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Summary

 

The protozoan parasite 

 

Toxoplasma gondii 

 

actively penetrates its host cell by squeezing through
a moving junction that forms between the host cell plasma membrane and the parasite. During
invasion, this junction selectively controls internalization of host cell plasma membrane com-
ponents into the parasite-containing vacuole. Membrane lipids flowed past the junction, as

 

shown by the presence of the glycosphingolipid G

 

M1

 

 and the cationic lipid label 1.1

 

9

 

-dihexadecyl-3-
3

 

9

 

-3-3

 

9

 

-tetramethylindocarbocyanine (DiIC

 

16

 

). Glycosylphosphatidylinositol (GPI)-anchored
surface proteins, such as Sca-1 and CD55, were also readily incorporated into the parasitophorous
vacuole (PV). In contrast, host cell transmembrane proteins, including CD44, Na

 

1

 

/K

 

1

 

 ATPase,
and 

 

b

 

1-integrin, were excluded from the vacuole. To eliminate potential differences in sorting
due to the extracellular domains, parasite invasion was examined in host cells transfected with
recombinant forms of intercellular adhesion molecule 1 (ICAM-1, CD54) that differed in their
mechanism of membrane anchoring. Wild-type ICAM-1, which contains a transmembrane
domain, was excluded from the PV, whereas both GPI-anchored ICAM-1 and a mutant of
ICAM-1 missing the cytoplasmic tail (ICAM-1–Cyt

 

2

 

) were readily incorporated into the PV
membrane. Our results demonstrate that during host cell invasion, 

 

Toxoplasma

 

 selectively ex-
cludes host cell transmembrane proteins at the moving junction by a mechanism that depends
on their anchoring in the membrane, thereby creating a nonfusigenic compartment.
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T

 

oxoplasma gondii

 

 is a member of the Apicomplexa phy-
lum, a diverse group of obligate intracellular proto-

zoan parasites, including 

 

Plasmodium

 

,

 

 

 

the causative agent of
human malaria, that are unified by a common set of apical
structures involved in cell invasion (1). 

 

Toxoplasma

 

 has the
broadest host range among this diverse group of parasites,
and is able to invade and infect virtually any nucleated cell
from a warm-blooded vertebrate (2). Using a mechanism
that is likely to be shared by other members of this phylum,

 

Toxoplasma

 

 enters both phagocytic and nonphagocytic cells
by active penetration, a rapid process (20–30 s) that does

 

not rely on the host cell endocytic machinery for uptake (3, 4).
A direct result of this active invasion process is the forma-
tion of a specialized compartment called the parasitophorous

 

vacuole (PV),

 

1

 

 which resists fusion with all levels of the

endocytic network (5–8). The parasite remains within this
segregated compartment throughout its intracellular lifecy-
cle, dividing within the vacuole and eventually lysing the
host cell. Defining how this unique intracellular lifestyle is
established is important for an understanding of host de-
fense in the context of antigen presentation and activation
of cells for destruction of intracellular microbes.

Recent electrophysiological studies (9) confirm an earlier
model that the 

 

Toxoplasma

 

-containing PV forms primarily by
invagination of the host cell plasma membrane (10). During
invasion, the parasite squeezes through a tight constriction
formed at the junction of the host cell and parasite plasma
membrane that has been called the moving junction (10, 11).
Freeze–fracture analysis during 

 

Toxoplasma

 

 (12) or 

 

Plasmo-
dium

 

 (13) invasion has shown that the nascent PV is devoid
of intramembranous particles, implying that the majority of
host cell membrane proteins are absent from the PV. Such a
process may be accomplished by the moving junction; how-
ever, the mechanism of this sorting remains a mystery.

To determine the selectivity and mechanism of sorting
during formation of the PV, we have analyzed the parti-
tioning of host cell surface membrane lipids versus proteins

 

1

 

Abbreviations used in this paper:

 

 BHK, baby hamster kidney; CM-DiI,
chloromethyl-benzamido DiIC

 

16

 

; CTB, cholera toxin B; DiIC

 

16

 

, 1.1

 

9

 

-
dihexadecyl-3-3

 

9

 

-3-3

 

9

 

-tetramethylindocarbocyanine; EM, electron mi-
croscopy; GPI, glycosylphosphatidylinositol; HF, human fibroblast;
ICAM-1, intercellular adhesion molecule 1; IF, immunofluorescence;
immunoEM, immunoelectron microscopy; PV, parasitophorous vacuole.
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that are differentially tethered in the plasma membrane.
These studies reveal a novel mechanism of sorting that re-
stricts access to the PV of host cell plasma membrane com-
ponents based on their anchoring in the membrane.

