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Many intracellular pathogens are separated from the cytosol of their host cells by a vacuole membrane. This
membrane serves as a critical interface between the pathogen and the host cell, across which nutrients are
imported, wastes are excreted, and communication between the two cells takes place. Very little is known about
the vacuole membrane proteins mediating these processes in any host-pathogen interaction. During a screen
for monoclonal antibodies against novel surface or secreted proteins of Toxoplasma gondii, we identified ROP4,
a previously uncharacterized member of the ROP2 family of proteins. We report here on the sequence,
posttranslational processing, and subcellular localization of ROP4, a type I transmembrane protein. Mature,
processed ROP4 is localized to the rhoptries, secretory organelles at the apical end of the parasite, and is
secreted from the parasite during host cell invasion. Released ROP4 associates with the vacuole membrane and
becomes phosphorylated in the infected cell. Similar results are seen with ROP2. Further analysis of ROP4
showed it to be phosphorylated on multiple sites, a subset of which result from the action of either host cell
protein Kkinase(s) or parasite kinase(s) activated by host cell factors. The localization and posttranslational
modification of ROP4 and other members of the ROP2 family of proteins within the infected cell make them

well situated to play important roles in vacuole membrane function.

Toxoplasma gondii is an obligate intracellular parasite capa-
ble of invading nearly any nucleated cell within its vertebrate
hosts. The process of host cell invasion is similar in all apicom-
plexan parasites, including 7. gondii, Plasmodium spp. (caus-
ative agents of malaria), Eimeria tenella, and Cryptosporidium
parvum. Internalized parasites undergo several rounds of rep-
lication within the parasitophorous vacuole (PV) and ulti-
mately lyse the host cell. Repeated cycles of host cell invasion
and lysis are directly responsible for the disease caused by 7.
gondii, which is particularly severe in immunocompromised
individuals and in the congenitally infected fetus (19, 23, 33).

As with all apicomplexan parasites, a central feature of host
cell invasion by 7. gondii tachyzoites is the sequential release of
proteins from apical secretory organelles. The tachyzoite se-
cretes proteins first from the micronemes, then from the rhop-
tries, as it pulls itself into the host cell using a myosin-based
motor complex (9, 12, 24). Proteins released from the mi-
cronemes include a variety of adhesins, which are thought to
directly mediate binding to ligands on the host cell surface
(reviewed in references 43 and 46). Rhoptry proteins are re-
leased concurrent with the formation of the PV and are
thought to contribute to both the formation and functional
properties of the PV membrane (PVM) (3, 9, 12, 41).

Host cell invasion by T. gondii tachyzoites is inhibited by
cytochalasin D, while host cell attachment and rhoptry secre-
tion remain unaffected (9, 14). Under these conditions, the
contents of the rhoptries are directly injected into the host cell
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cytoplasm in the form of protein-rich vesicles called evacuoles
(14). Like the PV itself, evacuoles avoid fusion with host cell
endosomal and lysosomal compartments, and they associate
with host cell mitochondria and the endoplasmic reticulum,
suggesting a role for rhoptry proteins in one or more of these
processes (14).

Of the nine rhoptry proteins identified with available anti-
bodies, only ROP1 and ROP2 have been studied in any detail.
ROP1 was initially implicated in invasion as an active compo-
nent of the penetration-enhancing factor, a poorly character-
ized cellular fraction that increases the efficiency of host cell
invasion by T. gondii (30, 31). Subsequent gene knockout stud-
ies revealed that ROP1 is not essential for either invasion or
intracellular survival (21). Although its function remains un-
known, ROP1 has been a useful model for studying rhoptry
protein trafficking and processing (4-6, 44).

The ROP2 family of proteins (ROP2, ROP3/ROPS, and
ROP4) was originally identified by cross-reacting monoclonal
antibodies (MAbs) produced against a rhoptry-enriched frac-
tion of 7. gondii tachyzoites (36). Later studies demonstrated
that the founding member of this family, ROP2, inserts into the
PVM (2), where it mediates an association between the PV and
host cell mitochondria (41). A recent study using antisense RNA
suggested that ROP2 is important not only for the interaction
between the PVM and host cell organelles but also for rhoptry
biogenesis, parasite invasion, and intracellular replication (26).

In the course of a MAb screen for novel secretory or surface
proteins of the 7. gondii tachyzoite (47), we generated a MAb
against a 60-kDa protein that we identify here as ROP4, a
previously uncharacterized member of the ROP2 family of
proteins. ROP4 is secreted from the rhoptries during or shortly
after invasion and associates with the PVM, presumably
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through its predicted transmembrane domain. ROP4 becomes
phosphorylated in the infected cell, by either host cell protein
kinase(s) or parasite kinase(s) activated by host cell factors.

MATERIALS AND METHODS

Parasite culture. 7. gondii tachyzoites, RH(EP) strain unless otherwise noted,
were cultured in human foreskin fibroblasts (HFFs) (CRL1634; American Type
Culture Collection, Manassas, Va.) as previously described (35). Parasites were
harvested from freshly lysed HFF monolayers and filtered through 3-wm-pore-
size Nuclepore syringe filters (Whatman, Clifton, N.J.) to remove host cell debris
prior to use. RHASAG3 strain parasites were a generous gift from Stanislas
Tomavo.

MAbs. MAbs C8.4 (against ROP4), A3.2 (against GRAS), and B3.90 (against
AMA-1) were generated as previously described (8, 11, 47) and purified by ion
exchange chromatography (10). MAD 88-70 was generated against an expressed
fragment of cDNA encoding the carboxy-terminal 424 amino acids (aa) of ROP4
(rROP4). The ¢cDNA fragment was cloned into the HindIII site of the pQE9
expression vector carrying the coding sequence for a six-histidine tag (QIAGEN,
Valencia, Calif.) and expressed by inducing the transformed Escherichia coli
strain M15[pREP4] with 1 mM isopropyl-B-p-1-thiogalactopyranoside (Sigma,
St. Louis, Mo.) for 2 h at 30°C. The recombinant protein was enriched with
bacterial protein extraction reagent, followed by the inclusion body solubilization
reagent, in accordance with the manufacturer’s instructions (Pierce, Rockford,
Ill.). The proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to supported nitrocellulose (Schlei-
cher & Schuell, Keene, N.H.), and stained with Ponceau S (Sigma). The band
corresponding to rROP4 was excised from the blot; the nitrocellulose was
scraped from the support, resuspended in phosphate-buffered saline (PBS), and
sonicated with a probe sonicator until the suspension could pass through a
21-gauge needle. Immunizations with the sonicated antigen were performed as
described previously (49). Hybridomas from the rROP4-immunized mice were
generated and subcloned by Green Mountain Antibodies (Burlington, Vt.). Hy-
bridoma supernatants were screened for reactivity by Western blotting against
rROP4 and total tachyzoite extracts, and by immunofluorescence microscopy of
extracellular and intracellular tachyzoites (47). MAb 88-70 was purified from
hybridoma supernatant with a protein G-Sepharose column (Amersham Bio-
sciences, Piscataway, N.J.), eluted from the column with 100 mM glycine, pH 2.5,
and neutralized with 1/10 volume of 1 M Tris, pH 8.0. The antibody was dialyzed
against PBS, pH 7.4, containing in 0.02% (vol/vol) sodium azide and stored at 4°C.

