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Abstract

Subtilisin-like proteases have been proposed to play an important role for parasite survival in
Toxoplasma gondii (TQ) and Plasmodium falciparum. The T. gondiisubtilase TgSUBL1 is located
in the microneme, an apical secretory organelle whose contents mediate adhesion to the host
during invasion. TgSUBL is predicted to contain a glycosyl-phosphatidylinositol (GPI) anchor.
This is unusual as Toxoplasma GPl-anchored proteins are targeted to the parasite's surface. In this
study, we report that the subtilase TgSUBL1 is indeed a GPIl-anchored protein but contains
dominant microneme targeting signals. Accurate targeting of TgSUB1 to the micronemes is
dependent upon several factors including promoter strength and timing, accurate processing and
folding. We analyzed the targeting domains of TgSUBL1 using TgSUBL deletion constructs and
chimeras made between TgSUB1 and reporter proteins. The TgSUB1 prodomain is responsible for
trafficking to the micronemes and is sufficient for targeting a reporter protein to the micronemes.
Trafficking is dependent upon correct folding or other context-dependent conformation as the
prodomain expressed alone is unable to reach the micromenes. Therefore, TgSUBL1 is a novel
example of a GPI-anchored protein in 7. gondii that bypasses the GPI-dependent surface
trafficking pathway to traffic to micronemes, specialized regulated secretory organelles.
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Toxoplasma gondii (Tg) is an obligate intracellular parasite belonging to the phylum
Apicomplexa. Other parasites in this phylum include Plasmodium, Cryptosporidium,
Neosporaand Eimeria, which are important human and animal pathogens. Although the host
cell type varies among the Apicomplexa, the mechanism of invasion is remarkably similar.
Common to this group of protozoa is an apical complex of secretory organelles:
micronemes, rhoptries and dense granules. The successful completion of cell invasion is
highly dependent on sequential secretion of the apical organelles (1,2).

The trafficking of secretory proteins to their respective organelles provides clues as to their
possible functions. Regulation of intracellular transport of secretory proteins is proving to be
complex.
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Trafficking of proteins can be based on one or a combination of factors including specific
sorting motifs, proteolytic cleavage and/or timing of expression. Toxoplasma glycosy-
phosphatidylinositol (GPI)-anchored proteins like surface antigen 1 (SAG1 or p30) are
targeted to the parasite's surface through the GPI anchor. The GPI anchor sequence has been
found to direct microneme proteins or heterologous reporters to the cell surface (3,4). Many
microneme proteins (e.g. MIC2, MIC6 and MIC8) contain transmembrane domains with
conserved tyrosine-based signal and acidic amino acid motifs within the cytoplasmic tail
necessary for the microneme targeting (4,5). Moreover, soluble micronemal proteins (e.g.
M2AP, MIC3, MIC4 and MIC1) associate with transmembrane micronemal proteins in a
complex to be targeted to the microneme. Disruption of one of the proteins affects its
partner's targeting (4,6).

Proper targeting of many proteases is dependent upon the prodomain. Prodomains can act as
intramolecular chaperones (7,8). Thus, inefficient cleavage can perturb folding and/or
association with trafficking partners, leading to retention or mistargeting (9). In some cases,
specific sequences in the prodomain contain targeting signals (10). In 7. gondii, the
prodomain of several apical organelle proteins including MIC3, M2AP and ROP1 are
important for apical targeting (11-13). Finally, subcellular localization of secretory proteins
can also be promoter dependent (14,15). Localization and timing of expression of
microneme, rhoptry and apicoplast proteins can be affected by the sequences driving
expression (16,17).

TgSUBL is a micronemal subtilisin-like serine protease that localizes to the cell surface after
microneme secretion. Like other subtilases, TgSUBL is cotranslationally proteolytically
processed and undergoes further proteolytic maturation upon release from the micronemes
(18). Subtilisins may play a critical role for parasite survival as serine protease inhibitors
prevent invasion in 7. gondii and Plasmodium falciparum (19,20) and block intracellular
development (21) and egress from host cells (22). The specificity of function for proteases
could be conferred by their substrate specificity or by localization and access to substrates.
Therefore, trafficking determinants of proteases are of interest.