 

Materials and Methods

 

Antibodies and Reagents. 

 

Chemicals were obtained from Sigma
Chemical Co., and tissue culture reagents from GIBCO BRL.
Antibodies to host proteins were obtained from the following
sources: American Type Culture Collection, mAb IM7.8.1 (CD44)
and mAb E13 161-7 (Sca-1); Michael Kashgarian (Yale Univer-
sity, New Haven, CT), mAb c464.6 (alpha subunit Na

 

1

 

/K

 

1

 

ATPase); Francis Brodsky, University of California at San Fran-
cisco, San Francisco, CA), mAb AIIB2 (

 

b

 

1-integrin); Chemicon
International Inc., mAb RR1/1 (CD54); PharMingen, mAb IA10
(CD55); and Transduction Laboratories, mAb C34120 (caveolin-1).
Biotinylated cholera toxin B (CTB) was obtained from List Bio-
logical Laboratories, Inc. Rabbit anti-SAG1 was provided by
Lloyd Kasper (Dartmouth Medical School, Hanover, NH), and
rabbit anti-

 

Toxoplasma

 

 ACT1 was produced commercially (Co-
calico Biologicals, Inc.). Secondary antibodies were obtained from
Jackson ImmunoResearch Labs or Molecular Probes, Inc.

 

Parasite and Cell Culture. Toxoplasma

 

 tachyzoites of the RH
strain were propagated by serial passage in monolayers of human
fibroblasts (HFs) as described previously (4). For invasion assays,
host cells on LabTek chamber slides (Fisher Scientific) were chal-
lenged with either parasites or collagen-coated zymosan in
DMEM/3% FCS for 5 min at 37

 

8

 

C (5). The cytochalasin-resis-
tant clone Cyd

 

R-1

 

 of 

 

Toxoplasma

 

 was compared with its wild-type
parental line, PLK, using similar invasion protocols supplemented
with 0.5 

 

m

 

M cytochalasin D as described previously (4). Monolay-
ers were either fixed immediately after challenge or washed in PBS,
and returned to culture at 37

 

8

 

C in DMEM/10% FCS for defined
intervals. All cell cultures were free of mycoplasma contamination as
verified by testing with the Gen-Probe rapid detection kit.

 

DiIC

 

16 

 

Labeling of Host Cells. 

 

Monolayers of HF cells were
surface-labeled with 1.1

 

9

 

-dihexadecyl-3-3

 

9

 

-3-3

 

9

 

-tetramethylin-
docarbocyanine (DiIC

 

16

 

; Molecular Probes, Inc.) before challenge
with parasites or zymosan as described previously (5). In experi-
ments that required permeabilization of cells, monolayers were
labeled with CM-DiI (Molecular Probes, Inc.), an analogue of
DiIC

 

16

 

 that is retained in cells throughout permeabilization. To iso-
late PVs, infected monolayers were disrupted by gentle scraping
and passage through a 23-g needle in PBS containing 3% FCS.
This procedure released a mixture of intact PVs and free parasites
that were distinguished by phase–contrast and examined by fluo-
rescence microscopy for the presence of DiIC

 

16

 

. The percentage of
vacuoles or parasites that were stained with DiIC

 

16

 

 was determined
by examining 50 or more vacuoles in each of 2 or more experi-
ments, and results are presented as the mean 

 

6 

 

SE.

 

Labeling of Host Cell Surface G

 

M1

 

 with CTB. 

 

Monolayers of 3T3
fibroblasts were incubated with 10 

 

m

 

g/ml of biotinylated CTB in
DMEM/10% FCS for 5 min at 10

 

8

 

C, rinsed, and challenged with
parasites or zymosan as described previously (5). Biotinylated CTB
was detected with Oregon green–conjugated streptavidin (Molec-
ular Probes, Inc.) and examined by epifluorescence or confocal
microscopy.

 

Biotinylation of Host Cell Surface Membrane Proteins. 

 

Monolayers
of HF cells were rinsed with PBS (pH 7.8), then incubated with
1 mg/ml sulfo-NHS-LC-LC biotin (Pierce Chemical Co.) in PBS
(pH 7.8) for 20 min at 10

 

8

 

C. After permeabilization, biotinylated

proteins were detected with Oregon green–conjugated streptavi-
din (Molecular Probes, Inc.) and viewed by epifluorescence or
confocal microscopy.

 

Immunofluorescence and Confocal Microscopy. 