Polyclonal antibodies. To prepare polyclonal antibodies specific to ROP4,
unique peptides corresponding to residues 57 to 73 (acetyl-C-DKYSRDSTEG
ENTVSEG-amide) and 369 to 386 (acetyl-DMETFVDEIGRFPQEDRP-C-a
mide) were synthesized by the Biomolecular Resource Facility at the University
of Texas Medical Branch (Galveston, Tex.). Rabbit polyclonal antibodies UVT68
(aa 369 to 386) and UVT70 (aa 57 to 73) were generated (Cocalico Biologicals,
Reamstown, Pa.) and purified as previously described (11).

SDS-PAGE and Western blot analysis. Proteins were resolved by SDS-PAGE
in the presence (reducing) or absence (nonreducing) of 5% (vol/vol) B-mercap-
toethanol, transferred to nitrocellulose, and Western blotted as previously de-
scribed (47).

Immunofluorescence microscopy. Confluent monolayers of HFFs on glass
coverslips were infected with RH or RHASAG3 parasites approximately 24 h
prior to use. All of the following manipulations were carried out on ice, with
prechilled solutions. After cells were washed twice with PBS, pH 7.4, they were
fixed and permeabilized with 100% methanol for 10 min, washed three times with
PBS, and then blocked for 20 min with PBS containing 0.5% (wt/vol) fraction V
bovine serum albumin (PBS-BSA; Fisher Scientific, Pittsburg, Pa.). Alternatively,
infected monolayers were fixed for 30 min with PBS containing 2.5% (vol/vol)
paraformaldehyde, washed three times with PBS, pH 7.4, and then blocked and
permeabilized for 20 min with PBS-BSA containing 0.2% (vol/vol) Triton X-100
(TX-100). Fixed and permeabilized cells were incubated for 1 h with MAb C8.4,
MAD 88-70, or UVT70 plus MAD 45.15 (directed against IMC1; K. L. Carey and
G. E. Ward, unpublished data) diluted in PBS-BSA. Samples were washed three
times with PBS-BSA and incubated for 45 min with PBS-BSA containing 5 pg of
Alexa 488-conjugated goat anti-mouse immunoglobulin G (IgG; Molecular
Probes, Eugene, Oreg.)/ml and/or Alexa 546-conjugated goat anti-rabbit IgG
(Molecular Probes). Coverslips were washed four times with PBS, pH 7.4, and
mounted on glass slides.

For 15-min invasion assays, parasites were incubated with confluent monolay-
ers of HFFs for 15 min at 4°C, followed by 15 min at 37°C, and processed for
immunofluorescence microscopy as described above.

Evacuoles were generated in the presence of cytochalasin D as previously
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described (14). ROP1 and ROP4 were localized by dual-label immunofluores-
cence microscopy as described above using MAb Tg49 (anti-ROP1; a generous
gift from Joseph Schwartzman) followed by Alexa 546-conjugated goat anti-
mouse IgG (Molecular Probes) and MAb 88-70 directly conjugated to Alexa 488
(Molecular Probes).

Cells were imaged on a Nikon TE300 inverted microscope equipped with
epifluorescence illumination and a 100X PlanApo objective (numerical aperture,
1.4). Digital images were captured with a SpotRT monochrome camera (Diag-
nostic Instruments Inc., Sterling Heights, Mich.) driven by QED imaging soft-
ware (QED Imaging Inc., Pittsburg, Pa.) and processed with Photoshop, version
7.0 (Adobe Systems, Mountain View, Calif.).

Immunoelectron microscopy. Extracellular tachyzoites were fixed in 0.1 M
sodium cacodylate buffer containing 4% (vol/vol) paraformaldehyde and 0.1%
(vol/vol) glutaraldehyde, dehydrated through a graded series of ethanol, and
embedded in LR White resin (London Resin Co.). Ultrathin sections were cut
with a Reichert Ultracut E and placed onto nickel grids. Grids were wet with
PBS, blocked with goat blocking buffer (Aurion), and incubated with UVT68 or
UVT70 in PBS containing acetylated BSA (Aurion). After a washing, grids were
incubated with a secondary antibody (goat anti-rabbit IgG coupled to 6- or 10-nm
gold beads; Aurion), washed, and fixed with 1% (vol/vol) glutaraldehyde. Sam-
ples were viewed on a JEOL 1200EX transmission electron microscope at the
Albert Einstein College of Medicine Analytical Imaging Facility.

Immunoaffinity purification and sequence analysis. An indirectly coupled im-
munoaffinity resin was prepared as previously described (8, 11, 17) with the fol-
lowing modifications. MAb C8.4 (10 mg) was dialyzed overnight against 100 mM
sodium borate, pH 8.2, at 4°C. Rabbit anti-mouse IgG (9 mg; Jackson Labora-
tories, West Grove, Pa.) diluted to 10 ml with 100 mM sodium borate, pH 8.2, was
incubated with prewashed protein A-agarose (1.5 ml of packed resin; Bio-Rad,
Hercules, Calif.) for 40 min at 23°C with gentle rocking. The resin was washed four
times with 100 mM sodium borate, pH 8.2, and then gently rocked with the dialyzed
MAD C8.4 for 1 h at 23°C. After being cross-linked with 20 mM dimethylpime-
lidate, the resin was stored at 4°C in PBS containing 0.01% (vol/vol) sodium azide.

For immunoaffinity purification, tachyzoites were extracted at 2.5 X 108 par-
asites/ml for 30 min on ice in TX-100 lysis buffer (100 mM NaCl, 50 mM Tris [pH
7.4], 0.5% [vol/vol] TX-100, 1/100 [vol/vol] Sigma protease inhibitors [104 mM
4-{2-aminoethyl}benzenesulfonyl fluoride, 80 wM aprotinin, 2.1 mM leupeptin,
3.6 mM bestatin, 1.5 mM pepstatin A, and 1.4 mM E-64]). The extracts were
pelleted for 5 min at 14,000 X g at 4°C to remove insoluble material. The MAb
C8.4 affinity resin was washed twice with TX-100 lysis buffer, twice with 100 mM
glycine, pH 3.0, and twice with TX-100 lysis buffer. Extract (500 wl) was added
to prewashed resin (25 wl) and gently rotated for 2 h at 4°C, followed by four
batchwise washes with TX-100 lysis buffer and one wash with 10 mM sodium
phosphate, pH 6.8. Bound antigen was eluted by adding 100 mM glycine, pH 2.0,
and gently rotating for 10 min at 23°C and then neutralized with 1/10 (vol/vol)
1 M Tris, pH 8.0. The antigen was resolved by SDS-PAGE, stained with Coo-
massie blue, excised, digested with trypsin, and analyzed by microcapillary re-
verse-phase high-performance liquid chromatography and nanoelectrospray tan-
dem mass spectrometry as previously described (11).

5" and 3’ RACE. Total tachyzoite RNA was extracted with TRIZOL reagent
(Invitrogen Life Technologies, Carlsbad, Calif.) according to the manufacturer’s
instructions. First-strand cDNA was synthesized with the Superscript preampli-
fication system (Invitrogen). The 5’ and 3’ ends of the cDNA fragment were
amplified by rapid amplification of cDNA ends (RACE) with gene-specific prim-
ers in accordance with the manufacturer’s instructions (Invitrogen).