In this study, we report that TgSUBL1 is associated to the parasite plasma membrane by a
GPI anchor. Thus, TgSUBL is distinctive in that it contains a GPI anchor, yet does not
localize to the parasite's surface. TgSUB1 does not contain known microneme targeting
motifs and has not been shown to associate with any other microneme proteins (unpublished
data). Our studies illustrate that although many factors affect targeting of TgSUB1, the
prodomain is necessary for trafficking to the micronemes.

TgSUBL1 is linked to the membrane through a GPIl anchor

The amino acid coding sequence of TgSUBL1 is predicted to have a GPI anchor addition site
(Figure 1A) (18). We utilized phosphatidylinositol-specific phospholipase C (PI-PLC) and
Triton-X-114 (TX-114) extraction to test whether TgSUB1 has a GPI anchor. PI-PLC
specifically cleaves GPI-anchored proteins between the fatty acid group that tethers the
protein to the membrane and the phosphatidylinositol group, thereby dissociating the protein
from the membrane. Whole cell parasite lysate was incubated with and without PI-PLC, and
products were extracted with TX-114. GPIl-anchored proteins partition into the detergent
phase but become soluble after treatment with the enzyme PI-PLC.

Agueous and detergent phases were probed and examined for TgSUB1 and for the known
GPI-anchored protein SAG1 (23). TgSUBL and SAG1 were detected in the detergent phases
upon TX-114 extraction without PI-PLC (Figure 1B). Upon addition of PI-PLC, SUB1 and
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SAG1 were no longer detected in the detergent phase but in the soluble phase. Because
TgSUBL can undergo proteolysis to be released from the membrane (18), we verified these
results using other experimental tests.

Cleavage with PI-PLC results in the formation of a 1,2-cyclic phosphate ring left behind the
cleaved GPI anchor. This specific epitope can be recognized with anti-cross-reacting
determinant (CRD) antibodies purified from serum reactive to 7rypanosoma brucei variant
surface proteins. These antisera have previously been shown to recognize 7. gondii GPI
proteins after PI-PLC cleavage (23). Tachyzoite lysates were probed with CRD antibody
following PI-PLC treatment. A faint band corresponding to the predicted size of cleaved
TgSUBL (75 kDa) could be detected with the CRD antibody (Figure 1C). To confirm the
protein detected was TgSUBL, total 7. gondlii lysates were immunoprecipitated with CRD
antibody. Western blots of the immunoprecipitated proteins were probed for TgSUB1 with
PfSUBL antisera. A small amount of CRD-reactive TgSUB1 was detected in untreated
parasite lysates with enrichment of CRD-reactive TgSUB1 after PI-PLC treatment and
immunoprecipitation (Figure 1D). Because of the abundance of other GPI-anchored
proteins, CRD immunoprecipitations were not quantitative.

Metabolic labeling of anchor components is another method to identify GPl1 membrane
anchors. [3H] ethanolamine and [3H] palmitate are incorporated into GPI-anchored surface
proteins SAG1, 3 and 4 (24). [3H] ethanolamine can only be incorporated into a protein
through a GPI anchor, whereas palmitate can be incorporated into GPI-anchored proteins or
modify cysteine residues of acylated proteins through a thioester linkage. Palmitate-labeled
GPl-anchored proteins can be distinguished from other palmitoylated proteins by treatment
with hydroxylamine, which breaks thioester linkages of palmitate to acylated proteins
without disrupting association of palmitate with GPI-anchored proteins. Extracellular
tachyzoites were radiolabeled with [3H] ethanolamine or [3H] palmitate before
immunoprecipitation with the PfSUB1 antibody. TgSUB1 immunoprecipitates were labeled
with ethanolamine and with palmitate (Figure 2). In addition, palmitate labeling was stable
in the presence of hydroxylamine. Altogether, these results show that TgSUB1 is membrane
associated through a GPI anchor.

