne  the PV lumen. However, fewer intraluminal Rab14-GFP puncta

et al., 2006; Kitt et al., 2008). We examined the localization of host ~ were detected within the PV of the Prugniaud strain as compared
Rab14-associated vesicles in T. gondii-infected cells. In uninfected ~ with RH (Figure 10C).

cells expressing GFP-tagged Rab14, the fluorescence signal local-
ized to the Golgi as well as to vesicular structures as described
previously (Junutula et al., 2004; Figure 10A). The localization of
the Rab14-GFP-associated vesicles changed dramatically in cells
infected with red fluorescent protein (RFP)-expressing RH para-
sites (Figure 10B). Rab14-GFP that localized to the Golgi sur-
rounded the PV, whereas numerous Rab14-GFP puncta concen-
trated at the periphery of the PV (Figure 10B). Viewing individual
optical z-slices demonstrated that Rab14-GFP puncta were local-
ized on top of the PV as well as inside the PV, either at the edge or
in the middle of the vacuole (Figure 10B). At times the Rab14-GFP

Because the host Golgi apparatus is fragmented into ministacks
in infected cells, we next wanted to examine whether the
Rab14-GFP puncta colocalized with markers of the cis-Golgi
(GRASP65) or the TGN (golgin97) and were then part of these mini-
stacks. The level of colocalization between Rab14-GFP and the
Golgi markers was calculated by determining the product of the
differences from the mean (PDM; Figure 10, D and E). Rab14-GFP
showed a strong colocalization around the PV with both GRASP65
and golgin97 (Figure 10, D and E). As observed previously, Rab14-
GFP puncta distributed along the edge and within the PV lumen, as
evidenced by a regular distribution of the fluorescence foci within
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Interception of host Golgi-derived vesicles by T. gondii. (A) HelLa cells expressing Rab14-GFP (green) were
fixed and viewed by fluorescence microscopy. An individual optical z- s||ce is shown. (B) Hela cells expressing Rab14-
GFP (green) were infected for 30 h with T. gondii RH parasites expressing RFP (red), fixed, and stained with antibodies
against GRA7 (blue). Optical z-slices are shown. The inset is a magnified view of the boxed region. (C) Hela cells
expressing Rab14-GFP (green) were infected with cystogenic T. gondii Prugniaud parasites for 30 h, fixed, and stained
with antibodies against GRA7 (red). Optical z-slices for two infected cells are shown. The inset is a magnified view of the
boxed region. (D) Hela cells expressing Rab14-GFP (green) were infected for 32 h with T. gondii RH, fixed, and stained
with antibodies against GRASPé65 (red). An optical z-slice is shown for the phase, Rab14-GFP, and GRASP65 channels
plus the positive PDM. (E) Hela cells expressing Rab14-GFP (green) were infected for 32 h with T. gondii RH, fixed, and
stained with antibodies against golgin97 (red). An optical z-slice is shown for the phase, Rab14-GFP, and golgin97
channels plus the positive PDM. (F) Hela cells expressing Rab14-GFP (green) were infected with RH parasites for 30 h
and incubated in the presence of BODIPY TR C5-ceramide (red) for 40 min. An optical z-slice is shown for the merged,
BODIPY TR C5-ceramide, and Rab14-GFP channels plus the positive PDM. The arrows point to Rab14-GFP vesicles
outside of the PV, and the arrows with a double arrowhead point to Rab14-GFP vesicles inside the PV. PCC, Pearson r.
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the vacuole (Figure 10E). The GRASP65 and golgin97 staining
within the PV was very faint and showed colocalization with very
few Rab14-GFP puncta, which were located more along the edge
of the PV. This suggests that the vast majority of intravacuolar
Rab14-GFP foci are bona fide Rab vesicles rather than fragments of
the host Golgi.

To determine whether Rab14-associated vesicles transport
sphingolipids from the TGN to the PV, we analyzed the lipid uptake
of infected Hela cell expressing Rab14-GFP. Infected cells were
incubated with BODIPY TR C5-ceramide for 40 min, fixed, and ex-
amined by fluorescence microscopy. The fluorescent lipids and
GFP-tagged Rab14 signals colocalized in a structure surrounding
the PV, which most likely was the host Golgi associated with the PV
(Figure 10F). Of more interest, several Rab14-GFP foci that colocal-
ized with red fluorescent puncta were clearly visible inside the PV
(Figure 10F). These results suggest that host ceramide is delivered
to the PV via Rab14-associated vesicles.