 

For immunofluo-
rescence (IF) and confocal microscopy, monolayers were fixed
and processed for IF as described previously (6). Slides were
rinsed in PBS and mounted in ProLong

 

®

 

 Antifade (Molecular
Probes, Inc.), and examined using Zeiss Axioplan or Bio-Rad
Confocal 1024 microscopes. To confirm that cell-associated para-
sites were internalized, monolayers were incubated with rabbit
anti-SAG1 before permeabilization, then with secondary anti-
bodies conjugated to Texas red. For quantitative analysis, cells
were examined microscopically and vacuoles were scored as posi-
tive or negative based on a prominent, continuous rim of fluores-
cence around the vacuole. Percentages represent the mean and SD
from 3 separate counts of 25 PVs each, unless otherwise stated.

We have shown previously that collagen-coated zymosan is
taken up into compartments that resemble phagosomes in HFs
(5). Here, we used this system to study the early kinetics of phago-
some formation. After a 5-min pulse and extensive washing, fi-
broblast monolayers were examined by phase–contrast micros-
copy to distinguish internalized zymosan by their phase dark
outline. The percentage of zymosan-containing phagosomes that
were positive for labeled host proteins or lipids, as determined by
a rim of fluorescence staining, was determined by counting 25
vacuoles. Each experiment was performed at least twice.

 

Immunoelectron Microscopy. 

 

Monolayers of host cells were
grown on tissue culture plates and challenged with freshly isolated
parasites at a multiplicity of 20:1. After incubation for 2 min, cells
were washed in cold PBS, then removed by trypsinization and
centrifuged at 200 

 

g

 

 for 10 min. Cells were fixed and processed as
described previously (5). For quantification, the density of gold
label was determined from 25 separate negatives (magnification

 

3

 

20,000) from 2 or more experiments, and expressed as density
of gold particles per vacuole or per micron of membrane length.

 

Transient Intercellular Adhesion Molecule 1 Expression. 

 

Baby ham-
ster kidney (BHK) cells were transfected with human intercellular
adhesion molecule 1 (ICAM-1) cDNA subcloned into the CDM8
expression vector (wild-type ICAM-1; Invitrogen), or with a con-
struct that replaced the transmembrane and cytoplasmic domain
with the glycosylphosphatidylinositol (GPI) signal sequence from
CD58 (ICAM-1–GPI), or with a construct that had the cytoplasmic
domain deleted (ICAM-1–Cyt

 

2 

 

[14]). Transfections were per-
formed using Lipofectamine (GIBCO BRL) as instructed by the
manufacturer. Cells were plated on chamber slides 24 h after trans-
fection and cultured for an additional 24 h before being challenged
with parasites for 5 min. Cells were fixed, permeabilized, and then
stained with an antibody against human ICAM-1 and an anti-

 

Toxo-
plasma

 

 SAG1 antibody, and examined by confocal microscopy. For
quantitative analysis, cells were examined by confocal microscopy,
and PVs were scored as positive or negative based on a prominent,
continuous rim of fluorescence around the PV within a 0.5-

 

m

 

m
section. Percentages represent the mean 

 

6 

 

SD from two separate
experiments in which 

 

.

 

20 PVs were counted per experiment. For
densitometry analysis, images were converted to 256 gray levels,
and plots were obtained using the linear transect feature of NIH
Image v1.61 (available at http://rsb.info.nih.gov/nih-image/).

 

Results

 

Distribution of Host Cell Plasma Membrane Proteins and Lip-
ids in PVs Versus Phagosomes.

 

Previous studies have dem-
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onstrated that 

 

Toxoplasma

 

 invasion is completed within
20–30 s of initial contact with the host cell (3). To examine
the formation of the PV from the host cell plasma mem-
brane, we relied on recently developed protocols for pulse
invasion of 

 

Toxoplasma

 

 (5, 15). In brief, host cells were
challenged with a high multiplicity of infection (ratio 50:1)
for 2.5–5 min, washed extensively, and either directly fixed

(T

 

0

 

) or returned to culture for chase intervals of 5, 10, 15, 30,
or 60 min before fixation and examination by confocal, IF
microscopy, or immunoelectron microscopy (immuno EM).
Staining with rabbit anti-SAG1 antibodies before perme-
abilization revealed that 

 

.

 

95% of cell-associated parasites
were internalized during this protocol (data not shown).

