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Morrissette, N. S., and Roos, D. S. 1998. Toxoplasma gondii: A INTRODUCTION
family of apical antigens associated with the cytoskeleton. Experimen-
tal Parasitology 89, 296–303. Antigens associated with the conoid
and apical pellicle in Apicomplexan parasites have previously been

Apicomplexan parasites such as Toxoplasma gondii em-defined by a panel of monoclonal antibodies that recognize distinct
ploy a rigid framework of subpellicular microtubules to de-but overlapping protein subsets (Morrissette et al. 1994). To probe
fine cell shape, a strategy shared with other protozoa orga-the association of these antigens with the apical membrane skeleton

of Toxoplasma gondii, we examined their distribution in detergent- nized by “subpellicular” or “corset” microtubules. In
extracted tachyzoites and in intracellular parasites treated with drugs Toxoplasma tachyzoites, 22 subpellicular microtubules con-
that disrupt microtubules. Although intact parasites are labeled only fer a rigid crescent shape and apical polarity (Nichols and
at their extreme apex, immunogold localization in detergent-extracted

Chiappino 1987). The subpellicular microtubules are closelytachyzoites indicates that the antigens under study are associated
associated with the inner membrane complex, although thewith the subpellicular microtubules along their full length. Brief
nature of cytoskeleton–pellicle interactions is not yet clear.treatment with oryzalin, which results in dissociation of subpellicular

microtubules from the pellicle, permits identification of the apical Membrane-associated microtubules are not dynamic and
antigens farther along the length of the parasite. Longer dinitroaniline are unaffected by agents such as nocodazole or colchicine,
treatment completely eliminates the subpellicular microtubules, after which disrupt conventional cytoplasmic microtubules (Rus-
which the apical antigens are found as insoluble patches associated sell and Sinden 1981), but many protistan microtubules are
with the parasite pellicle. Taken together, these observations argue

sensitive to dinitroanilines (originally developed as herbi-that the apical antigens under study are present along the entire
cides, these compounds inhibit meristematic growth by dis-microtubule in intact parasites but are inaccessible to antibody
rupting spindle microtubules in plants; Morejohn et al.binding. In turn, this suggests that these antigens may play a role

in the close association of microtubules with the parasite pellicle. 1987). At concentrations that are harmless to host cells,
q 1998 Academic Press dinitroaniline-treated intracellular Leishmania amastigotes

Index Descriptors and Abbreviations: Apical polar ring; conoid; are unable to replicate and cannot differentiate to promasti-
cytoskeleton; dinitroaniline herbicide; inner membrane complex; ory-

gotes (Chan and Fong 1990). These drugs affect T. gondiizalin; pellicle; subpellicular microtubules; Toxoplasma gondii; HFF,
and other Apicomplexan parasites similarly: disruption ofhuman foreskin fibroblast; MAP, microtubule associated protein; PBS,
the intranuclear spindle prevents replication, and the loss ofphosphate buffered saline.
subpellicular microtubules destroys cell shape and polarity
(Stokkermans et al. 1996).

We previously described a family of insoluble antigens as-
sociated with only the apical part of the T. gondii cytoskeleton1Present address: Department of Immunology, School of Medicine,
(Morrissette et al. 1994). Although microtubules are presentUniversity of Washington, Seattle, WA 98195.

2To whom correspondence should be addressed. at the parasite apex, they also extend farther along the length
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One hundred microliters of protein-A agarose (Gibco BRL) was washedof the pellicle, into regions where the apical antigens have not
in immunoprecipitation buffer, resuspended in 300 ml ascites or nonspe-been detected. In this report, we used detergent extraction and
cific mouse IgG (Sigma), and incubated at room temperature for 1 h

dinitroaniline treatment to demonstrate that distribution of with constant mixing. The protein-A–antibody complex was pelleted
these antigens is more extensive, but their detection by anti- at 48C at full speed in a microfuge for 2 min and washed for 15 min

with immunoprecipitation buffer. Beads were resuspended in the T.bodies appears to be masked in intact parasites by the close
gondii protein lysate and incubated with gentle mixing for 1 h at roomassociation of microtubules with the pellicle.
temperature, washed as before, and resuspended in SDS PAGE sample
buffer. After electrophoresis, proteins were visualized by Coomassie
staining of the gels or immunoblot analysis. The only monoclonal
antibody in our collection that was successful in immunoprecipitation

MATERIALS AND METHODS experiments (R3F2) did not require a rabbit anti-mouse bridge antibody
to bind protein-A agarose.