Disruption of the gene expressing TgSUB1

The processing and targeting of TgSUB1 were evaluated in a knockout (KO) strain
generated by double homologous recombination. We generated two strains with disruption
of TgSUBL1 (RHgral-GFP-tub-catA hxgprt background and RHA Axgprt background;
Materials and Methods). Because the presence of GFP made dual labeling
immunofluorescence analysis (IFA) experiments difficult, data presented are from the strain
made in the RHA Axgprt background, but results were similar in both KO strains. A single
parasite clone (clone 5) containing the targeting construct, but expressing TgSUB1, was
used as a control. Immunofluorescent staining and western blotting of TgSUB1KO parasites
confirmed loss of expression of TgSUB1 with normal targeting and expression of other
microneme proteins (Figures 3B,C, Figure S1A and data not shown). Neither KO strain had
impairment in intracellular growth (Figure S1B and data not shown). Intracellular
processing of microneme proteins was not affected during trafficking in the TgSUB1KO
strain (proteins tested: M2AP, MIC6, MIC3, MIC5 and AMAL; Figure S2). Further
phenotypic analysis of TgSUB1KO parasites is ongoing.

Microneme-specific localization of TgSUB1 is promoter specific

We and others have observed that overexpression of secreted proteins can lead to
mistrafficking (16). To follow TgSUBL1 localization, a hemagglutinin (HA) epitope tag was
inserted just before the TgSUB1 GPI anchor addition site to avoid disruption of membrane
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association (25). We tested expression of the full-length HA-tagged TgSUB1 (FL5SUB1-
HA) construct under three different promoters driving expression of three different secretory
organelle proteins: GRAI (dense granules), ROPI (rhoptries) and MZAP (micronemes).
TgSUBL levels were higher as detected by western blot analysis when expression was
driven by ROPIand GRAI (Figure 4A). TgSUBL1 expression driven by the GRAI promoter
resulted in localization to the parasitophorous vacuole and parasite surface (Figure 4B and
Figure S2). When TgSUB1 was expressed using the ROPI promoter, some TgSUB1 was
located apically with variable colocalization with micronemal markers (Figure 4B and
Figure S2). In some tachyzoites, TgSUB1 was also targeted to the cell surface (Figure 4B
and Supplementary Data S2). Expression driven by the MZAP promoter showed that
TgSUBL properly localized to the micronemes as verified by the colocalization with other
micronemal proteins (Figure 4B and Figure S2). Expression of TgSUB1 using the SAG1
promoter was similar to results with M2AP, but results were less consistent (data not
shown). All other targeting constructs were driven by the M2AP promoter.

The prodomain processing is important for the targeting

An HA tag was inserted in various domains of the protein and their localization monitored in
the TgSUB1KO background (Figure 5). Most TgSUB1 constructs were correctly processed
to the lower molecular weight forms (Figure 5B) and were targeted to the micronemes
(Figure 5C). However, the HA tag inserted in the prodomain (FL1SUB1-HA) results in
incomplete processing as reflected in accumulation of the precursor (Figure 5B). The
construct was less efficiently targeted to the micronemes and seemed to be arrested in within
vesicles within the secretory pathway (Figure 5C). Prior pulse—chase studies have shown
that the initial processing occurs rapidly and is Brefeldin A insensitive, consistent with the
prodomain processing occurring cotranslationally in the endoplasmic reticulum (ER) as is
typical of subtilases (18). Therefore, the impairment of processing is unlikely to be ascribed
to inaccessibility to the compartment required for prodomain processing. Rather, proper
autocatalytic prodomain processing appears to facilitate trafficking.

Importance of the propeptide of TgSUB1 in its intracellular localization

To examine the effect of individual domains on the localization of TgSUB1, we created
deletion constructs lacking the propeptide, the catalytic domain, the proline-rich domain or
the GPI anchor (Figure 6). The GPI anchor of SAGs has been shown to be necessary for
surface localization (3,4). A TgSUBL1 construct lacking the GPI anchor goes to the
micronemes (Figure 6A). Moreover, when the TgSUB1 GPI anchor was replaced by the
SAG1 GPI anchor addition site, the TgSUB1 chimera construct still targeted to the
micronemes, although in some cases colocalization with another microneme marker was
incomplete (Figure 6B).