Internalization of host cell plasma membrane proteins

Figure 1. Confocal localization of cell
surface DiIC16-lipids versus biotinylated pro-
teins within Toxoplasma- versus zymosan-
containing vacuoles in HF cells (0.5-mm
section). (A) Biotinylated surface proteins
(green channel) were efficiently excluded
from PVs (top), but were found in phago-
somes containing zymosan (bottom). In
contrast, surface DiIC16-lipids (red channel)
were internalized into both Toxoplasma- and
zymosan-containing vacuoles. HF cells were
surface labeled with DiIC16 and sulfo-biotin,
exposed to zymosan or parasites for 5 min,
fixed, and stained. Parasites and zymosan
were visualized with rabbit anti-p30 or anti-
zymosan, respectively, followed by Cy5-
conjugated goat anti–rabbit IgG. Biotiny-
lated proteins were detected with Oregon
green conjugated to streptavidin. Arrow-
heads mark the position of Toxoplasma- or
zymosan-containing vacuole. (B) Kinetic
analysis of the presence of host cell lipids
versus proteins within Toxoplasma-contain-
ing PVs versus zymosan-containing phago-
somes. Values represent mean and SD from
a representative experiment. (C) Fluores-
cence localization of DiIC16-lipids in me-
chanically isolated PVs (top) versus liberated
parasites (Tg, bottom). DiIC16 was present
in intact PVs, but not in liberated parasites.
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was examined by surface biotinylation, followed by chal-
lenge with 

 

Toxoplasma

 

 or zymosan particles. Vacuoles were
classified as positive for the host surface proteins based on a
prominent rim of fluorescence staining surrounding the PV
or zymosan particle as detected with fluorescent streptavidin.
Biotinylated surface proteins were abundantly detected on
the cell surface, but were absent or very faintly present in
PVs containing 

 

Toxoplasma

 

 (Fig. 1, A and B). The short
pulse used for infection (5 min) implies that these compart-
ments were negative because of exclusion of the majority of
surface proteins at the time of formation of the vacuole. In
contrast, surface biotinylated proteins were readily internal-
ized during phagocytosis of zymosan particles (Fig. 1, A and
B). Host cell plasma membrane lipids were simultaneously
followed using the fluorescent label DiIC

 

16

 

. The long-
chain carbocyanine dye DiIC

 

16

 

 was loaded into the outer
leaflet of the cell, where it is stably maintained (16, 17).
DiIC

 

16

 

-lipids were detected in 85% of 

 

Toxoplasma

 

-contain-

 

ing PVs and zymosan-containing vacuoles. The presence of
DiIC

 

16

 

-lipids in the PV was not due to direct transfer of the
DiIC

 

16

 

 to the parasite membrane, since liberated 

 

Toxoplasma

 

parasites were invariably negative for DiIC

 

16

 

 (0.8

 

 

 

6

 

 0.6%),
whereas isolated PVs remained positive (85.4 

 

6 

 

5.5%; Fig.
1 C). Over time, the percentage of 

 

Toxoplasma

 

 PVs that was
positive for DiIC

 

16

 

 decreased, whereas it remained rela-
tively constant for zymosan (Fig. 1 B).

 

Incorporation of Plasma Membrane Lipids into PVs Versus
Phagosomes.

 

To examine the internalization of endogenous
host plasma membrane lipids, the distribution of the surface
glycolipid G

 

M1

 

 was monitored by selective staining with
biotinylated CTB (18) before parasite invasion. CTB bound
to G

 

M1

 

 was detected in the PV membrane, and was also
incorporated into zymosan-containing phagosomes (Fig. 2,
A and B). Over time, the percentage of vacuoles contain-
ing CTB-G

 

M1

 

 decreased in 

 

Toxoplasma

 

 PVs and remained
relatively constant in zymosan vacuoles.

Figure 2. Confocal localiza-
tion of surface CTB bound to
GM1 ganglioside versus CD44
protein within Toxoplasma- ver-
sus zymosan-containing vacu-
oles in 3T3 cells (0.5-mm sec-
tion). (A) Surface CD44 (red
channel) was efficiently excluded
from PVs (top), but was incor-
porated into phagosomes con-
taining zymosan (bottom). In
contrast, GM1 (green channel)
was internalized into both Toxo-
plasma- and zymosan-containing
vacuoles. 3T3 cells were pre-
labeled with biotinylated CTB,
incubated with zymosan or para-
sites for 5 min, and fixed. Bio-
tinylated CTB was detected with
Oregon green streptavidin.
CD44 was stained with the mAb
IM7.8.1, followed by Texas red
goat anti–rat IgG. Parasites and
zymosan were visualized with
rabbit anti-p30 or antizymosan,
respectively, followed by Cy5-
conjugated goat anti–rabbit IgG.
Arrowheads mark the position of
Toxoplasma- or zymosan-con-
taining vacuole. (B) Kinetic anal-
ysis of CTB-GM1 versus CD44
in Toxoplasma- versus zymosan-
containing vacuoles. Values rep-
resent mean and SD from a rep-
resentative experiment.
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Exclusion of Plasma Membrane Proteins from Toxoplasma-
containing PVs. We also examined the internalization of
specific host cell surface proteins into Toxoplasma-contain-
ing PVs, since surface biotinylation may underestimate the
distribution of individual proteins. Simultaneously, the in-
ternalization of host cell surface GM1 was monitored by
prelabeling with biotinylated CTB. Although the surface
membrane lipid GM1 was incorporated into the PV, the
cell surface protein CD44 was efficiently excluded from the
vacuole (Fig. 2, A and B). When fibroblasts were infected
with Toxoplasma in the absence of CTB, CD44 and two
additional plasma membrane proteins, Na1/K1 ATPase
(100-kD subunit) and b1-integrin (130 kD), were also ex-
cluded from the PV (data not shown). In marked contrast,
CD44 (Fig. 2, A and B) and b1-integrin (data not shown)
were readily internalized into zymosan-containing phago-
somes. Consistent with the normal remodeling that accom-
panies phagosome maturation, CD44 was gradually removed
from zymosan-containing phagosomes after initial internal-
ization (Fig. 2 B).