Culture of parasites. Toxoplasma RH(EP) strain (Sabin 1941) was
maintained by serial passage in confluent lines of primary human
foreskin fibroblasts (HFF) in Eagle’s minimal essential media supple- RESULTS
mented with 1% heat-inactivated fetal bovine serum and 25 mg/L
gentamicin. Parasites were isolated from freshly lysed out HFF mono-
layers by filtration through 3-mm filters (Nuclepore) as previously

In studies intended to characterize antigens associated withdescribed (Roos et al. 1994).
the extreme apex of T. gondii, we previously isolated threeIntracellular tachyzoites were treated with 1 mM oryzalin (Lilly

Research Laboratories; additional oryzalin was generously synthesized categories of monoclonal antibodies that identify overlapping
by Dr. John Benbow, Lehigh University). Oryzalin-treated parasites patterns of multiple bands on immunoblots, suggesting that
cannot replicate and lose their crescent shape owing to the disassembly these reagents may recognize a family of antigens having a
of subpellicular microtubules (Stokkermans et al. 1996). They continue

common epitope or modification. As shown in Fig. 1A, anti-to grow in size, however, and lyse out of the host monolayer as
bodies in the first class recognize at least six bands of .200,enormous, round cells (owing to their large size, oryzalin-treated para-

sites could not be isolated from host cell debris by Nuclepore filtration). 122, 112, 104, 92, and 68 kDa. Class II antibodies recognize
Chlorpromazine and triflupromazine (Sigma) were applied at 10 mM antigens that comigrate with the largest three of these bands,
for 1–4 h prior to fixation. butnot the68-,92- or104-kDamolecules.Class III recognizes

Microscopy. For immunofluorescence, HFF cells on glass slides
only .200- and 112-kDa bands. To directly test the relat-or coverslips were infected with T. gondii tachyzoites and processed
edness of comigrating bands, class III monoclonal antibodyfor immunofluorescence (Morrissette et al. 1994). Confocal images

were obtained on either a Biorad MRC-500 or a Leica TCS confocal R3F2 was used to immunoprecipitate the .200-kDa antigen.
microscope. Cryosectioning and immunoelectron microscopy were per- Probing this immunoprecipitated sample with class I antibody
formed by using either intracellular parasites grown in HFF cells in C4F3 demonstrates that both class I and class III antibodies
10-mm dishes or extracellular tachyzoites that were fixed and processed

recognize the same .200-kDa species (Fig. 1B). Unfortu-as previously described (Morrissette et al. 1994).
nately, other monoclonal antibodies from our collectionImmunoblotting. T. gondii tachyzoite protein was electrophoresed

on 10% acrylamide gels and blotted to nitrocellulose. After Ponceau proved to be unsuitable for immunoprecipitation under the
S staining, the nitrocellulose was cut into strips and blocked in 10% harsh conditions necessary to solubilize these antigens, pre-
nonfat milk in PBS overnight. Each strip was inverted onto parafilm cluding reciprocal precipitation/blotting experiments. In ad-
containing 500 ml conditioned media from an individual hybridoma

dition to the .200-kDa band, an extremely high molecularline, and incubated for 1 h at room temperature in a hydrated chamber.
weight band was detected in Coomassie-stained gels of R3F2-After having been washed with PBS for 15 min, the strips were individ-

ually incubated for 1 h with a 1:5000 dilution of horseradish peroxidase- precipitated protein. When lower percentage acrylamide gels
conjugated rabbit anti-mouse secondary antibody (Cappel). The final were blotted for extended periods of time, this band was trans-
wash was followed by luminol detection (Amersham or DuPont), ac- ferred to the nitrocellulose and could be labeled by the R3F2
cording to the manufacturers’ recommendations.