We hypothesized that the TgSUB1 sequence might contain a domain, allowing its
microneme targeting and thus bypassing the GPI routing to the parasite surface. As prolines
are frequently critical in other protein—protein interactions, we tested if TgSUB1's proline-
rich domain was responsible for microneme targeting. A construct lacking the proline-rich
domain still goes to the micronemes (Figure 6C). Fusion of the proline-rich domain to SAG1
did not alter SAG1 targeting to the cell surface (Figure S3). Surprisingly, a TgSUB1 protein
lacking the catalytic domain still localizes to micronemes (Figure 6D). However, a construct
lacking the prodomain remained in an area surrounding the nucleus of the parasite (Figure
6E). Altogether, these results showed that the GPI anchor, the proline-rich domain and
catalytic domain are not involved for the microneme targeting, whereas the prodomain
appears to be essential for trafficking.
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Prodomain folding is essential for microneme targeting

To test if the TgSUB1 prodomain contains a microneme targeting signal, we fused the
TgSUBL1 prodomain to the heterologous reporter genes GFP and SAG1. Both of these
proteins have been successfully used to dissect targeting motifs in 7. gondii (4,5,12). SAGL1,
the major tachyzoite surface antigen or SAG, is targeted to the surface through its GPI
anchor (24). The two chimera constructs were correctly targeted to the micronemes (Figure
7A,B). To further map the targeting domain, we deleted 26 residues from the C-terminal
portion of the predicted prodomain and fused it to SAG1. This pp(1-166)-SAG1 construct
was also targeted correctly to the micronemes (Figure 7C).

In parallel, we examined the localization of the prodomain alone. Surprisingly, the pp(1-
166)-HA became stuck in a post-ER compartment and did not progress to the micronemes
(Figure 7D), suggesting either that it did not contain a targeting motif or that recognition of
the targeting motif by the microneme targeting machinery is dependent upon conformation.
To test this hypothesis, we fused the pp(1-166)-HA to the C-terminal TgSUB1 sequence
before the GPI anchor addition site. This construct was correctly targeted to the micronemes
(Figure 7E). Altogether, these results show that the prodomain is sufficient to induce and
redirect trafficking to the micronemes but that conformation of the prodomain sequence is
critical for the prodomain to fulfill its role.

Discussion

The microneme protease TgSUB1 is unique in that it is the first example of a GPI-anchored
protein localizing to a secretory organelle in 7. gondii. GPl-anchored proteins of 7. gondii
and other protozoa are typically SAGs. Although the exact sorting mechanism through the
secretory pathway is not known, the GPI anchor functions as a sorting and targeting signal
sufficient to target reporters or microneme proteins to the cell surface (3,4).

Although the microneme targeting signals in the TgSUB1 prodomain are dominant, the
trafficking machinery is saturable with overexpression, leading to surface expression.
Microneme targeting of TgSUB1 is promoter dependent, and overexpression of TgSUB1
leads to expression on the cell surface. TgSUBL1 driven by the SAGZ promoter was
expressed at levels similar to that driven by the M2AP promoter. Despite this, SAGI-driven
TgSUB1 was not as consistently targeted to the micronemes. Thus, it appears that both
proper timing and level of expression are important for efficient sorting to the micronemes.