To validate the concept that the parasite intercepts host Golgi-—
derived vesicles to acquire sphingolipids, we examined the con-
tribution of Rab30-associated vesicles to this process. Rab30-as-
sociated vesicles may be a target for T. gondii because Rab30 is
associated with many compartments of the Golgi complex and is
involved in both the maintenance of Golgi structure and vesicular
trafficking (de Leeuw et al., 1998; Sinka et al., 2008; Thomas et al.,
2009; Kelly et al., 2011). In uninfected cells expressing Rab30-
GFP, the fluorescence signal was detected on the Golgi as ex-
pected (Figure 11A). In infected cells, Rab30-GFP localized to the
host Golgi, which encompassed the PV, as well as to puncta that
were observed around and within the PV, where they predomi-
nantly accumulated in the center of the vacuole (Figure 11B). We
next determined whether any of the Rab30-GFP foci colocalized
with GRASP65 and golgin97. As observed for Rab14-GFP, the cis-
Golgi and TGN markers colocalized with Rab30-GFP on the Golgi,
which surrounded the PV (Figure 11, C and D). Very few Rab30-
GFP foci within the PV colocalized with either GRASP65 or gol-
gin97 (Figure 11, C and D). To determine whether any of these
Rab30-GFP foci were a source of sphingolipids for the parasite,
we incubated infected cells expressing Rab30-GFP with BODIPY
TR C5-ceramide and analyzed the colocalization of these fluores-
cently labeled lipids with Rab30-GFP foci. We observed the colo-
calization of the GFP and red fluorescence signals in the Golgi
surrounding the PV and in puncta located within the PV lumen
(Figure 11E).

Finally, to confirm our data concerning the ability of the para-
site to salvage sphingolipids from Golgi-derived vesicles, we fol-
lowed the fate of Rab43-GFP in infected cells. Rab43 is located in
the cis-Golgi, where it colocalizes with GM130, and is involved in
anterograde trafficking, most likely from the ER to the Golgi
(Dejgaard et al., 2008). In both uninfected and T. gondii~infected
cells, Rab43-GFP was observed on the Golgi, where it colocalized
with both cis-Golgi and TGN markers (Supplemental Figure S5, A
and B). In infected cells, Rab43-GFP was also observed as puncta
within the PV. These puncta rarely, if at all, colocalized with
GRASP65 (Supplemental Figure S5A) and partially colocalized with
golgin97 on the top or edge of the PV (Supplemental Figure S5B).
The Rab43-GFP puncta also colocalized with BODIPY TR C5-
ceramide, although to a lesser extent than observed for Rab14-
and Rab30-derived foci (Supplemental Figure S5C). These results
suggest that the parasite is capable of hijacking numerous Golgi-
derived vesicles with selectivity, and these vesicles originate from
different stacks of the Golgi, for example, cis-Golgi (Rab43) and
the TGN (Rab14).
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Host sphingolipid uptake is decreased in cells expressing
dominant-negative Rab14 and Rab43 mutants but not
Rab30 mutants

Finally, to verify the contribution of host Rab14, Rab30, and Rab43
to the scavenging of exogenously added ceramides by the parasite,
we measured the fluorescence intensity of BODIPY TR C5-ceramide
within the PV of infected cells overexpressing the dominant-
negative forms of each Rab protein. Rabs are generally considered
constitutively active when bound to GTP and inactive when in a
GDP-bound state. Mutations within the conserved motif corre-
sponding to phosphate/Mg?* interacting loop 1 (Ser/Thr to Asn)
perturb the cycle of nucleotide binding and hydrolysis, thereby in-
terfering with specific membrane transport steps in a dominant
manner (Junutula et al., 2004, Dejgaard et al., 2008). We engineered
the constructs Rab14-GFP S25N, Rab43-GFP T32N, and Rab30-GFP
T23N. As expected, the three dominant-negative mutants localized
to the cytosol and Rab14-GFP S25N also associated with Golgi-like
structures (Figure 12A).

The BODIPY TR signal in infected control cells expressing GFP
was found on the parasite’s plasma membrane and PV (Figure 12A).
In contrast, in infected cells expressing the dominant-negative
Rab14 and Rab43 mutants, the BODIPY TR signal was abnormally
concentrated in large foci on and within the PV, with less staining of
the parasite’s plasma membrane (Figure 12A). In the infected cells
expressing these dominant-negative mutants, the fluorescence
intensity of BODIPY TR within the PV and on the parasites was
significantly less than the intensity in control cells (Figure 12B). In
a separate experiment, infected cells expressing the dominant-
negative mutant Rab30 T23N were used, and the fluorescence
pattern for BODIPY TR within the PV was similar to that of parasites
in control cells (Supplemental Figure S6; compare the fluorescence
pattern in the parasites from transfected and untransfected cells on
the same coverslip in A). There was no statistically significant differ-
ence in the mean arbitrary values of fluorescence intensity for
BODIPY TR (Supplemental Figure S6B).

Overall these data highlight the ability of T. gondii to intercept
host Rab vesicular trafficking pathways, at least those mediated by
Rab14, Rab30, and Rab43, and to scavenge sphingolipids from
Rab14- and Rab43-associated vesicles delivered within the PV.