antibody (not shown). The relationship of this molecule to theImmunoprecipitation. Approximately 2 3 108 free tachyzoites
.200-kDa band (and the five lower-molecular-weight spe-were solubilized in 300 ml of immunoprecipitation buffer containing

1.0% Triton X-100, 0.2% sodium dodecyl sulfate, 0.5% sodium deoxy- cies recognized by class I antibodies) remains unclear.
cholate, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 10 mM b- By immunoelectron microscopy, the apical membrane-
mercaptoethanol, and 15 mM Tris-HCl, pH 7.4 (Asai and Wilder 1993), associated localization of class I–III antigens often exhibits
supplemented with protease inhibitors (as heretofore described). After

clustered gold particles, suggesting that these antigens maysonication on ice, the sample was either used immediately or frozen
be organized by (or may organize) the 22 subpellicular mi-at 2808C. Before use, the lysate was spun at full speed in a microfuge

at 48C for 30 min to remove aggregated or insoluble material or both. crotubules (Morrissette et al. 1994). As shown in Fig. 2,
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subpellicular microtubules of extracellular tachyzoites
(which do not replicate) but prevents formation of spindle-
pole microtubules in replicating intracellular parasites,
blocking further division (Stokkermans et al. 1996). Ory-
zalin also disrupts the subpellicular microtubules of intracel-
lular parasites, causing them to lose their crescent shape. A
microneme antibody that detects antigen MIC2 (Achbarou
et al. 1991; Morrissette et al. 1994) was used as a probe for
apical polarity, as shown in Fig. 3. Rounded parasites (in
which both the spindle and the subpellicular microtubules
have disassembled) demonstrate partially dispersed cyto-
plasmic labeling rather than exclusively apical staining (vac-
uole at upper left), whereas parasites that retain their crescent
shape (i.e., those that have not yet attempted to divide)
maintain apical polarity (vacuole at lower right). The pres-
ence of both rounded and crescent-shaped parasites in a
single sample results from treatment of the asynchronously
replicating parasite population for less than a full ,8-h
cell cycle (Fichera et al. 1995); upon longer treatment, all
intracellular tachyzoites convert into a spherical shape.

FIG. 1. Three classes of monoclonal antibodies identify overlap- The membranecytoskeleton-associated antigen family rec-
ping and related subsets of antigens. (A) Class I antibodies (e.g., C4F3) ognizedby class I–III antibodies localizes to the apicalpellicle
recognize at least six bands of .200, 122, 112, 104, 92, and 68 kDa

in untreated tachyzoites. Class I and II antibodies label theon this Western blot. Class II antibodies (C12C2) recognize comigrating
apical end of parasites, extending approximately 25% of para-antigens of .200, 122, and 112 kDa, whereas class III antibodies

(R3F2) recognize antigens of .200 and 112 kDa only. (B) After site length (Fig. 4A). After oryzalin treatment, these apical
immunoprecipitation with class III monoclonal R3F2 and transfer to antigens are found in patches, spots, and rings associated with
nitrocellulose, the .200-kDa band is recognized by class I antibody the tachyzoite pellicle (Fig. 4C). It is interesting to note that
C4F3, demonstrating that these two antibodies recognize the same

these antigens retain some degree of organization and andprotein. HC and LC indicate heavy and light chains, respectively,
membrane association, even when the subpellicular microtu-from the primary antibody used for immunoprecipitation, which are

recognized by the peroxidase-labeled anti-mouse secondary antibody. bules are completely dispersed (Stokkermans et al. 1996).
Pellicular localization is clearly visualized by immunogold
labeling (Fig. 5). In untreated parasites, the antigens under
study are labeled along only a fraction of the length of the
subpellicular microtubules (cf. Fig. 4A). However, for a briefcryosections of detergent-extracted parasites permit visual-

ization of low-contrast subpellicular microtubules (which period after treatment with oryzalin—but prior to complete
microtubuledisassembly—theseantigens labela radiating fil-cannot be seen in unextracted samples; Morrissette et al.