Subtilase prodomains are essential regulators of protease activity. After autocatalytic
cleavage, the prodomain remains noncovalently associated to the catalytic site, acting as an
intramolecular chaperone. The prodomain is required for proper folding of the protease and
acts as an inhibitor of catalytic activity. Once in the proper environment (typically regulated
by pH and/or calcium), the prodomain dissociates from the catalytic domain, leaving an
active subtilisin. Prior studies with mammalian subtilases have revealed that cleavage of the
prodomain is required for transit through the secretory pathway (9). The FLISUB1-HA was
incompletely cleaved because of the placement of the tag in the prodomain. Prior studies
revealed that a catalytically dead mutant TgSUB1S999A was incorrectly cleaved (25). Both
these incompletely processed TgSUBL constructs were only partially localized in the
micronemes, with a substantial fraction retained within the secretory pathway, suggesting
that the TgSUB1 prodomain cleavage is required for an efficient trafficking.

Unlike other microneme proteins, TgSUB1 appears to have all components required for
transit to the micronemes. Other known microneme proteins traffic within macromolecular
complexes in which one component acts as a chaperone and another as an escorter for the
complex (4-6). The signals for escorter function lie within the cytosolic region of
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transmembrane proteins (e.g. MIC2, MIC6 and MICB8). Typically, one component of the
complex is proteolytically cleaved during assembly and transit through the secretory
pathway, and this prodomain is required for trafficking of the entire complex (13). Sequence
alignment of the prodomains involved in microneme protein targeting (AMAL, M2AP and
MIC3) with TgSUB1's prodomain did not showing any conserved motifs. TgSUBL1 also
does not contain the 7. cruzi cathepsin prodomain trafficking motif (10).

We have not been able to detect any proteins that associate with TgSUBL1 in
coimmunoprecipitation experiments. Instead, the prodomain of TgSUB1 appears to confer
all information necessary for targeting of TgSUBL or a heterologous protein to the
micronemes. Proper proteolytic processing of TgSUBL is not essential for microneme
localization, but correct processing does appear to facilitate efficient targeting, possibly by
exposing a domain necessary for microneme targeting. As for other subtilases, the
prodomain is likely critical for correct folding of TgSUBL1 as well as progression in the
secretory pathway (7-9). Recognition of the prodomain by the trafficking machinery is
dependent upon correct conformation of the prodomain as the prodomain sequence
expressed alone was retained in the secretory pathway.

RAMA, a rhoptry protein of P. falciparum is GPI anchored and has been proposed to act as a
nucleus for sorting to the rhoptries by associating with lipid rafts through its GPI anchor
(26). A second A. falciparum GPl-anchored rhoptry protein, Pf34, has also been described
(27). Surprisingly, Pf34 and RAMA differ subtly in their localization with RAMA
associated with the rhoptry body and Pf34 to the rhoptry neck (RON), but both are enriched
in detergent-resistant microdomains (DRMs). The 7. gondii RON proteins are predicted to
have a GPI anchor as well, although this is not been experimentally verified (28). The
prodomains of prohormone convertase 2 and 3 are reported to facilitate trafficking due on
the basis of their ability to associate with lipid rafts (29,30). Thus, it appears that in the
Apicomplexa, GPl-anchored proteins can be trafficked to the cell surface, rhoptries or
micronemes. These GPl-anchored proteins may traffic together in DRMs and be sorted
subsequently to their respective compartments. Alternatively, these GPI-anchored proteins
may assemble in organelle-specific macromolecular complexes within DRMs. TgSUB1
does not have a cytoplasmic tail and does not coprecipitate with other microneme proteins,
so it is unclear whether a protein motif is responsible for its micronemal targeting. Further
studies will be needed to determine if TgSUBL is associated with DRMs through its
prodomain or GPI moiety. Although GPI anchors may facilitate assembly of some secretory
compartments, our studies indicate that the TgSUB1 prodomain is the primary determinant
of its micronemal localization.

What other possible roles could the GPI anchor serve if not for targeting? TgSUBL is
displayed upon the parasite surface after microneme secretion and is cleaved off the surface
during invasion (18). Perhaps, the GPI anchor provides a mechanism to fine-tune regulation
of proteolysis during invasion by transiently stabilizing it on the cell surface. After
microneme secretion, the GPI anchor would tether TgSUBL to the parasite plasma
membrane, prolonging the duration of TgSUBL access to substrates in close proximity to the
parasite surface. These substrates could be other microneme contents released onto the cell
surface, resident cell surface proteins or unidentified host cell substrates cleaved during
invasion or tissue penetration. These possibilities are now being actively investigated.
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Materials and Methods

Parasite maintenance

7. gondif RHA hAxgprt strain and recombinants SUB1KO and SAG1KO (gift of John
Boothroyd, Stanford University) were cultured in human foreskin fibroblast (HFF) cells
with DMEM (Gibco) containing 10% FBS, 1% penicillin/streptomycin and 1% glutamine.