DISCUSSION

Although T. gondii is capable of de novo sphingolipid synthesis
(Azzouz et al., 2002; Sonda et al., 2005; Bisanz et al., 2006), our re-
sults suggest that exogenous sources of sphingolipids play a role in
parasite growth (summarized in Figure 9). For example, exogenously
added ceramides that are processed in the Golgi and scavenged
from this organelle in a parasite-mediated manner enhance parasite
replication. In addition, other host sources of sphingolipids may be
beneficial to the parasite because perturbing host sphingolipid me-
tabolism and production in the ER and at the plasma membrane has
a negative effect on parasite growth. These effects on the parasite
may result not only from the lack of sphingolipids available for incor-
poration into the parasite’s membranes, but also from changes in
host cell signaling pathways. Ceramides have pleiotropic signaling
properties and have been implicated in diverse cellular processes
such as apoptosis, proliferation, and differentiation (Hannun and
Obeid, 2008). By diverting sphingolipids from the host cell, the par-
asite may—purposively or not—affect signaling pathways, which
may enhance the parasite’s replication or cause changes in the host
cell that the parasite must mitigate. Of interest, it has been hypoth-
esized that host ceramide signaling is involved in cyst formation of
T. gondii, since treatment of cells infected with the cystogenic

Molecular Biology of the Cell



Rab30-GFP B Rab30-GFP, RFP-parasites, GRA7

Rab30-GFP GRASP65 PDM

Rab30-GFP Golgin97 PDM

BODIPY TR-
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Interception of host Rab30 vesicles by T. gondiii. (A) Hela cells expressing Rab30-GFP (green) were fixed
and viewed by fluorescence microscopy. An individual optical z-slice is shown. (B) Hela cells expressing Rab30-GFP
(green) were infected for 30 h with T. gondii RH parasites expressing RFP (red), fixed, and stained with antibodies
against GRA7 (blue). Optical z-slices are shown. The inset is a magnified view of the boxed region. (C) Hela cells
expressing Rab30-GFP (green) were infected for 32 h with T. gondii RH, fixed, and stained with antibodies against
GRASP65 (red). An optical z-slice is shown for the phase, Rab30-GFP, and GRASP65 channels plus the positive PDM.
(D) Hela cells expressing Rab30-GFP (green) were infected for 32 h with T. gondii RH, fixed, and stained with antibodies
against golgin97 (red). An optical z-slice is shown for the phase, Rab30-GFP, and golgin97 channels plus the positive
PDM. (E) Hela cells were transfected with Rab30-GFP (green), infected with RH parasites for 30 h, and incubated in the
presence of BODIPY TR C5-ceramide (red) for 40 min. An optical z-slice is shown for the merged, BODIPY TR C5-
ceramide, and Rab30-GFP channels plus the positive PDM. The double arrowheads point to Rab30-GFP vesicles inside
the PV. hNuc, host nucleus; PCC, Pearson r.

Prugniaud strain with the inhibitor tricyclodecan-9-yl-xanthogenate ~ growth, the respective contribution of host- and parasite-derived
resulted in a decreased production of cysts (Ricard et al., 1996).  sphingolipids to support parasite growth remains to be determined.
Although changes in host sphingolipid metabolism affect parasite ~ The parasite, however, appears to have developed redundant
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Effect of dominant-negative Rab14 and Rab43 mutants on BODIPY TR C5-ceramide
staining of the PV. Hela cells were transfected with GFP (negative control), GFP-Rab14 S25N, or
GFP-Rab43 T32N, infected with T. gondii RH for 32 h, and incubated with BODIPY TR C5-
ceramide for 60 min. (A) Phase and GFP images, as well as two optical z-slices of the BODIPY TR
channel, for Hela cells transfected with GFP, GFP-Rab14 S25N, and GFP-Rab43 T32N. Scale
bars, 7 pm for x- and y-axes. (B) Box plot showing the distribution of mean BODIPY TR
fluorescence intensity values within the PV of infected cells expressing the negative control GFP
or the dominant-negative mutants of GFP-Rab14 S25N or GFP-Rab43 T32N. Whiskers of the
box plots represent upper and lower values excluding outliers, outliers are marked as open
circles, and the line inside the box is the median value. The numbers written within the plot are
the mean fluorescence intensities. Mean fluorescence intensity was measured for 34, 35, and
27 PVs for GFP control, GFP-Rab14 S25N, and GFP-Rab43 T32N, respectively. *p < 0.05,

**p < 0.001.

salvage pathways to acquire host sphingolipids, which suggests that
the contribution of host sources of these lipids may be significant for
parasite growth.