DNA sequencing and analysis. All DNA sequencing was performed by dye
terminator fluorescence-based analysis on an Applied Biosystems 373 automated
sequencer with custom synthesized primers (Genosys Biotechnologies, Wood-
lands, Tex.). Signal sequence cleavage sites were predicted with SignalP, version
1.1 (http://www.cbs.dtu.dk/) (29), and transmembrane domains were predicted
with TMpred (http://www.ch.embnet.org/).

Metabolic labeling and pulse-chase analysis. Heavily infected HFF monolay-
ers were rinsed with methionine- and cysteine-free Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) containing 10 mM HEPES, pH 7.0 (HyClone,
Logan, Utah), and 1% (vol/vol) dialyzed fetal bovine serum (dFBS; Invitrogen).
They were incubated in the same medium for 30 min at 37°C in a 5% CO,
incubator prior to the addition of 50 nCi of EXPRESS [**S]methionine-cysteine
(Perkin-Elmer, Boston, Mass.)/ml. For pulse-chase experiments, the infected
monolayers were labeled for 30 min, rinsed with complete DMEM (HyClone)
containing 1% FBS (Invitrogen), and incubated at 37°C for various chase times
prior to extraction and immunoprecipitation as described below.

[y->*P]ATP labeling of cellular extracts. Parasites from freshly lysed HFF
monolayers were filtered, pelleted at 1,000 X g for 4 min, washed with phos-
phate-free DMEM (Invitrogen), and resuspended in intracellular buffer (120
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mM KCl, 20 mM NaCl, 10 mM glucose, 20 mM HEPES [pH 7.0], 250 pM CaCl,,
0.5% [vol/vol] TX-100, 1 mg of DNase/ml, 0.5 mg of RNase/ml, phosphatase
inhibitors [20 mM B-glycerophosphate, 5 mM sodium pyrophosphate, 20 mM
sodium fluoride, 0.15 mM sodium orthovanadate], 1/100 [vol/vol] stock protease
inhibitors [Sigma]). Uninfected HFF monolayers were scraped into phosphate-
free DMEM, pelleted at 1,000 X g for 4 min, washed with phosphate-free
DMEM, and resuspended in intracellular buffer. For combined parasite and
HFF extracts, cells were washed as described above, pelleted together, and
extracted in intracellular buffer. Cells were extracted for 1 h on ice and pelleted
at 14,000 X g (10 min, 4°C). The clarified extract (100 ul) was supplemented with
100 pCi of [y-*?P]JATP (Perkin-Elmer), 20 pM ATP, and 1 mM MgCl, and
incubated for 30 min at 30°C. ROP4 was immunoprecipitated from the labeled
extracts and processed as described below.

[*2P]orthophosphate labeling of cells. Monolayers of HFFs in T75 flasks were
rinsed with phosphate-free DMEM (Invitrogen) containing 1/10 (vol/vol) com-
plete DMEM (HyClone), 10 mM HEPES, pH 7.0, and 1% dFBS. They were
incubated in the same medium (10 ml/flask) containing 250 pnCi of [**P]ortho-
phosphate (ICN Biomedicals, Irvine, Calif.)/ml for 8 h at 37°C in a 5% CO,
incubator. Tachyzoites (~2 X 107 in 1 ml of phosphate-free DMEM) were then
added to the 3?P-labeled HFFs and incubated for 6 h at 37°C in a 5% CO,
incubator. Monolayers were rinsed with phosphate-free DMEM, scraped, and
centrifuged at 1,000 X g for 4 min.

To label extracellular parasites, tachyzoites from freshly lysed infected mono-
layers were filtered, pelleted at 1,000 X g for 4 min, and resuspended in phos-
phate-free DMEM (~5 X 107 tachyzoites in 10 ml) containing 250 pwCi of
[*?PJorthophosphate (ICN Biomedicals)/ml. After being labeled for 1 to 6 h at
37°C in a 5% CO, incubator, the parasites were pelleted for 4 min at 1,000 X g.
Cell pellets were extracted and immunoprecipitated as described below.

Cell extraction and immunoprecipitation. Pellets were extracted in either
TX-100 lysis buffer or SDS lysis buffer (100 mM NaCl, 50 mM Tris [pH 7.4], 0.5%
[wt/vol] SDS, phosphatase inhibitors, 1/100 [vol/vol] protease inhibitor stocks
[Sigma]). For TX-100 extractions, pellets were resuspended in lysis buffer, incu-
bated for 30 min on ice, and then centrifuged for 10 min at 14,000 X g at 4°C. For
SDS extractions, pellets were boiled in lysis buffer for 10 min, cooled to 23°C, and
then supplemented with 1/100 (vol/vol) protease inhibitor stocks (Sigma) and 2%
(vol/vol) TX-100, followed by a 30-min incubation on ice and centrifugation at
14,000 X g (10 min, 4°C).

For immunoprecipitations, antibodies against ROP4 (MAb C8.4, UVTG6S, or
UVT70) or ROP2/ROP3/ROP4 (MAb T34A7, a generous gift from Jean-Fran-
cois Dubremetz) were incubated with 0.5 ml of extract for 1.5 h at 4°C with gentle
rocking, followed by the addition of prewashed protein A-Sepharose (25 ul
packed; Zymed, San Francisco, Calif.) and another 1.5-h incubation at 4°C with
gentle rocking. After the resin was washed five times with TX-100 lysis buffer, the
antigen was eluted by boiling in sample buffer, separated by SDS-PAGE, trans-
ferred to nitrocellulose (Schleicher & Schuell) or Immobilon-P (Millipore, Bed-
ford, Mass.), and detected by autoradiography and/or Western blotting.

Phosphoamino acid analysis and two-dimensional phosphopeptide mapping.
For phosphoamino acid analysis, **P-labeled ROP4 was immunoaffinity purified
with the MAb C8.4 resin, resolved by SDS-PAGE, transferred to Immobilon-P
(Millipore), and detected by autoradiography. The ROP4 band was excised,
rinsed several times with double-distilled H,O, and hydrolyzed in 200 pl of
constant boiling 6 N HCI (Pierce) for 1 h at 110°C. The hydrolysis products were
dried under vacuum and dissolved in thin-layer chromatography (TLC) buffer (5
parts isobutyric acid, 3 parts 0.5 M NaOH). Three microliters of a mixture of
phosphoserine, phosphothreonine, and phosphotyrosine (each at 1 mg/ml in
water) was added to 3 ul of the sample, which was then spotted onto a cellulose
thin-layer plate (Chromagram 13255; 20 by 20 cm; Eastman Kodak, Rochester,
N.Y.). The samples were resolved by chromatography in TLC buffer. Plates were
dried, sprayed with 0.2% ninhydrin in ethanol (Sigma), and developed at 65°C.
The phosphoamino acid standards were visualized directly; 3*P-labeled amino
acids were visualized by autoradiography.

Two-dimensional tryptic peptide mapping of gel-purified ROP4 was performed
on Chromagram 13255 cellulose thin-layer plates as previously described (48).

Nucleotide sequence accession number. The complete 1,734-bp open reading
frame of the ROP4 gene has been assigned GenBank accession number AY662677.