Western blotting

Reduced protein lysates were loaded on an 8% sodium dodecyl sulfate gel and then
transferred to nitrocellulose membrane. Membranes were probed with a 1:5000 rabbit
primary antibody dilution (for detection of TgSUBL1.: rabbit antisera AE653 made to a
peptide immediately adjacent to the GPI anchor addition site and rabbit antisera to PfSUB1,
gift from Michael Blackman, National Institute for Medical Research, UK; SAG1-P30 rabbit
antisera, gift from Lloyd Kasper, Dartmouth Medical School, and rabbit antisera to MIC5,
gift of Vern Carruthers, University of Michigan Medical School) and a 1:5000 anti-rabbit
horseradish peroxidase antibody. Signals were revealed with a peroxidase enhanced
chemiluminescence western blot detection reagent (Pierce). Prior studies have shown that
PfSUBL1 antisera are specific for TgSUBL1 (18).

TX-114 phase partitioning and PI-PLC digestion

TX-114 phase partitioning and P1-PLC digestion of cell lysates were performed as described
(31). Freshly lysed parasites were either treated or mock treated with 5 pL of PI-PLC
(Molecular Probes) for 2 h at 37°C. The parasite suspension was lysed with 1/10 the volume
of precondensed TX-114 (Pierce) and incubated on ice for 30 min. Samples were
centrifuged, and the cleared supernatant was incubated for 5 min at 30°C. The detergent and
aqueous phases were separated by centrifugation for 5 min at 300 x g and subsequently re-
extracted. The final phases of both were acetone precipitated. Pellets from each phase were
resuspended in an appropriate amount of 2x sample buffer and subsequently resolved by
SDS-PAGE. Alternatively, tachyzoites lysates were PI-PLC treated and then
immunoprecipitated with CRD antibody (gift of Jay Bangs, University of Wisconsin).

[3H] metabolic labeling

Freshly lysed extracellular tachyzoites were filtered, centrifuged and resuspended in 2 mL of
labeling media (5% dialyzed FBS and 1% penicillin/streptomycin in DMEM media). About
500 w.Ci of [3H] palmitate or 1 mCi of [3H] ethanolamine (Amersham Biosciences) were
added to the tubes and incubated at 37°C. After 4 h, samples were pelleted, resuspended in
lysis buffer with protease inhibitor cocktail (Roche) and incubated on ice for 30 min.
Samples were centrifuged at 4°C for 30 min and assayed for TgSUB1 expression by
immunoprecipitation.

Immunoprecipitation

Pl-PLC-treated lysates and [3H] palmitate- and [3H] ethanolamine-labeled samples were
precleared with ImmunoPure Plus Immaobilized Protein A (Pierce). Samples were then
immunoprecipitated with CRD antibody (PIPLC-treated or untreated tachyzoite lysates) or
with PfSUB1 antibody ([3H] palmitate—ethanolamine-labeled samples) and incubated
overnight at 4°C. ImmunoPure Plus Immobilized Protein A beads were added to all
immunoprecipitates and incubated for 3 h. Samples were pelleted and resuspended in 2x
sample buffer. For PI-PLC-treated lysates, samples were analyzed by western blot analysis
probing with PfSUBL1 antibody. For [3H] palmitate- and [3H] ethanolamine-labeled samples,
gels were incubated in either hydroxylamine or Tris, dried onto Whatman paper and exposed
to Kodak film for approximately 6 months.
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Targeted disruption of TgSUB1