1994). Labeling of these insoluble tachyzoite “ghosts” is amentous pattern reminiscent of the subpellicular microtu-
bules (Fig. 4B), suggesting that antibody recognition may beassociated with sections through and tangential to the conoid,

as well as with remnants of the pellicle. In Fig. 2A, the sterically hindered in untreated parasites.
By immunofluorescence, the class III antibody (which la-subpellicular microtubules have collapsed into a single

plane, and the gold label appears to be associated with the bels a very small region of the apex in untreated samples; Mor-
rissette et al. 1994) is prominently associated with tiny struc-tangential section along these microtubules (confirmed by

statistical analysis of particle distribution; not shown). tures after oryzalin treatment of Toxoplasma (Fig. 6A). At
high magnification, these structures are revealed to be minuteOf particular note—and in contrast with observations in

intact parasites—antigen is associated along the entire length rings (sequential, confocal optical sections demonstrate that
the appearance of rings is not a focusing artifact; data notof the microtubules. To further examine the association of

class I–III antigens with the tachyzoite cytoskeleton, subpel- shown). In some cases, class I and II antibodies also stain a
ringlike structure (Fig. 6C). These rings are likely to representlicular microtubules were disrupted with oryzalin and other

dinitroanilines. Oryzalin does not affect the nondynamic association of antigen with the conoid and apical polar ring.
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FIG. 2. Apical antigens continue to associate with the tachyzoite ghost after detergent extraction. Labeling of the conoid and subpellicular
microtubules is detected by immunogold EM of cryosections (class II antibody C12C2). Class I antibodies yield similar patterns but provide less-
intense immunogold staining (not shown); class III antibody fails to label by immunogold. (A) Arrows indicate subpellicular microtubules. (B, C)
Label is associated with sections across or through the conoid and the insoluble residue of the parasite pellicle. Scale bars 5 0.5 mm.

Similar effects on the distribution of apical antigens are associations between the corset microtubules and the plasma
membrane (Seebeck and Gehr 1983). Although these com-observed in parasites treated with ethalfluralin and trifluralin,

two other dinitroaniline herbicides. In contrast, disruption pounds are toxic to Apicomplexan parasites (Kristiansen and
Jepsen 1985), their effect on Plasmodium and Toxoplasmaof subpellicular microtubules is not observed after treatment

of T. gondii with chlorpromazine or triflupromazine—drugs is morphologically distinct from that observed with dinitroa-
nilines (not shown).that inhibit trypanosomatid parasite motility by disrupting
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FIG. 4. Oryzalin treatment disperses the characteristic apical pat-
tern of class I antigen. (A) Untreated tachyzoites labeled with class I
antibody C4F3 demonstrate an apical pattern that extends #25% of
the length of the tachyzoite (two parasitophorous vacuoles, each con-
taining 16 tachyzoites are shown). (B) Treatment with oryzalin dissoci-
ates the subpellicular microtubules, producing a globular morphology
in parasites that have attempted to replicate (Stokkermans et al. 1996).
A single vacuole containing four parasites is shown in this sample,
where the tachyzoites have recently attempted replication (after 6 h in
drug). The C4F3 antigen appears to stain along filaments radiating from
the apical end, presumably owing to association with the subpellicular