RESULTS

MADb C8.4 recognizes both a 60-kDa apical antigen and the
43-kDa surface protein SAG3. In experiments designed to
identify membrane proteins on the surface or within the secre-
tory organelles of 7. gondii tachyzoites, a MAb (C8.4) that
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FIG. 1. Western blot analysis and localization of the antigen(s)
recognized by MADb C8.4. (A) Lysates of RH and RHASAG3 parasites
were resolved by SDS-PAGE under either reducing (left) or nonre-
ducing (right) conditions and Western blotted with MAb C8.4. Num-
bers on left indicate molecular masses in kilodaltons. (B) Indirect im-
munofluorescence analysis with MAb C8.4 of methanol-fixed HFF cells
24 h after infection with RH (a) or RHASAGS3 (c) parasites; (b and d)
corresponding differential interference contrast images. Bar, 10 pm.

recognized a 60-kDa protein on Western blots of total tachy-
zoite extracts run under reducing conditions was generated
(Fig. 1A, left, lane RH). By immunofluorescence microscopy,
the antigen localized to the surface of nonpermeabilized ex-
tracellular tachyzoites (data not shown) and to the surfaces and
internal apical structures of detergent-permeabilized extracel-
lular and intracellular tachyzoites (Fig. 1B, a, and data not
shown).

On Western blots of gels run under nonreducing conditions,
MADb C8.4 recognized both the 60-kDa antigen and a band at
43 kDa (Fig. 1A, right, lane RH). The 60- and 43-kDa antigens
were also both immunoprecipitated by MAb C8.4 (data not
shown). The 43-kDa protein was identified as SAG3, a mem-
ber of the immunodominant, glycosylphosphatidylinositol-an-
chored surface protein family of 7. gondii tachyzoites (13, 20),
by Western blotting with an anti-SAG3 antibody (data not
shown). This result was confirmed by Western blotting a par-
asite strain lacking SAG3 (13), extracted under both reducing
and nonreducing conditions, with MAb C8.4 (Fig. 1A, lanes
ASAGS3).

Immunofluorescence with RHASAG3 strain parasites dem-
onstrated that the surface labeling observed with MAb C8.4
(Fig. 1B, a) was due to its cross-reactivity with SAG3. In the
absence of SAG3, MAb C8.4 localizes to the apical ends of
permeabilized tachyzoites (Fig. 1B, ¢) with no detectable pe-
ripheral staining.
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Identification of the 60-kDa antigen as ROP4. The 60-kDa
antigen recognized by MAb C8.4 was purified by immunoaf-
finity chromatography and SDS-PAGE. Tryptic peptides were
analyzed by microcapillary reverse-phase high-performance
liquid chromatography and nanoelectrospray tandem mass
spectrometry. The fragmentation spectra matched four ex-
pressed sequence tags (ESTs) in the T. gondii EST database
(data not shown). A search of the T. gondii EST database iden-
tified a 656-bp contig containing three of the ESTs but lacking
the 5" and 3’ ends of the sequence. By 5'- and 3" RACE, the
complete 1,734-bp open reading frame was determined. The
corresponding genomic DNA was sequenced and found to
contain no introns.

The predicted protein sequence of the 60-kDa antigen (578
aa) exhibits significant sequence similarity to the 7. gondii
rhoptry proteins ROP2 and ROPS. Based on its sequence (Fig.
2), the 60-kDa antigen was identified as ROP4, a previously
sequenced (GenBank accession number Z71787) but other-
wise uncharacterized rhoptry protein (J. F. Dubremetz, per-
sonal communication). The ROP4 ¢cDNA and genomic se-
quences presented here differ from the previously published
sequence. The nucleotides corresponding to positions 490, 563,
and 566 in our sequence are missing in the previously pub-
lished sequence, resulting in two frameshifts within the pre-
dicted amino acid sequence (Fig. 2). Restriction digests of
ROP4 with NotlI (data not shown) were consistent with our
sequence (two predicted cleavage sites) and inconsistent with
the previously published sequence (one predicted cleavage
site). Furthermore, tryptic digestion of the purified antigen
followed by mass spectrometry identified a peptide within this
region with a mass predicted by our sequence (Fig. 2) but not
by the previously published sequence.

The ROP4 primary sequence contains several features of
note, including two hydrophobic regions: an N-terminal signal
sequence, with a predicted cleavage site between residues 33
and 34, and a potential C-terminal transmembrane domain
(Fig. 2). BLAST searches of the 7. gondii genomic database
with the ROP4 amino acid sequence yielded the two known
rhoptry proteins, ROP2 (37% identity) and ROPS (39% iden-
tity), and an unidentified protein with even greater sequence
identity (77%). Protein kinases from a variety of organisms
were identified by BLAST searches of the National Center for
Biotechnology Information database. A putative serine/threo-
nine protein kinase domain in the C-terminal half of the ROP4
sequence was identified by a PROSITE search (16), although
this domain lacks a conserved aspartic acid in the catalytic loop
that is critical for phosphotransferase activity. The ROP4 se-
quence also contains a potential cleavage site for the serine
protease TgSUB2, which may function in ROP4 processing by
removing the prodomain (25), and a YXX¢ motif within the
C-terminal tail that may function in trafficking to the rhoptries
(18, 28). The epitope on SAG3 that cross-reacts with MAb
C8.4 is likely to be conformational rather than linear, as it is
sensitive to reduction and there are no stretches of significant
sequence identity between ROP4 and SAG3.

Generation and localization of ROP4-specific antibodies. To
eliminate the problem of cross-reactivity of MAb C8.4 with
SAG3, new ROP4-specific antibodies were generated. MAbs
against the C-terminal 424 aa of recombinant histidine-tagged
ROP4 were generated. One of these MAbs, 88-70 (Fig. 3A),
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I R P G M Q Q G L

GTTGGCCATACT GTGCTTGAGGCC ACGGCAAGAGAC GTAGATTCGATG CGCAACGAAGGA TTAGCTGTTGGG 936
vV G H T vV L E A R v 312

TTGTTTCARARG GTGAAGAACCCA TATCTAGCTAAC AGGTATCTAAGA TTTCTGGCCCCG TTCGATTTGGTG 1008
L F Q K 33

ACGATCCCGGGG AAGCCATTAGTT CAGAAAGCTAAG TCACGTAATGAG GTTGGCTGGGTC AAAAATCTGTTG 1080
T I PG K PUL V Q KA K S RUNZE VGWV K L 360

TTTCTGCTTCCT CCAACTCATGTC GATATGGAAACG TTTGTCGACGAG ATTGGTCGATTT CCACAAGAGGAC 1152
F L L P P THV D ME T F VvV D E I G R F P QO E D 384

CGCCCCCTAGCT GATGCCGCTCGA TTGTATCTTACT GTTCAGGCGGTG AGGTTGGTAGCG CACCTCCAAGAC 1224
R P L A DAAR L YLT V Q AV RL V A HL Q D 408

TGGTG CAC
E G V V H ¢ K I

ATA ATGCCTGATTCG TTTTGTTTGAAG CGTGAGGGGGGC CTGTACTTGCGT 1296
M P DS ¥ C L K REGG L Y L R 432

GACTTTGGCTCT CTGGTGAGAGCGE GGCGCAAAAGTG GTGGTGCCCGCG GAATATGATGAG TATACGCCGCCA 1368
D F GS L VRA GA KV VVPA EYDE Y TP P 456