The active scavenging of sphingolipids from the host Golgi by
T. gondii emphasizes the importance of this Golgi-PV interaction
for the parasite. We propose the following model. The parasite
1) associates closely with the host Golgi and localizes near the
MTOC, 2) destabilizes the structure of the Golgi, resulting in its
breakdown into ministacks, which encircle the PV, 3) intercepts
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Golgi-derived  vesicles, 4) sequesters
Rab14-, Rab30-, or Rab43-associated vesi-
cles containing sphingolipids within the PV,
and 5) incorporates sphingolipids into its
plasma membrane and internal organelles.
During an infection, the PV associates not
only with the host Golgi, but also with the
MTOC. The role of the MTOC in organizing
the microtubule network of cells and in posi-
tioning the Golgi suggests that the PV may
associate with this host structure to use host
microtubules to enable its association with
host organelles. In fact, host microtubules
have been shown to encompass the PV
(Melo et al., 2001; Coppens et al., 2006 ;
Walker et al., 2008). Our results suggest,
however, that the PV-MTOC association is
not a prerequisite for the attraction of the
Golgi by the PV, as we observed a PV-Golgi
association before recruitment of the host
MTOC. In accordance with these results, the
loss of PV-MTOC association in cells with
defects in the mTORC2-Akt pathway led to
changes in the distribution of host mito-
chondria and lysosomes to the PV but not in
the association of these organelles with the
PV (Wang et al., 2010). Thus the MTOC may
not play a role in the initial interaction of the
PV with host organelles but may be involved
in the organization and maintenance of
these organelles around the PV, possibly
through its arrangement of host microtu-
bules, which surround the PV (Melo et al.,
2001; Coppens et al., 2006; Walker et al.,
2008).

During a T. gondii infection, the host
Golgi is fragmented into ministacks, which
remain closely associated with the PV. The
destabilization of the Golgi structure may
aid the parasite in scavenging lipids by facili-
tating the acquisition of Golgi-derived vesi-
cles. In fact, the Golgi is fragmented
into ministacks during an infection with
C. trachomatis, and this event enhances
bacterial replication (Heuer et al., 2009).
Astonishingly, in a T. gondii or C. trachoma-
tis infection, the morphology of the host
Golgi is very similar, as in both cases the
Golgi fragments resemble shortened struc-
tures as if the Golgi had been sliced into
ministacks. The maintenance of the stacked
cisternae morphology of the Golgi during
the infection may imply the continued func-
tionality of this organelle, allowing the pathogens to rely on its
synthetic activities. In the case of a C. trachomatis infection, host
golgin84 is cleaved, leading to the destabilization of the Golgi struc-
ture (Heuer et al., 2009). A secreted protease of bacterial origin has
been proposed to be involved in the cleavage of host golgin84, but
the identity of the protease is controversial (Christian et al., 2011;
Chen et al., 2012). Our results suggest that T. gondii mediates a
process of Golgi fragmentation different from that of C. trachomatis,
as no cleavage of host golgins was detected during an infection.
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Alternatively, the dismantling and dispersion of the Golgi in
Toxoplasma-infected cells may be related to the interception of host
Golgi—derived Rab vesicles, followed by the trapping of these vesi-
cles in the PV lumen. Indeed, the structure of the Golgi is very sensi-
tive to perturbations in vesicular trafficking. For instance, the micro-
injection of mutant Rab1a proteins defective in GTPase hydrolysis
resulted in the breakdown of the Golgi into dispersed vesicular
structures (Wilson et al., 1994).

Intercepting host Rab GTPases is a tactic shared by a number
of different intracellular pathogens. For example, Mycobacterium
sp., Salmonella enterica serovar Typhimurium, Anaplasma phago-
cytophilium, and Legionella pneumophila regulate the biogenesis
of their phagosome by selectively excluding and/or retaining
specific host Rab proteins (Via et al., 1997; Méresse et al., 1999;
Machner and lIsberg, 2006; Murata et al., 2006; Huang et al.,
2010). Given that T. gondii bypasses the host cell's phagocytic
machinery by actively invading cells and forming its own PV, this
is not a strategy shared by the parasite; the parasite does not
need to incorporate host Rab GTPases (or any host proteins) into
the PV membrane to modify its vacuole. Instead T. gondii hijacks
host endocytic and exocytic trafficking vesicles for their lipid car-
goes, as C. trachomatis does (Rzomp et al., 2003; Capmany and
Damiani, 2010). For example, the T. gondii PV redirects host en-
docytic compartments containing cholesterol-LDL (Coppens
et al., 2006) and reroutes sphingolipid-containing Golgi-derived
vesicles, which are marked with Rab14, Rab30, or Rab43, to the
PV lumen.