IF staining may misrepresent the distribution of a protein
because of insensitivity of detection or low spatial resolu-
tion, making it difficult to resolve subcellular localizations
precisely. Therefore, the distribution of CD44 in newly in-
fected monolayers of 3T3 cells (2-min pulse) was also ex-
amined by cryoimmunoEM. Immunogold staining revealed
that CD44 was present along the outer surface of the
plasma membrane, but not within the PV membrane (Fig.
3 A). Quantitative analysis of the distribution of CD44 dem-
onstrated that the majority (.75%) of PVs were negative,
with a few vacuoles containing limited staining. In contrast,
the density of plasma membrane labeling ranged from two to
seven particles per micron of membrane (Fig. 3 B). Collec-
tively, these findings indicate that transmembrane proteins
are efficiently excluded from the PV during its formation.

GPI-anchored Membrane Proteins Are Incorporated into the PV.
We reasoned that the observed exclusion of host trans-

membrane proteins from the PV could be a property of the
size of the extracellular domain or a consequence of their
membrane anchoring. GPI-anchored proteins exhibit in-
creased lateral mobility in the membrane (19); therefore,
we examined internalization of cell surface GPI-anchored
proteins into the PV. When 3T3 cells were challenged with
Toxoplasma, fixed, and stained for Sca-1, this 18-kD GPI-
anchored protein was readily internalized from the host cell
plasma membrane into 95–100% of PVs (Fig. 4, A [top]
and B). To determine if larger GPI-anchored proteins were
also capable of entering the PV, we examined CD55, a 75-kD
GPI-anchored protein on the surface of HeLa cells, and found
it was also internalized into 85% of PVs during parasite inva-
sion (Fig. 4, A [middle] and B). Consequently, indepen-
dent of the size of the extracellular domain, GPI-anchored
proteins are internalized from the plasma membrane into
the PV. Taken together with our finding that surface bioti-
nylated proteins were not detected within the PV, these
data suggest that GPI-anchored proteins represent a minor
population on the surface of fibroblast cells.

Exclusion of Caveolin-1 Protein from the PV. The finding
that the PV selectively incorporates plasma membrane lip-
ids and GPI-anchored proteins suggests that invasion could
occur selectively through specialized lipid-rich microdomains,
possibly including such specialized structures as caveoli (20).
To determine if parasite invasion resulted in the incorporation
of caveolar proteins into the PV, we monitored caveolin-1
distribution during parasite invasion. Unlike GM1, caveo-
lin-1 was not detected in the PV (Fig. 4, A [bottom] and B),
indicating that the parasite does not interact substantially
with caveoli or vesicles derived from them.

Protein Exclusion from the PV Is Dependent on the Mecha-
nism of Membrane Anchoring. The observation that GPI-
anchored proteins are incorporated into the PV suggests
that membrane anchoring determines internalization. How-
ever, to eliminate potential differences due to the size and
configuration of the extracellular domain, parasite invasion