GAAGGTCGTGCG GCCGCCCGAAGT CGTTTCGGCTCT GGGGCGACCACG ATGACGTACGCA TTCGACGCCTGG 1440
E G R A A AR S R F G 8 F_D_A W__ 480

ACACT TTCG GTTATATTTTT TTTGGTGCTCT CGAGCTCCCGAT ACAAAATCGGGG TACGAATACAGT 1512
R A P D T K S G Y E Y § 504

GTCGAATTCTTT TTTTCGAGGTGC CGGCGGGTGCCA GAGRACGTGAAA CTTCTGGTTTAC AAGTTGATTAAC 1584
v E F F F 8§ R C RRV P ENV K L L VY KL I N 528

CCTTCTGTCGAG GCCCGCCTGCTC GCCTTGCAAGCG ATAGAGACTCCG GAATACAGGGAG A‘TGGAAGAACAG 1656
PS8 VE ARLTL ALOA IETU?P EYURE M E Q@ 552

CTGTCCGCTGCT TCGCGCCTGTAC TCAGGTGATGGGE ACGTTGACAGGG GGAGACGATGAC ATGCCACCACTG 1728
L 8§ A A R L ¥ G D T L T G G D DD ™M P P L 576

GAAACGTGA 1734
E T * 578

FIG. 2. Nucleotide and amino acid sequences of ROP4. The open
reading frame of ROP4 encodes a polypeptide of 578 aa. Arrow,
predicted signal peptide cleavage site; dashed underline, putative
transmembrane domain; single solid underlines, peptides used to pre-
pare ROP4-specific polyclonal antibodies (UVT70, aa 57 to 73;
UVT68, aa 369 to 386). Shaded nucleotides are absent in the published
ROP4 sequence (GenBank accession number Z71787), resulting in
two frameshifts within the boxed amino acid sequence. A tryptic pep-
tide whose mass matches precisely the mass of the double-underlined
peptide was identified by mass spectrometry analysis.

recognized ROP4 (60 kDa) on Western blots of total T. gondii
extracts run under both reducing and nonreducing conditions
(Fig. 3B). Polyclonal antibodies against synthetic peptides cor-
responding to ROP4 sequences absent in the other known
ROP2 family members were also prepared (Fig. 2 and 3A).
One of these polyclonal antibodies, UVT68, recognized ROP4
(60 kDa) on Western blots of total 7. gondii extracts run under
both reducing and nonreducing conditions (Fig. 3B). The low-
er-molecular-weight 43- to 45-kDa proteins recognized by
MAD 88-70 and UVT68 under reducing conditions may be
degradation products. Neither MAb 88-70 nor any of the poly-
clonal antipeptide antibodies show any detectable cross-reac-
tivity with SAG3.

Immunofluorescence microscopy with the ROP4-specific an-
tibodies localized ROP4 to discrete foci at the apical end
extracellular tachyzoites (Fig. 3C, a). This apical distribution
was indistinguishable from that seen with MAb C8.4 on the
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FIG. 3. Western blot analysis and immunolocalization using ROP4-specific antibodies. (A) Schematic representation of regions recognized by
the ROP4-specific antibodies. Hatched region, C-terminal 424 aa of ROP4 used as the immunogen for mouse MAb 88-70; gray and black boxes,
synthetic peptides used to prepare rabbit polyclonal antibodies UVT70 and UVT68, respectively; arrow, predicted signal peptide cleavage site;
arrowhead, approximate site of prodomain cleavage (see text). (B) Total RH parasite extracts were resolved by SDS-PAGE under either reducing
(left) or nonreducing (right) conditions and Western blotted with MAb 88-70, UVT68, or UVT70. Arrow, pro-ROP4 (68 kDa), recognized by UVT70;
arrowhead, mature ROP4 (60 kDa), recognized by MAb 88-70 and UVT68. On longer exposures, pro-ROP4 (68 kDa) was also recognized by MAb
88-70 and UVT68 (data not shown). Numbers on left indicate molecular masses in kilodaltons. (C) Indirect immunofluorescence microscopy with MAb
88-70 of methanol-fixed extracellular parasites (a) and the corresponding differential interference contrast image (b). Bar, 10 um. (D) Immuno-
electron microscopy using polyclonal antibody UVT68. ROP4 localizes specifically to the rhoptries (R), as is evident from the distribution of the
10-nm immunogold particles. N, nucleus; DG, dense granules. Bar, 200 nm. Panel b shows an enlargement of the boxed region in panel a.

RHASAGS3 parasites (Fig. 1B, c). It was also indistinguishable
from that of ROP2 but different from the staining pattern of
the dense granule and microneme markers GRAS8 and
TgAMA-1 (data not shown). Immunoelectron microcopy con-
firmed that the apical compartment labeled by the ROP4-
specific antibodies is indeed the rhoptries (Fig. 3D).

ROP4 processing. An additional polyclonal antibody,
UVT70, reacts with a 68-kDa doublet in parasite lysates, but
not the 60-kDa band recognized by MAb C8.4, MAD 88-70, or
UVT68 (Fig. 3B). UVT70 was generated against an N-terminal
peptide of ROP4 (aa 57 to 73; Fig. 2 and 3A). Previous studies
have shown that rhoptry proteins can undergo multiple pro-
cessing events to remove the signal peptide and an N-terminal
prodomain (4, 36, 44). It therefore seems likely that the pep-
tide recognized by UVT70 lies within the ROP4 prodomain
and that cleavage of the prodomain converts the 68-kDa pro-
protein to the mature, 60-kDa ROP4. The second band of the
68-kDa doublet recognized by UVT70 may correspond to ei-
ther an additional processed form of ROP4 or to the uniden-
tified ROP4 homolog referred to above that is predicted to be
77% identical to ROP4.

To confirm that the peptide recognized by UVT?70 lies with-

in the cleaved prodomain of ROP4, pulse-chase experiments
were performed. Intracellular parasites were labeled with [*°S]-
methionine and [**S]cysteine, and ROP4 was immunoprecip-
itated with the different ROP4 antibodies. With UVT68S, the 68-
kDa form of ROP4 was detected first, followed by the 60-kDa
form (Fig. 4, left) indicating a precursor-product relationship.
The half-life of the 68-kDa precursor protein is ~60 min, longer
than the ~15-min half-life previously observed for ROP1 (44).

A similar turnover rate for the *S-labeled 68-kDa form of
ROP4 was observed with UVT70. However, the 60-kDa form
was not immunoprecipitated, providing direct evidence that
the epitope recognized by UVT70 is removed during cleavage
of the prodomain (Fig. 4, right). Attempts to identify the
prodomain cleavage site of affinity-purified 60-kDa ROP4 by
amino-terminal sequencing were unsuccessful, most likely a
result of a blocked amino terminus.