FIG. 3. Oryzalin-mediated loss of microtubules destroys both the microtubules as they begin to separate from the pellicle prior to disas-
characteristic crescent shape and the apical polarity of tachyzoites. After sembly. (C) After 24 h in oryzalin, the class I antigen is restricted to
6 h in 1 mM oryzalin (less than one cell cycle; Fichera et al. 1995), the spots and patches on the parasite pellicle. (D) Phase-contrast image of
asynchronously replicating population of intracellular parasites is differ- the same field shown in (C) demonstrates that the tachyzoites have
entially affected. The four tachyzoites within the parasitophorous vacu- swollen considerably in size, producing large amorphous blobs within
ole in the lower right-hand corner of this image have not attempted to the single parasitophorous vacuole shown. Scale bar 5 10 mm.
replicate sinceoryzalin additionand retain theircrescent shapeand apical
organization of MIC2 (antibody R7D2; Morrissette et al. 1994). The four
parasites in the upper left-hand corner (which have undergone abortive
replication, resulting in disassembly of the subpellicular microtubules)

that can be identified by C4F3 (a class I antibody) on immu-are round and have lost apical polarity; micronemes are dispersed
throughout the cytoplasm. Scale bar 5 10 mm. noblots, demonstrating that at least one of the comigrating

bands is indeed identical (Fig. 1B). These antigens are not
extracted by Triton X-100 (Fig. 2); all six bands recognized
by class Iantibody partition to thedetergent-insoluble fraction

DISCUSSION (not shown). Treatment with 1 mM oryzalin to disrupt subpel-
licular microtubules does not change the partitioning of these
antigens, suggesting that their insolubility may be an inherent
property rather than an indirect effect of microtubule associa-Antigens associated with the conoid and the subpellicular

microtubules of T. gondii are recognized by three classes of tion. Although these antigens are associated with microtu-
bules, they do not have the property of heat stability commonmonoclonal antibodies that detect an overlapping pattern of

multiple bands on immunoblots (Morrissette et al. 1994). An- to other high-molecular-weight MAPs such as Tau and MAP2
(Drubin and Kirshner 1986; Sloboda and Rosenbaum 1982):tibody R3F2 (class III) immunoprecipitates a .200-kDa band
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FIG. 5. Immunoelectron micrographs of parasites treated with orzyalin for 8 h. Apical antigens (antibody C12C2) localize to the conoid (which
is not disrupted by this treatment) and the adjacent pellicle. Note that, although microneme organization is partly dispersed in such grossly distorted
parasites (Fig. 3A), some micronemes remain associated with the conoid. Abbreviation: c, conoid. Scale bar in (A) 5 0.5 mm; scale bar in (B) 5
1.0 mm.
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FIG. 6. Abolition of microtubule-based parasite organization reveals antigen association with the conoid or apical polar ring or both. (A, B)
Class III antibody R3F2 labels tiny spots at the parasite periphery in oryzalin-treated tachyzoites (6-h treatment). At higher resolution, these spots
are revealed to be circles (not shown). (C, D) In certain vacuoles, class I antibody C4F3 also produces a circular staining pattern. Scale bar 5 10 mm.

when French press- or Dounce-disrupted parasites are sub- resembles the schizont stage of other Apicomplexans. In
jected to heat treatment, the antigen family partitions with the most of the Apicomplexa, host-cell invasion by crescent-
high-speed pellet rather than the supernatant. shaped forms (sporozoites, merozoites) is followed by a de-

A number of protozoan cytoskeletal antigens display mul- differentiation event in which the parasites disassemble their
tiple bands on immunoblots. Multiple bands can result from subpellicular microtubules and lose apical polarity (the api-
processing of a polyprotein to its functional units (Rindis- cal complex disperses), and the inner membrane complex
bacher et al. 1993) or from susceptibility of highly repeated partly detaches from the plasma membrane (Aikawa 1971;
MAPs to proteolytic degradation (Schneider et al. 1988). In Hammond 1973; Hepler et al. 1966; Sinden 1978). These
Plasmodium, it has been suggested that actin may be modi- de-differentiated forms are unable to invade host cells. De-
fied by ubiquitin to create a ,55-kDa arthrinlike species differentiation is followed by nuclear and organellar replica-
(Field et al. 1993). Although immunoblots of Apicomplexan tion and the formation of many daughter parasites (schizog-
protein probed with anti-actin antibodies show multiple ony), which organize at the periphery of the polyploid mater-
bands (including the canonical 43-kDa actin band and nal cell. In contrast, T. gondii replicates by endodyogeny—a
higher-molecular-weight species; Baines and King 1989a,b; modified form of schizogony that does not require de-differ-
Field et al. 1993), none of the immunoblot bands labeled