Figure 3. CryoimmunoEM localization of CD44 in 3T3 cells infected with Toxoplasma. (A) CD44 was found along the host cell plasma membrane
(arrowheads), but not within newly formed PVs. T, Toxoplasma cell. (B) Quantitative analysis indicated an absence of CD44 within a majority of PVs
while the plasma membrane was uniformly labeled (T 5 2-min pulse, no chase). Results are shown as the percentage of cells or vacuoles versus the den-
sity of immunogold staining.
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was examined in BHK cells transiently transfected with re-
combinant forms of ICAM-1 (CD54) that were anchored
into the host cell plasma membrane by different means, as
diagrammed in Fig. 5 C. Wild-type ICAM-1 (CD54) is a
90-kD molecule that possesses a single transmembrane seg-
ment and short cytoplasmic domain (21). We compared
the wild-type ICAM-1 to a lipid-anchored form (ICAM-1–
GPI) and a cytoplasmic deletion form (ICAM-1–Cyt2) of
the protein (22, 23). Like other transmembrane proteins,
wild-type ICAM-1 was excluded from the PV, whereas
ICAM-1–GPI and ICAM-1–Cyt2 were both incorporated
into PVs. All three forms of ICAM were abundantly expressed
and visualized with the same antibody to the extracellular
domain, ruling out possible differences due to detection.
Exclusion was also not due to size constraints, since the
molecular masses of wild-type ICAM-1 and ICAM-1–Cyt2

only differ by 3 kD (90 and 87 kD, respectively [22]). To
quantify the distribution of the three forms of ICAM-1 in
the PV membrane, confocal images were scaled to 256 gray
levels and analyzed using the line transect feature of NIH

Image. The relative intensity of a line extending through
the plasma membrane and across the PV was determined
for each of the three forms (Fig. 5 C). These analyses revealed
that ICAM-1–GPI and ICAM-1–Cyt2 were enriched by
two- to threefold in the PV membrane relative to the plasma
membrane, whereas wild-type ICAM-1 was found at back-
ground levels (Fig. 5 A).

The Host Cell Cytoskeleton and Restricted Access to the PV.
The internalization of the ICAM-1–Cyt2 form suggested
that restricted access to the PV is mediated by interactions
with the host cell cytoskeleton. To test this hypothesis, we
examined the invasion of a cytochalasin-resistant mutant of
Toxoplasma into HF cells in the presence of sufficient concen-
trations of the drug to disrupt actin microfilaments. During
invasion of the CydR-1 mutant, the host cell surface protein
CD44 was excluded from 94% of vacuoles formed in the ab-
sence of cytochalasin D and from 87% of the vacuoles formed
in the presence of the drug. Moreover, the prominent con-
striction seen at the junction during invasion (3) was still ob-
served in the presence of cytochalasin D (data not shown).

Figure 4. Confocal localiza-
tion of GPI-linked proteins Sca-1
and CD55 versus caveolin-1 in
Toxoplasma PVs (0.5-mm sec-
tion). (A) Sca-1 (top, green) and
CD55 (middle, green) were in-
corporated into PVs, whereas ca-
veolin-1 (bottom, green) was ex-
cluded (5-min pulse infection).
Parasites were detected with rab-
bit anti-p30 (top and middle) or
rabbit anti-ACT1 (bottom), fol-
lowed by Texas red–conjugated
goat anti–rabbit IgG. Sca-1 was
detected with mAb E13 161-7,
followed by bodipy-conjugated
goat anti–rat IgG. CD55 and
caveolin-1 were detected with
mAb IA10 and mAb C37120,
respectively, followed by Ore-
gon green–conjugated goat anti–
mouse IgG. Sca-1 was detected
in 3T3 cells, CD55 in HeLa
cells, and caveolin-1 in HF cells.
Arrowheads mark the position of
PVs. (B) The percentage of PVs
that internalized Sca-1, CD55,
and caveolin-1 after a 5-min
challenge with parasites. Values
represent the mean and SE from
two experiments.
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Discussion

We show here that the PV is formed by invagination of
the host cell plasma membrane, while simultaneously ex-
cluding transmembrane proteins. The formation of a mov-
ing junction at the interface of the host cell plasma mem-
brane and the parasite appears to mediate this differential
sorting process. In contrast, during uptake of zymosan, both
plasma membrane lipids and transmembrane proteins are
internalized into phagocytic vacuoles. Despite the efficient
exclusion of transmembrane proteins at the moving junc-
tion, the presence of a GPI anchor or the absence of a cyto-
plasmic tail is sufficient to allow internalization of mem-
brane proteins into the PV. Thus, sorting occurs by a
mechanism that acts within the membrane spanning region
or on the cytoplasmic region of the protein, and which is
largely independent of their extracellular domains.