In immunofluorescence studies, a relatively low percentage
of fixed and permeabilized intracellular parasites were labeled
by UVT?70. In these parasites, the antibody localized to a few
discrete internal foci, anterior to the nucleus but posterior to
the rhoptries (Fig. 5B). This staining pattern is reminiscent of
the distribution of N-terminally epitope-tagged ROP1 (44).
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FIG. 4. Pulse-chase analysis of metabolically labeled ROP4. Intra-
cellular parasites were labeled for 30 min with [*>S]methionine and
[S]cysteine, followed by chase intervals of 0 to 120 min in medium
lacking *°S. ROP4 was immunoprecipitated from SDS-extracted par-
asites with either UVT68 (left) or UVT70 (right), resolved by SDS-
PAGE, transferred to Immobilon-P, and detected by autoradiography.
UVT68 recognizes both the proprotein (68 kDa; arrow) and the ma-
ture protein (60 kDa; arrowhead), while UVT70 recognizes the pro-
protein (and a second, closely migrating band [see text]), but not the
mature form. Numbers on the left indicate molecular masses in kilo-
daltons.

The compartment labeled by UVT70 may therefore corre-
spond to the nascent rhoptries of daughter parasites (44), in
which ROP1 and ROP4 are processed.

T. gondii divides by endodyogeny, a process in which two
daughter parasites are formed within an intact mother parasite
(Fig. 5A). The daughter parasites are surrounded by an inner
membrane complex that grows from the anterior region to the
posterior of the daughter as endodyogeny proceeds, and within
which daughter organelles either assemble (e.g., the rhoptries)
or are partitioned from the mother (e.g., the nucleus). Dual
labeling with MAb 45.15 (which recognizes IMC1, a major
inner membrane complex protein; Carey and Ward, unpub-
lished) and UVT?70 confirms that the subset of parasites that
are labeled with UVT70 are undergoing endodyogeny, as
UVT70 labeling is only observed within emerging 45.15-posi-
tive daughter parasites (Fig. 5B). Parasites are UVT70 positive
from the initial stages of daughter formation (Fig. 5B, a) until
just prior to budding from the mother cell (Fig. 5B, g). Immu-
noelectron microscopy with UVT70 revealed that the antigen
is concentrated in electron-dense vesicles within the forming
daughter parasites (Fig. 5C).

Secretion of ROP4 into the PV and evacuoles. In infected
cells, mature ROP4 is found within both the rhoptries of the
intracellular parasites and the PVM (Fig. 6A, a). ROP4 is
detectable in the PVM within 15 min after the addition of
parasites to the host cells (Fig. 6A, a). As the parasites divide
and the vacuole grows, ROP4 becomes more difficult to visu-
alize, probably a result of either ROP4 turnover or dilution in
the expanding PVM (Fig. 6A, c).

Parasites pretreated with cytochalasin D for 10 min prior to
incubation with HFF cells are able to attach and secrete the
contents of their rhoptries but are unable to invade. As previ-
ously shown for ROP1 and ROP2 (14), ROP4 is injected into
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the host cell by cytochalasin D-arrested parasites and can be
localized in the resultant evacuoles (Fig. 6B). Interestingly,
dual labeling with antibodies against ROP4 and ROP1 shows
that these two rhoptry proteins are secreted into the evacuoles
to different extents: more ROP4 is detected in the rhoptries of
the attached parasites than in the evacuoles, while the opposite
is observed for ROP1 (Fig. 6B).

Phosphorylation of ROP4. Although ROP4 may not be an
active protein kinase itself, since it lacks a critical aspartic
acid within its degenerate protein kinase domain (16), it was
found to be a substrate for protein kinase activity(ies) pres-
ent in parasite extracts. When such extracts are incubated with
[y-**P]ATP, a weakly **P-labeled 60-kDa band is immunopre-
cipitated with either MAb C8.4 or UVT68 (Fig. 7A, lanes RH).
No labeled bands are immunoprecipitated with these antibod-
ies from [y->*P]ATP-labeled HFF cell extracts (Fig. 7A, lanes
HFF). When extracts of parasites and HFF cells are mixed and
then labeled with [y-**P]JATP, ROP4 incorporates significantly
more *?P (Fig. 7A, lanes HFF + RH) than is incorporated in
parasite extracts alone. Western blotting confirmed that the
increase in *?P labeling was not due to the recovery of more
ROP4 from the mixed extracts (data not shown). Interestingly,
the 68-kDa form of ROP4 immunoprecipitated by UVT70
incorporates no detectable *?P, suggesting that prodomain
cleavage may be a necessary prerequisite for ROP4 phosphor-
ylation in cellular extracts (Fig. 7A).

To determine if ROP4 is phosphorylated in intact parasites,
extracellular tachyzoites were incubated with [**PJorthophos-
phate, extracted, and immunoprecipitated with ROP4 antibod-
ies. Under these conditions, ROP4 does not incorporate de-
tectable levels of *?P, although many other parasite proteins
are *?P labeled (Fig. 7B and data not shown).

To determine if ROP4 is phosphorylated in infected HFF
cells, HFF monolayers were incubated with [**P]orthophos-
phate, infected with parasites, and extracted 6 h later. The
60-kDa form of ROP4, immunoprecipitated with either MAb
C8.4 or UVT6S, is clearly phosphorylated under these condi-
tions (Fig. 7B). Western blotting confirmed that the increased
amount of *?P incorporation in ROP4 from infected monolay-
ers compared to that in ROP4 from extracellular parasites is
not due to the presence of more ROP4 in the infected-cell
samples (data not shown). SAG3 (Fig. 7B) is also phosphory-
lated, as previously observed (45). The identities of the other
heavily phosphorylated 33- to 43-kDa bands in the immuno-
precipitates are not known. These proteins are not detectable
by silver staining or by **S autoradiography in immunoprecipi-
tates of metabolically labeled parasites, indicating that they are
heavily phosphorylated but otherwise minor components of the
immunoprecipitate. They are not present in precipitates in the
absence of the primary antibody or in immunoprecipitates
prepared with an unrelated MAb directed against the dense
granule protein GRAS (data not shown). Immunoprecipitation
of the *?P-labeled proteins with three different ROP4 antibod-
ies (Fig. 7B) makes it unlikely that their presence is due to
antibody cross-reactivity. They are not found in the same frac-
tions as ROP4 on sucrose density gradients (data not shown),
suggesting that they are not physically complexed with ROP4.

ROP4 is phosphorylated on multiple sites. ROP4 phosphor-
ylation in infected HFF cells occurs on both serine and thre-
onine (Fig. 8A). Two-dimensional phosphopeptide mapping
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FIG. 5. Polyclonal antibody UVT70 labels a prerhoptry compartment in developing daughter parasites. (A) Schematic representation of 7.
gondii endodyogeny, a process in which two daughter parasites are formed within an intact mother parasite. Red, inner membrane complex of the
mother and daughter parasites; light green, rhoptries of the mother parasite; bright green, daughter rhoptries. (B) Dual-label immunofluorescence
microscopy. The inner membrane complex (MAb 45.15) of the mother and daughter parasites is red, and the UVT70-positive compartment is
green in the merged images. The compartment labeled by UVT70 is located immediately anterior to the nucleus and posterior to the rhoptries
in developing daughter parasites from the initial stages (a) to very late in endodyogeny (g). UVT70 labeling disappears immediately prior to the
budding of the daughters from the mother (i), and no labeling is detectable in mature, extracellular parasites (not shown). Corresponding
differential interference contrast images are shown below. Bar, 10 pm. (C) Immunoelectron microscopy with polyclonal antibody UVT70. In
parasites undergoing endodyogeny, UVT70 localizes to electron-dense vesicles in the daughter parasites, as is evident from the distribution of the
6-nm immunogold particles. N, mother nucleus; IMC, daughter inner-membrane complexes. Bar, 500 nm. Inset, enlargement of the boxed region.