The presence of host-derived vesicles within the lumen of the
T. gondii PV suggests that these vesicles can cross the PVM as in-
tact structures. In a previous study, we described a process termed
"host organelle—sequestering tubule structures” by which host
microtubules push into the PVM, forming large invaginations that
serve as conduits for the uptake of host endocytic vesicles
(Coppens et al., 2006). The PVM not only forms these invagina-
tions, but it has the ability to form PVM projections (evaginations)
that extend throughout the host cytosol (Coppens et al., 2006;
Rome et al., 2008), demonstrating the dynamic nature of this
membrane. The high deformability of the PVM is a characteristic
shared with the plasma membrane from which it was derived.
Thus it is tempting to propose that the PVM functions as a plasma
membrane endowed with the capacity to “phagocytose” large
structures, such as host vesicles, present near the PV. In fact, we
showed that host endosomes containing gold-labeled LDL parti-
cles are taken up into the PV lumen as intact vesicles. These host
vesicles are enclosed by the PV membrane, suggesting that the
PV may be able to “phagocytose” host endosomes (Coppens
et al., 2006). We can envisage a similar scenario for the host
Golgi-derived vesicles that are trapped into the vacuolar space
and may also be surrounded by the PVM. The presence of pores
within the PVM for the transit of small nutrients from the host cy-
tosol (Schwab et al., 1994) and the trapping of host organelles
loaded in lipids into the PV, coupled with the secretion of parasite
enzymes involved in the processing of nutrients in the vacuole
(Sibley et al., 1994), strongly suggest that the PV lumen may func-
tion as a large extracellular digestive compartment for the
parasite.

Our results pinpoint a general mechanism for lipid scavenging
by T. gondii that involves the uptake of host vesicles and their as-
sociated material into the PV lumen. In this way, the parasite ac-
quires the needed nutrients by circumventing fusion with host
organelles.
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MATERIALS AND METHODS

Reagents and antibodies

All reagents were purchased from Sigma-Aldrich (St. Louis, MO),
unless otherwise stated. NBD Cé-ceramide and BODIPY C5-
ceramide, both complexed to bovine serum albumin (BSA), were
obtained from Molecular Probes (Seattle, WA) and Invitrogen
(Carlsbad, CA), respectively. Lipid standards (ceramide and sphin-
gomyelin) for TLC were from Matreya LLC (Pleasant Gap, PA).
The following primary antibodies were used: mouse monoclonal
and rabbit polyclonal anti-y-tubulin; rabbit polyclonal anti-
GRASP65 (Novus Biologicals, Littleton, CO); rabbit polyclonal
anti-giantin and anti-pericentrin (Covance, Emeryville, CA);
mouse monoclonal anti-golgin97 (Invitrogen); rabbit polyclonal
anti-golgin160 (a generous gift from Carolyn Machamer, Johns
Hopkins University School of Medicine, Baltimore, MD); rabbit
polyclonal or rat monoclonal anti-GRA7 antibodies (Coppens
et al., 2006); and mouse monoclonal anti-Hsp70 antibodies
(generously provided by Fidel Zavala, Johns Hopkins University
Bloomberg School of Public Health). Secondary antibodies used
for immunofluorescence were conjugated to Alexa 488, Alexa
594, or Alexa 350 (Invitrogen).

Cell culture and transfection

VERO cells, Hela cells, HFFs, and CHO-K1 were obtained from
the American Type Culture Collection (Manassas, VA). The LY-B
cell line was obtained from the RIKEN Bio Resource Center (Ibaraki,
Japan). NHF and NPD-A were obtained from the Mental Retarda-
tion Research Center (Kennedy Krieger Institute, Baltimore, MD).
MDCK cells were generously provided by Andrew Pekosz (Johns
Hopkins University Bloomberg School of Public Health). The
human HepG2 cell line stably transfected with CD81 (HepG2-
CD81) was kindly provided by D. Mazier (Université Pierre et Marie
Curie, Paris, France). All cell lines were maintained at 37°C in an
atmosphere of 5% CO,. Except for LY-B and CHO-K1, the cells
were grown in Alpha MEM (Corning Cellgro, Manassas, VA)
supplemented  with  10% (vol/vol) fetal bovine serum,
2 mM L-glutamine, and penicillin/streptomycin (100 U/ml per
100 pg/ml). The LY-B and CHO-K1 cell lines were maintained in
Ham'’s F12 medium supplemented with 10% newborn calf serum
(Life Technologies, Paisly, United Kingdom), 1 mM L-glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin (Life Technolo-
gies). To reduce the cellular sphingolipid level in the LY-B cell line,
the cells were seeded out in NBO medium on polylysine-coated
Falcon culture plates (BD, Franklin Lakes, NJ) 2 d before experi-
ments. The NBO medium is based on Ham'’s F12 medium supple-
mented with 0.1% fetal calf serum, 1% Nutridoma-SP (Roche
Diagnostics, Mannheim, Germany), 10 mM sodium oleate
complexed with fatty acid—free BSA, 100 U/ml penicillin, and
100 mg/ml streptomycin.