entiation, because only two daughter parasites are formed
by either anti-actin or two different anti-ubiquitin antibodies

within the mother. As a result, Toxoplasma tachyzoites re-comigrate with the various class I antigens, suggesting that
main invasive at all stages of the cell cycle. By disassemblingthe class I–III antigens in T. gondii do not arise from ubiquiti-
the subpellicular microtubules, oryzalin treatment convertsnation. Carbohydrate modification could potentially gener-
intracellular tachyzoites into a de-differentiated schizont-ate a common epitope on multiple proteins, but the cyto-
like form that is metabolically viable but incapable of inva-plasmic location of these antigens argues against N-linked
sion owing to the loss of motility and apical specialization.glycosylation. Moreover, treatment of blots with periodate

Oryzalin treatment of intracellular tachyzoites yields adoes not abrogate binding of T. gondii antigen by C4F3.
staining pattern consistent with the association of class I–IIITreatment of Toxoplasma with dinitroanilines disrupts the
antigens with subpellicular microtubules. The localizationsubpellicular microtubules, disperses the apical complex,
of these antigens relative to microtubules appears somewhatand causes the inner membrane complex to partly detach
restricted in untreated tachyzoites, however: microtubulesfrom the plasma membrane (Stokkermans et al. 1996). This

transforms tachyzoites into a state that, in some respects, extend past the parasite nucleus, while the apical antigens
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Fichera, M. E., Bhopale, M. K., and Roos, D. S. 1995. In vitro assayslabel #25% of the length of the parasite. Intracellular tachy-
elucidate peculiar kinetics of clindamycin action against Toxoplasmazoites begin to round up shortly after oryzalin treatment, a
gondii. Antimicrobial Agents and Chemotherapy 39, 1530–1537.

transformation that apparently correlates with dissociation
Field, S. J., Pinder, J. C., Clough, B., Dluzewski, A. R., Wilson, R. J.of subpellicular microtubules from the inner membrane com-

M., and Gratzer, W. B. 1993. Actin in the merozoite of the malaria
plex. These oryzalin-treated samples exhibit extended class parasite, Plasmodium falciparum. Cell Motility and the Cytoskeleton
I antibody staining along the length of subpellicular microtu- 25, 43–48.
bules (Fig. 4B). After prolonged oryzalin treatment, the dis- Hammond, D. M. 1973. Life cycles and development of Coccidia. In
sociated subpellicular microtubules disassemble and apical “The Coccidia: Eimeria, Isospora, Toxoplasma, and Related Gen-
antigens are found in rings, patches, and dots on the tachy- era,” pp. 45–79. University Park Press, Baltimore, MD.
zoite pellicle (Figs. 4C and 6). The association with both Hepler, P. K., Huff, C. G., and Sprinz, H. 1966. The fine structure of
subpellicular microtubules and the pellicle suggests that the the exoerythrocytic stages of Plasmodium fallax. Journal of Cell

Biology 30, 333–359.apical antigen family defined by class I–III antibodies may
mediate interactions involved in maintaining the complex Kristiansen, J. E., and Jepsen, S. 1985. The susceptibility of Plasmo-

dium falciparum in vitro to chlorpromazine and the stereo-isomericcytoskeletal architecture of T. gondii.
compounds cis(z)- and trans(e)-clopenthixol. Acta Pathologica, Mi-
crobiologica et Immunologica Scandinavica {B} 93, 249–251.
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