was used to determine the number of phosphorylated peptides
and to compare the phosphorylation patterns under different
labeling conditions. Four phosphopeptides were reproducibly
detected in [y-**P]ATP-labeled parasite extracts (Fig. 8B, a,
spots 1 to 4). In mixed parasite-HFF extracts, the same four
phosphopeptides were detected (Fig. 8B, b) but the amount of
radiolabel associated with two of these spots increased dramat-
ically compared to the amount in parasite extracts (Fig. 8B, a
and b, spots 3 and 4). These same four peptides are phosphor-
ylated in intact, infected HFF cells (Fig. 8B, c); however, three
additional peptides, phosphorylated in infected cells, are not
observed in [y->*P]ATP-labeled extracts (Fig. 8B, c). Taken
together, these results show that (i) ROP4 is phosphorylated

on multiple serine and threonine residues in infected HFF
cells, (ii) phosphorylation of these sites can be partially repro-
duced in cell extracts, and (iii) a subset of the sites are phos-
phorylated either by host cell protein kinase(s) or by parasite
kinase(s) activated by host cell factors.

Phosphorylation of ROP2. Given the sequence similarity
between ROP4 and ROP2, we investigated whether ROP?2 is
also phosphorylated in infected host cells. Confluent monolay-
ers of HFF cells were incubated with [**P]orthophosphate and
then infected with parasites for 6 h. After extraction, MAb
T34A7 (22) was used to immunoprecipitate ROP2, ROP3, and
ROP4. Two *?P-labeled proteins of 60 and 55 kDa were re-
covered in the immunoprecipitates; these proteins were con-
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FIG. 6. Localization of ROP4 in infected cells and secretion into
evacuoles. (A) Immunofluorescence microscopy showing that MAb
88-70 labels both the rhoptries and the PVM 15 min (a) or 24 h (c)
postinfection. (b and d) Corresponding differential interference con-
trast (DIC) images. Bar, 10 wm. (B) Parasites were incubated with
HFF cells in the presence of cytochalasin D as previously described
(14). Evacuoles within the host cell were visualized by dual-label im-
munofluorescence microscopy with antibodies against ROP4 (a and e;
MAD 88-70; green) and ROP1 (b and f; MAb Tg49; red). (¢ and g)
Merged images; (d and h) corresponding DIC images. *, residual
rhoptry staining within the attached tachyzoites. Bar, 10 pm.

firmed by Western blotting to be ROP4 and ROP2 (Fig. 9),
respectively. The same heavily phosphorylated 33- to 43-kDa
proteins seen in the ROP4 immunoprecipitates (Fig. 7) were
also immunoprecipitated by the ROP2/ROP3/ROP4 antibody.

SECRETION AND PHOSPHORYLATION OF T. GONDII ROP4 1327

A. MAb C84 UVT68 UVT70
a s a s
[ a4 a4
+ + +
ErE ETa iiﬁ
a o i junil-" e o a s
108 —
90 —
- - . o
51—
36—
29—
B. Infected
HFF Parasite HFF
[+ oM ] o O oo o
5 _E=F (EE
w
> > o 5> >
SBbE 8H5bB B8HB5
108 — -—
90 —
51—
36—
29—

FIG. 7. Phosphorylation of ROP4 in cell extracts and in intact cells.
(A) Cell extracts. HFF cell extracts (lanes HFF), tachyzoite extracts
(lanes RH), and HFF extracts combined with tachyzoite extracts (lanes
HFF + RH) were labeled with [y-*P]ATP for 30 min at 30°C and
immunoprecipitated with MAb C8.4, UVT68, or UVT70. The immu-
noprecipitates were resolved by SDS-PAGE, transferred to Immo-
bilon-P, and visualized by autoradiography. The identity of the 60-kDa
32P-labeled band (arrow) as ROP4 was confirmed by Western blotting
(data not shown). Numbers on the left indicate molecular masses in
kilodaltons. (B) Intact cells. HFF cells, tachyzoites, and tachyzoite-
infected HFF cells were labeled with [**PJorthophosphate, extracted,
and immunoprecipitated with MAb C8.4, UVT68, or UVT70. Proteins
were separated by SDS-PAGE, transferred to Immobilon-P, and de-
tected by autoradiography. The mature ROP4 protein (60 kDa), im-
munoprecipitated by MAb C8.4 and UVT68, was phosphorylated in
infected HFF cells (arrow); pro-ROP4 (68 kDa), immunoprecipitated
by UVT70, was not. SAG3, precipitated with MAb C8.4, was also
phosphorylated (arrowhead), as previously reported (45). The identi-
ties of the heavily phosphorylated 33- to 43-kDa proteins precipitated
by all three antibodies are unknown. Numbers on the left indicate
molecular masses in kilodaltons.
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FIG. 8. Phosphoamino acid analysis and peptide mapping of phos-
phorylated ROP4. (A) Phosphoamino acid analysis. Purified ROP4 from
[**P]orthophosphate-labeled infected HFF cells was hydrolyzed with 6
N HCI and analyzed by TLC. **P-labeled spots comigrating with nin-
hydrin-stained phosphoserine (P-S), phosphothreonine (P-T), and phos-
photyrosine (P-Y) standards were detected by autoradiography. (B) Phos-
phopeptide mapping. ROP4 was immunoprecipitated with MAb C8.4
from parasite extracts labeled with [y-**P]JATP (a), combined HFF and
parasite extracts labeled with [y->PJATP (b), or extracts prepared from
[**P]orthophosphate-labeled infected HFF cells (c). Proteins were re-
solved by SDS-PAGE, transferred to Immobilon-P, and detected by
autoradiography. In each case, the band corresponding to ROP4 was
excised, digested with TPCK (tosylsulfonyl phenylalanyl chloromethyl
ketone)-trypsin, and spotted onto the origin (O) of a cellulose TLC
plate. Tryptic peptides were separated by electrophoresis in the first
dimension and chromatography in the second. The labeling intensity of
two of the phosphopeptides increased dramatically in the combined
host cell-parasite extract compared to that in the extract of parasites
alone (a and b, spots 3 and 4). Several additional phosphopeptides
were detected in the infected HFF cells (c, arrows) that were not
phosphorylated in cell extracts (a and b, arrows). TLE, thin-layer
electrophoresis.