Several observations indicate that, during parasite inva-
sion, the bulk of the PV is derived from internalization of
the host cell plasma membrane. First, electrophysiological
studies have shown that during Toxoplasma invasion there is
no net change in capacitance across the host cell plasma
membrane, implying that the host cell surface area remains
constant until the PV pinches off from the host cell plasma
membrane (9). Second, our results demonstrate that the PV
membrane is formed by invagination of lipids from the host
cell plasma membrane. For example, when the fluorescent
lipophilic dye DiIC16 (16, 24) was inserted into the host cell
plasma membrane before parasite invasion, it was readily
internalized into the PV membrane. Endogenous plasma
membrane lipids are also incorporated into the PV, as shown
by the internalization of surface GM1 sphingolipid. The

Figure 5. Confocal localization of wild-type ICAM-1 versus ICAM-1–GPI,
and ICAM-1–Cyt2 in BHK cells infected with Toxoplasma (5-min pulse;
0.5-mm section). (A) Wild type ICAM-1 (top, green) was excluded from
PVs, whereas ICAM-1–GPI (middle, green) and ICAM-1–Cyt2 (bottom,
green) were internalized into PVs. Parasites were detected with rabbit anti-
p30, followed by Texas red–conjugated goat anti–rabbit IgG. ICAM-1 was
detected with mAb RR1/1, followed by bodipy-conjugated goat anti–
mouse IgG. Arrowheads mark the position of PVs. Red lines indicate the
transects used for densitometry analysis as plotted to the right. The loca-
tion of the PV along the line is shown by a cartoon of the parasite above
the plot. (B) Confocal quantitative analysis of the percentage of PVs that
internalized various forms of ICAM-1 after a 5-min challenge with para-
sites. Results shown are the mean and SE from two experiments. (C) Dia-
gram of the ICAM-1, ICAM-1–GPI, and ICAM-1–Cyt2 constructs an-
chored in the membrane.
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presence of these labels in the PV was necessarily due to in-
ternalization at the time of entry, as neither one is prone to
rapid diffusion, and we have shown previously that there is
no vesicular lipid traffic to preformed PVs (5). However, in
both cases the percentage of PVs stained with these labels
decreased over time, which may be a result of diffusion,
transfer to the parasite, or vesicular traffic from an unidenti-
fied source that results in dilution of the label.

Although the vacuole surrounding Toxoplasma is derived
from the host cell plasma membrane, the transmembrane
proteins Na1/K1 ATPase, b1-integrin, and CD44 were
excluded from the PV, even though they were readily in-
corporated during formation of zymosan-containing phago-
somes. CryoimmunoEM examination of newly formed
PVs revealed that the vacuolar membrane contained at least
20-fold lower levels of host cell proteins than the plasma
membrane. Similar to our observations on Toxoplasma, when
Plasmodium invades red blood cells, host cell plasma mem-
brane lipids are incorporated into the parasite-containing vac-
uole, whereas transmembrane proteins in the red cell mem-
brane, including glycophorins and band 3, are excluded (25).

Sorting of plasma membrane proteins during formation
of phagosomes has been ascribed previously to their in-
volvement as receptors in particle uptake (26). In contrast,
our results indicate that protein exclusion from Toxoplasma-
containing PVs is a property of the membrane-anchoring
and cytoplasmic extension of proteins, and is independent
of the extracellular domain. Initially, this conclusion was
supported by examining a variety of different surface pro-
teins that were anchored by either a transmembrane do-
main (CD44, b1-integrin, Na1/K1 ATPase) or a GPI moiety
(Sca-1, CD55). Although there was a perfect correlation
between mechanism of anchoring and exclusion versus in-
clusion, these findings may also be influenced by variability
in the size and configuration of the extracellular domains of
the proteins examined.

To eliminate potential differences due to the size of the
extracellular domain, we compared the internalization of
recombinant ICAM-1 that was anchored in the membrane
by different means. ICAM-1 is a heavily glycosylated 90-kD
protein containing a single transmembrane segment and
five tandem Ig-like extracellular domains (21, 22, 27, 28).
Removal of the cytoplasmic tail from ICAM-1 eliminates
the molecule’s association with the actin cytoskeleton (14),
and replacement of ICAM-1’s transmembrane region with
a GPI anchor is likely to increase the molecule’s lateral mo-
bility (19, 20). Either the presence of a GPI anchor or the
deletion of the cytoplasmic region was sufficient to allow
ICAM-1 internalization into Toxoplasma-containing PVs.
These results conclusively demonstrate that internalization
is largely independent of the extracellular domain, and in-
stead support the conclusion that sorting is based on the lat-
eral mobility of the protein within the membrane.