Hela cells were used for all transfections and were transfected
using 2 ug of plasmid DNA and the Amaxa Nucleofector solution
R according to the manufacturer’s instructions (Lonza, Basel,
Switzerland). Hela cells were also used in immunofluorescence as-
says with the anti-golgin97 antibody, since the antibody is specific
for human golgin97.

Plasmids

The NEDD1-GFP plasmid was a generous gift from Andreas Merdes
(Institut de Sciences et Technologies du Médicament de Toulouse,
Center National de la Recherche Scientifique, Toulouse, France).
The GFP-Rab14, GFP-Rab30, and GFP-Rab43 constructs were kindly
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provided by John Presley (McGill University, Montreal, Canada).
The dominant-negative mutants GFP-Rab30 T23N and GFP-Rab43
T32N were created by site-directed mutagenesis of the correspond-
ing wild-type plasmids using forward primers 5-GGAA-
GAACTGCCTCGTCCGAAGATTCACTCAGGG-3'and5-GGGCAA-
GAACTGCGTGGTGCAGCGCTTCAAG-3" and reverse primers
5-TTCGGACGAGGCAGTTCTTCCCCACACCAGCGTTG-3"  and
5-ACCACGCAGTTCTTGCCCACGCTTGCGTCGC-3, respectively.
The dominant-negative mutant GFP-Rab14 S25N was created by
PCR in two steps. First, GFP-Rab14 was amplified, in two separate
PCRs, using the following pairs of primers: 1) forward primer 5’-CAC-
CAAAATCAACGGGACTT-3" and reverse primer with the mutation
5-GGGGACATGGGAGTAGGAAAAAATTGCTTGCTTCATCAA-
TTTAC-3" and 2) forward primer with the mutation 5-GTAAATT-
GATGAAGCAAGCAATTTTTTCCTACTCCCATGTCCCC-3" and re-
verse primer 5-GGGAGGTGTGGGAGGTTTT-3". Second, the PCR
products were combined using the forward and reverse primers
5"-CACCAAAATCAACGGGACTT-3" and 5-GGGAGGTGTGGGAG-
GTTTT-3, respectively. The mutant was subcloned into the pEGFP
vector (Clontech, Mountain View, CA) using Nhel and BamHI. All
sequences were confirmed by DNA sequencing.

Pathogen strains and infection conditions

The tachyzoite RH strain of T. gondii was used throughout this study.
The RH strain stably expressing RFP was generously provided by
Florence Dzierszinski (McGill University, Montreal, Canada). In one
set of experiments, the cystogenic strain Prugniaud (generously pro-
vided by David Roos, University of Pennsylvania, Philadelphia, PA)
was used. The parasites were propagated in vitro by serial passage
in monolayers of HFF cells (Roos et al., 1994). The P. yoelii strain XNL
was grown in Anopheles stephensi mosquitoes blood fed on in-
fected Swiss CD-1/ICR mice as described (Kaiser et al., 2003). Seeds
of the C. trachomatis lab reference serovar E/UW5-CX were gener-
ously provided by Patrik Bavoil (University of Maryland Dental
School, Baltimore, MD).

Unless otherwise stated, VERO or Hela cells were grown to
~70% confluence and infected with T. gondiii parasites for 30 min at
37°C, washed with phosphate-buffered saline (PBS) to remove ex-
tracellular parasites, and incubated at 37°C for the times indicated.
MDCK cells were grown on coverslips for 10 d at 37°C before infec-
tion with T. gondii parasites.

Plaque assay

HFF cells were grown until confluent in a six-well plate. Two hun-
dred parasites were added per well, and the plates were incu-
bated at 37°C for 7 d. The cells were fixed and stained as de-
scribed previously (Striepen and Soldati-Favre, 2007). The plates
were scanned (ScanWizard 5; Microtek, Santa Fe Springs, CA),
and the area of each plaque was measured using Volocity soft-
ware (PerkinElmer, Waltham, MA) by tracing each plaque using
the ROI tool. The mean area and SD of the plaques were calcu-
lated from three independent experiments, and the p value was
calculated using a Student’s t test with Excel software (Microsoft,
Redmond, WA).

Uracil incorporation assay

HFF cells were grown until confluent in 24-well plates. HFF cells
were infected with 1 x 10° parasites for 4 h at 37°C, washed twice
with PBS, and incubated for 24 h in Alpha MEM. Cells were incu-
bated with 1 uCi of [*H]uracil (PerkinElmer, Shelton, CT) for 2 h at
37°C, and the samples were processed as described previously
(Pfefferkorn and Guyre, 1984; Roos et al., 1994).
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Lipid analyses

Ceramide uptake. To monitor the uptake of ceramides by
intravacuolar Toxoplasma (RH or Prugniaud strains), HFFs were
infected for 24 h, washed with PBS, and incubated in serum-free
medium containing 5 pM NBD Cé-ceramide complexed to BSA for
different times before observations by live fluorescence microscopy.