DISCUSSION

In this report, we have identified and characterized T. gondii
ROP4, a new member of the ROP2 family of proteins. Previ-
ous studies have demonstrated that rhoptry proteins are syn-
thesized as proproteins, which are proteolytically processed to
their mature forms en route to the rhoptries (44). Rhoptry
protein processing has been studied primarily with ROP1.
ROP1 cleavage does not appear to be required for targeting to
the rhoptries, suggesting that it may instead be involved in
folding or function (6). Brefeldin A blocks ROP1 processing,
indicating that processing occurs downstream of the endoplas-
mic reticulum (44). Immunofluorescence microscopy localized
the N-terminal epitope tag on recombinant myc-ROP1 to an
anterior compartment distinct from mature rhoptries in the
subset of parasites undergoing replication (44). These data
suggested that the N-terminal prodomain of ROP1 is removed
late in the secretory pathway within an anterior “prerhoptry”
compartment.
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We show here that ROP4 is similarly processed at its N
terminus to a mature 60-kDa polypeptide, with a half-life of
~60 min. The immunofluorescence data with UVT70 demon-
strate that the propeptide is removed from ROP4 en route to
the mature rhoptries. The discrete compartment labeled by
UVT70 in daughter parasites during endodyogeny—anterior
to the nucleus and posterior to the rhoptries—may represent
the site of ROP4 processing. UVT70 reacts with native ROP4,
rather than a recombinant construct, and may be a useful
reagent for characterizing rhoptry protein processing and the
compartment in which processing occurs.

Pharmacological inhibition of either cysteine or serine pro-
tease activity results in disruption of rhoptry formation during
parasite replication (38). Two candidate target enzymes have
recently been identified and localized to the rhoptries: Tg-
SUB2, a subtilisin-like serine protease, and Toxopain-1, a ca-
thepsin B cysteine protease (25, 32). The amino acid sequence
of ROP4 contains a potential TgSUB2 cleavage site immedi-
ately C-terminal to the epitope recognized by polyclonal anti-
body UVT70, and preliminary data suggest that ROP4 is in-
deed a substrate for TgSUB?2 in vivo (K. Kim, unpublished
observation).

ROP4 is secreted during or shortly after invasion and asso-
ciates with the PVM, most likely through its predicted trans-
membrane domain. If parasite internalization is blocked with
cytochalasin D, ROP4 is secreted from the parasite into the
host cell cytoplasm, where it can be detected in evacuoles,
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FIG. 9. Phosphorylation of ROP2 in infected cells. Infected HFF
cells were labeled with [*?P]orthophosphate, extracted, and immuno-
precipitated with MAb C8.4 (ROP4) or MADb T34A7 (ROP2/ROP3/
ROP4). Proteins were separated by SDS-PAGE, transferred to Immo-
bilon-P, and detected by autoradiography and Western blotting. Two
of the phosphorylated proteins immunoprecipitated by MAb T34A7
corresponded to ROP4 (black arrowhead) and ROP2 (arrow), as de-
termined by Western blotting with UVT68 and anti-ROP2 polyclonal
antisera. The protein indicated by the white arrowhead on the ROP2
Western blot was also recognized on Western blots probed with MAb
T34A7 and is presumed to be ROP3. This protein incorporates little,
if any, *P. Numbers on the left indicate molecular masses in kilodaltons.
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poorly defined structures that are thought to function in the
delivery of rhoptry proteins to the PVM (14). Surprisingly, we
found that ROP4 and ROP1 appear to be secreted into evacu-
oles to different extents. This may indicate that different rhop-
try proteins are stored in different rhoptries or rhoptry sub-
compartments, the secretion of which is differentially regulated.
Alternatively, different rhoptry proteins may be modified post-
secretion in ways that differentially affect antibody binding.

A search for functional domains in the amino acid sequence
of ROP4 identified a degenerate protein kinase domain. All
members of the ROP2 family contain at least some of the
consensus residues that define the kinase domain, but only
ROP2 encodes the conserved aspartic acid in the catalytic loop
critical to phosphotransferase activity (16). Members of the
ROP2 family may therefore have diverged from an ancestral
protein kinase; whether ROP2 has retained protein kinase
activity is unknown, as are the functions of the other members
of the ROP2 family. Attempts to determine whether immuno-
precipitated ROP4 or ROP2 or both are capable of autophos-
phorylation were complicated by the presence of additional
proteins in the immunoprecipitates (Fig. 7 and 9 and data not
shown).

Regardless of whether or not ROP4 and ROP2 are them-
selves active kinases, we show here that both of them are
substrates for kinase activity(ies) present in infected cells. Fur-
ther analysis of ROP4 showed it to be phosphorylated on
several serine or threonine residues both in parasite extracts
and in intact infected cells. ROP4 is not phosphorylated in
intact extracellular parasites, indicating that (i) ROP4, the
ROP4 kinase(s), and/or the labeled ATP pool are compart-
mentalized from one another within the parasite; (ii) the con-
formation of ROP4 within the rhoptries somehow precludes its
phosphorylation; or (iii) the parasite ROP4 kinase(s) is acti-
vated during invasion. The observation that pro-ROP4 (68
kDa) is not phosphorylated in parasite extracts, in contrast to
mature ROP4 (60 kDa), suggests that the conformation of the
protein may indeed affect its ability to be phosphorylated. The
increased phosphorylation of specific peptides in combined
host cell-parasite extracts compared to that in extracts of par-
asites alone suggests that these sites may be targets for host cell
kinases and/or parasite kinases that are activated by host cell
factors. The observation that additional sites are phosphory-
lated in infected host cells compared to the sites phosphory-
lated in combined extracts indicates either that the conditions
in our extracts are suboptimal for reconstituting full ROP4 phos-
phorylation or that these additional phosphopeptides are tar-
gets for host or parasite kinases that are activated in response
to invasion. Identification of the kinase(s) that phosphorylates
the various sites on ROP4 will be an important area for future
investigation.

It was recently reported that parasites deficient in ROP4
show no obvious growth or invasion defect in cell culture (7).
The high degree of sequence similarity that exists among mem-
bers of the ROP2 family of proteins may indicate some degree
of functional redundancy. The generation of parasites that are
simultaneously deficient in multiple members of the ROP2
family and/or the analysis of mutant strains in animal models
may ultimately be required to elucidate the function of ROP4
and other uncharacterized members of the ROP2 family. The
recent development of RNA-based methods for controlling
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gene expression in 7. gondii (1, 39) may enable the simulta-
neous downregulation of genes that have significant sequence
identity, such as those of the ROP2 family.

The behavior of ROP4 described here is strikingly similar to
that of Chlamydia psittaci IncA. IncA is secreted by C. psittaci
into its host cell, where it associates with the vacuole mem-
brane and is phosphorylated on multiple serine and threonine
residues by host cell kinases(s) (34). The functions of ROP4
and IncA and their intracellular phosphorylations are currently
unknown. In any intracellular parasite surrounded by a vacu-
olar membrane, the membrane serves as a critical functional
interface between the parasite and the host cell cytoplasm
(reviewed in reference 40). For T. gondii, nutrient import and
waste disposal occur across the PVM, host mitochondria and
the endoplasmic reticulum are recruited and physically teth-
ered to the PVM, the host cell’s intermediate filament network
is reorganized around the PVM, and the intracellular parasite
is capable of inhibiting host cell apoptosis from within the
PVM (15, 27, 37, 42). As predicted transmembrane proteins of
the PVM that are also posttranslationally modified within the
infected cell, ROP2, ROP4, and other members of the ROP2
family are well situated to play an important role(s) in PVM
function. Indeed, ROP2 appears to function in the recruitment
of host cell mitochondria and the endoplasmic reticulum to the
PVM in infected cells (41). Given the molecular genetic tools
available for studying protein function in Toxoplasma (24, 35),
future studies in which the phosphorylation sites of individual
ROP2 family members are disrupted may reveal important new
insights into the function of this family of vacuolar proteins and
their posttranslational modification within the host cell.
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