Exclusion of transmembrane proteins from the PV is
likely due to establishment of a barrier to protein diffusion
that operates at the moving junction, and which may be
due to interactions between the cytoplasmic domain and
proteins in the cytosol. Lateral diffusion of transmembrane

proteins is limited by their direct attachment to the cyto-
skeleton (tethering) and indirect constraints imposed by the
cytoskeleton (29–31). Despite the observation that treat-
ment with cytochalasin D did not allow access of CD44, a
transmembrane-anchored protein, past the moving junc-
tion, we cannot rule out the possibility that short actin fila-
ments remaining after this treatment were still sufficient to
retard its mobility. Alternatively, the colloidal nature of the
cytosol may be sufficient to retard the mobility of proteins
with cytoplasmic extensions such that they have restricted
access to the vacuole. In the case of ICAM-1, the lateral
mobility of wild-type ICAM-1 is restricted by its direct as-
sociation with the cytoskeleton and by general constraints
due to its cytoplasmic tail. Based on analogous mutations
that have been analyzed for other transmembrane proteins
(19, 29, 30, 32), ICAM-1–Cyt2 and ICAM-1–GPI are ex-
pected to display increased lateral mobility that evidently
allows them to pass through the moving junction and gain
access to the Toxoplasma-containing PV.

Free diffusion of plasma membrane lipids and restricted
passage of transmembrane proteins past the moving junc-
tion indicate that this unique structure acts as a molecular
sieve. Classical tight junctions act as a diffusion barrier in
the outer leaflet of the plasma membrane, but allow diffu-
sion in the inner bilayer (33, 34). In contrast, our results in-
dicate that GPI-linked proteins anchored in the outer leaf-
let of the plasma membrane freely enter the PV, yet proteins
that extend beyond the membrane bilayer are excluded.
Freeze–fracture EM analysis during Plasmodium invasion of
erythrocytes has shown a band of rhomboidally arrayed
particles at this junction that may represent aggregates of
proteins that are prevented from entering the vacuole (13).
The molecular basis of this junction is not understood, and
identification of host or parasite proteins that are exclu-
sively localized to this structure is an important area for fu-
ture research.

The selective enrichment of GPI-anchored proteins
within the Toxoplasma PV indicates that they are specifically
recruited or retained within the vacuole. Enrichment could
occur if the parasite binds to one or more GPI-anchored
proteins, thereby assuring their inclusion in the vacuole.
Such a process occurs during internalization of Escherichia
coli into macrophages through FimH-mediated attachment
to CD48 (35). However, our data do not support this
model for Toxoplasma invasion for two reasons: (a) the wide
range of different GPI-anchored proteins that are internal-
ized is inconsistent with use of a specific receptor; and (b)
the extracellular domain of ICAM-1 was specifically ex-
cluded when attached to a transmembrane domain, yet it
readily gained access to the vacuole when GPI anchored or
when the cytoplasmic tail was truncated.

There are two alternative explanations for the enrich-
ment of GPI-anchored proteins in the PV: (a) exclusion of
transmembrane proteins from this membrane allows GPI-
anchored proteins to be more densely packed than in the
plasma membrane; and (b) GPI-anchored proteins are en-
riched in the PV because of a selective alteration in mem-
brane lipids. Although the first alternative does not necessi-
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tate a reorganization of membrane lipids, the second model
suggests that lipid microdomains are also selectively re-
cruited into the PV during invasion. Coalescence of lipid
microdomains, or rafts, to form the PV would result in the
enrichment of GPI proteins and lipids commonly associated
with them (i.e., cholesterol and sphingolipids [20]). Recent
evidence indicates that lipid microdomains exist as small
patches in the plasma membrane where GPI-anchored pro-
teins are clustered in association with cholesterol and sphingo-
lipids, and that these structures become enlarged by cross-
linking (36, 37). How such domains, which are estimated
to be z50 nm in size, might be reorganized during forma-
tion of the PV is uncertain, but a similar process of selective
lipid recruitment has been described during influenza viral
budding from mammalian cells (38).

Our findings are best explained by a model based on para-
site-induced invagination of the plasma membrane in com-
bination with tethering of transmembrane proteins at the

moving junction. Plasma membrane lipids, GPI-anchored
proteins, and proteins without cytoplasmic domains readily
diffuse past the moving junction and gain entry into the na-
scent PV, whereas transmembrane proteins are efficiently
excluded. A similar process of protein and lipid sorting has
been proposed for erythrocyte membrane vesiculation, caused
by mechanical disruption, that results in the restriction of
cytoskeleton and cytoskeletal-associated proteins to the cell
body while lipids and GPI-anchored proteins are enriched
in the vesicle (39). Toxoplasma appears to generate such a
process in reverse by distending the host cell plasma mem-
brane inward to form the PV, a process that is driven by
the active penetration by the parasite (4). The restricted ac-
cess of host cell proteins to the PV is likely to underlie its
subsequent segregation from the exocytic and endocytic
networks, which allows for the parasite’s unique and highly
successful intracellular lifestyle.
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