Ceramide isolation. To assess ceramide incorporation into major
sphingolipids by Toxoplasma, HFFs were infected for 24 h at
multiplicity of infection (MOI) of 10 and incubated with 5 yM NBD
Cé-ceramide-BSA in serum-free medium for 1 or 6 h. Parasites
were then forced to egress by addition of the calcium ionophore
A23187 as described (Endo et al., 1982), collected in the
supernatant, and purified from host cell contaminants as described
(Coppens et al., 2000). Total lipids from parasites were extracted
with chlorofom:methanol:water (10:10:3, vol/vol/vol), dried under
liquid Np, and subjected to n-butanol/water partitioning. Lipids
recovered from the butanol phase were fractionated by TLC in
chloroform:methanol:ammonium hydroxide (65:25:4, vol/vol/vol)
on TLC Silica Gel 60 plates (Merck, Gibbsburg, NJ). NBD fluorescent
lipids were visualized with a FLA-5000 fluorescence image analyzer
equipped with FLA-5000 image reader software (Fujifilm, Tokyo,
Japan).

Immunofluorescence and cell staining

Cells were fixed with either 4% formaldehyde (Polysciences,
Warrington, PA) plus 0.02% glutaraldehyde (Sigma-Aldrich) in
PBS for 15 min or in cold 100% methanol for 5 min (for immunos-
taining with y-tubulin or pericentrin antibodies). Immunofluores-
cence assays were performed as described previously (Karsten
et al., 2004), except that the permeabilization step with 0.3%
Triton X-100 in PBS was omitted for samples fixed with methanol.
Coverslips were mounted using ProLong antifade mounting solu-
tion (Invitrogen).

Hela cells were transfected with Rab14-GFP, Rab30-GFP, or
Rab43-GFP and allowed to recover overnight at 37°C. The cells
were infected with RH parasites for 45 min at 37°C, washed with PBS
to remove extracellular parasites, and incubated for 30 h at 37°C.
The cells were incubated with serum-free medium containing 5 uM
BODIPY C5-ceramide conjugated to BSA for 40 or 60 min. The sam-
ples were washed with PBS and fixed with 4% paraformaldehyde
(EM grade; Electron Microscopy Sciences, Hatfield, PA) and 0.02%
glutaraldehyde (EM grade) in PBS for 20 min. Samples were then
washed with PBS and mounted using ProLong antifade mounting
solution (Invitrogen).

Fluorescence microscopy

Live cells were viewed on a Nikon Eclipse E800 microscope (Nikon,
Melville, NY) equipped with an oil-immersion plan Apo 100x/
numerical aperture (NA) 1.4 objective. Images were acquired with a
Spot RT charge-coupled device camera (Diagnostic Instruments,
Sterling Heights, Ml) and Image-Pro-Plus software (Media Cybernet-
ics, Silver Spring, MD). Photoshop (Adobe, San Jose, CA) was used
to adjust levels and crop and resize images.

Fixed samples were viewed with a fluorescence microscope
(Nikon Eclipse 90i) equipped with an oil-immersion plan Apo 100x/
NA 1.4 objective and a Hamamatsu GRCA-ER camera (Hamamatsu
Photonics, Hamamatsu, Japan). For the experiment involving the
dominant-negative mutant Rab30 T23N, the oil-immersion plan
Apo 60x/NA 1.4 objective was used. Optical z-sections with 0.2-um
spacing were acquired using Volocity software. The images were
deconvolved using an iterative restoration algorithm, and the
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registry was corrected using Volocity software. Photoshop was used
to adjust levels and crop and resize images.

The shortest distance between the PV and the host MTOC (rep-
resented by y-tubulin foci and pericentrin foci) was measured using
Volocity software on a 3D reconstructed volume and displayed in a
box plot. Likewise, the distance between the PV and the closest part
of the host Golgi, as detected with antibodies against giantin, was
measured and displayed in a box plot. Outliers were calculated to
be either greater than the upper quartile plus 1.5 times the inter-
quartile distance or less than the lower quartile minus 1.5 times the
interquartile distance. The upper and lower quartiles are the values
halfway between the median and the largest or smallest data value,
respectively. The interquartile distance is the distance between the
upper and lower quartiles. No outliers were excluded from calcula-
tions of mean distance or p values.

The number and volume of giantin foci present in uninfected and
T. gondii-infected cells were measured on 3D reconstructed vol-
umes using Volocity software, where individual giantin foci were
identified by intensity using automatic thresholding, and objects
<0.2 ym? were excluded from the calculations. The mean volume
and SD were calculated from three independent experiments using
Excel.

To compare the amount of BODIPY TR signal in the PVs of Hela
cells expressing the dominant-negative Rab mutants or the vector
control, we analyzed the fluorescence intensity of the BODIPY TR
signal on images captured using the same exposure time and gain
and offset values. To do so, we sampled several regions within each
PV using a region of interest of fixed size. The mean intensity of the
fluorescence signal was calculated and subtracted from the mean
background fluorescence intensity. The mean background intensity
was determined by measuring the fluorescence intensity using a re-
gion of interest of fixed size of four regions located between cells on
the slides. The data are displayed in a box plot generated as de-
scribed. No outliers were excluded from calculations of mean fluo-
rescence intensity or p values.

Pearson r and the positive PDM images were calculated using
Volocity software. Thresholds were set automatically using the
method of Costes (Costes et al., 2004).

To measure the number of parasites within a PV after 24 h of in-
fection with either RH or Prugniaud strains, the samples were viewed
with phase-contrast microscopy, and the number of parasites within
a vacuole was counted. The mean number of parasites and SD was
calculated from three independent experiments using Excel.

Hela cells infected with either RH or Prugniaud parasites for 24 h
were grouped into three categories (around, close, and far) based
on the level of association between the host Golgi and the PV. The
"around” category included PVs that were surrounded by the host
Golgi, and the “close” category included PVs in which the host
Golgi touched the PV without surrounding it. The “far” category
included PVs that were distant from the host Golgi. The percentage
of PVs that fell into each category was determined, and the mean
percentage and SD were calculated from three independent experi-
ments using Excel.

Transmission electron microscopy

For ultrastructural observations of the host Golgi in cells infected
with T. gondii by thin-section transmission electron microscopy,
infected VERO cells were fixed 24 or 48 h p.i. in 2.5% glutaralde-
hyde (Electron Microscopy Sciences) and processed as described
(Coppens and Joiner, 2003). Ultrathin sections of infected cells were
stained before examination with a Philips CM120 EM (Eindhoven,
Netherlands) under 80 kV. Quantification of Golgi fragments from
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the EM images was performed by determining the number and size
of Golgi elements in 25 cells per infection time (on infected and
uninfected cells at 24 and 48 h) using sequential random sampling
protocols for morphometrical analyses (Mayhew and Gundersen,
1996). For immuno—electron microscopy of the host Golgi,
Toxoplasma-infected HFFs were fixed in 4% paraformaldehyde 24 h
p.i. (Electron Microscopy Sciences) and processed as previously
described (Quittnat et al., 2004). The sections were immunolabeled
with anti-giantin antibodies (1/5 in PBS/1% fish skin gelatin) and
then with goat anti-rabbit immunoglobulin G antibodies, followed
directly by 10 nm of protein A-gold particles (Department of Cell
Biology, Medical School, Utrecht University, Netherlands) before
microscopic examination.

Cell lysates and immunoblotting

Hela cells were infected at 37°C with T. gondii RH parasites for 30 h
with MOI of 2. To prepare C. trachomatis, a frozen stock of bacterial
seeds was sonicated at 37°C, and SPG buffer (0.25 M sucrose,
10 mM sodium phosphate, and 5 mM L-glutamic acid) was added to
the bacteria. Then the bacteria were added to Hela cells grown in
Alpha MEM without antibiotics but containing 10% fetal bovine se-
rum and 2 mM L-glutamine. The flask was centrifuged at room tem-
perature for 30 min and then incubated at 37°C for 30 min. The SPG
buffer was removed, and the cells were incubated in medium without
antibiotics for 30 h at 37°C. Cell lysates from uninfected, T. gondii-
infected, and C. trachomatis—infected Hela cells were prepared ac-
cording to the manufacturer’s instructions, using the mammalian
protein extraction reagent M-Per (Thermo Scientific, Rockford, IL)
plus 0.5 mM phenylmethylsulfonyl fluoride, 20 pM leupeptin, 40 pM
bestatin, 15 pM pepstatin A, 14 uM E-64, 0.8 uM aprotinin, and 1 uM
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride. The pro-
tein concentration of each lysate was determined using a Micro BCA
protein assay (Thermo Scientific) according to the manufacturer’s in-
structions. Proteins were precipitated with 5.5% trichloroacetic acid
on ice for 30 min, resuspended in SDS gel loading buffer (63 mM
Tris-Cl, pH 6.8, 2.3% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.01% bromophenol blue), and boiled. Cell lysates (50 pg proteins)
were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (Millipore, Bedford, MA). The membrane was
probed as described previously (Lige et al., 2011) using either rabbit
anti-golgin160 (1:5000) or mouse anti-golgin97 (1:5000) antibodies
and detected by chemiluminescence.

Statistical methods

Data are displayed in box plots using Kaleidagraph software
(Synergy Software, Reading, PA). Whiskers of the box plots repre-
sent the upper and lower values excluding outliers, outliers are
marked as open circles, and the line inside the box is the median
value. Means and SDs are calculated from three independent ex-
periments using Excel. The p values were calculated using either
Student'’s t test in Excel or from a one-way analysis of variance with
a post hoc Bonferroni test in Kaleidagraph.
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