Approximately 3 kb of 5" and 3" sequences flanking the coding region of TgSUB1 were
identified by searching the Toxoplasma genome database (www.toxodb.org). Sequences
were amplified by polymerase chain reaction (PCR) from genomic DNA and cloned into a
plasmid containing the HXGPRT minigene using standard cloning techniques. This
TgSUB1-HXGPRT minigene construct was transfected into either RHgraZ-GFP-

tubcatA hxprt or RHA hxgprt strain parasites (32), and drug selection was applied with 25
pg/mL mycophenolic acid and 50 pg/mL xanthine. Single clones were obtained after one
cycle of lysis by limiting dilution and screened for loss of TgSUB1 expression by western
blotting and IFA. The targeted disruption was successfully obtained in both cell lines. In
each case, a clone that was successfully transfected but did not lead to KO of TgSUB1 was
obtained in parallel. Both KO cell lines gave the same results when tested in western blot
and IFA experiments.

Generation of TgSUBL targeting constructs and parasite transfection

Constructs were created by standard cloning procedures utilizing site-directed mutagenesis
(Quikchange Site-Directed Mutagenesis; Stratagene) or splice overlap extension (SOE) PCR
techniques, driven by the M2AP, ROP1, GRAI or SAGI promoters. For HA insertion, Bg/Il
sites were introduced into TgSUBL1 before the GPI anchor and after the catalytic sites by
site-directed mutagenesis. The TgSUB1-HA construct was made by annealing HA oligos
together (containing Bg/// restriction sites on either end) and ligating into the mutated
TgSUBL. For insertion of an HA tag in the prodomain, the HA tag flanked with Pst/ sites
was ligated in the prodomain that contains a single Pst/site. The TgSUB1-HA version
without the GPI or without the proline-rich domain was made by amplifying corresponding
sequences with primers containing Asi/and Nhel restriction sites and ligated into a vector
containing the HA tag flanked by a Afe/site in its N-terminal part. The TgSUBL construct
HA tagged before the GPI anchor was used as a template. TgSUB1 constructs without the
catalytic domain or the prodomain were made by SOE PCR using overlapping primers. For
the TgSUB1 prodomain-HA-tagged construct, the prodomain lacking the last 26 amino
acids was amplified with primers containing Ns//and Nhel restriction sites and ligated into a
vector containing the HA tag [pp(1-166)-HA]. The TgSUB1 prodomain—HA fused to
TgSUBL1 GPI [pp(1-166)-HA-GPI] construction was made by SOE PCR using overlapping
primers between the SUB1 prodomain—-HA construct and the TgSUBL 13 residues of the C-
terminal sequence containing the GPI anchor signal. Bg/// sites were also created in SAG1
before the C-terminal part containing the anchor signal. The TgSUB1 construct with SAG1's
GPI anchor was then generated by standard restriction endonuclease digestions and ligation
techniques utilizing the internal Bg///sites in each gene. The TgSUB1 prodomain reporter
constructs (SUB1ppGFP and SUB1ppSAG1) were made by SOE PCR using overlapping
primers. Finally, the TgSUB1-pp(1-166)-SAG1 was made by amplifying the SAG1 gene
with a forward primer containing a Pst/ site and ligated in the unique TgSUB1 prodomain
Pstl site. All constructs were then inserted into a vector containing the desired promoter
using standard restriction endonuclease digestions and ligation techniques. Primer sequences
are available in Table S1. All constructs were verified by DNA sequence analysis.

Parasite transfection was performed by electroporation. Freshly lysed parasites were
resuspended in cytomix [120 mwm KCI, 0.15 mm CaCl,, 10 mm KoHPO4—KH,PO4 (pH 7.6),
25 mm HEPES (pH 7.6), 2 mu EGTA, 5mm MgCl,,2 mm ATP and 5 mw glutathione) with 100
g of supercoiled DNA and electroporated (BTX Electro Cell Manipulator 600; settings:
R3, 2 kV and 50 W). Transfected parasites were transferred to HFF confluent cells in T25
flasks for western blot analysis or in glass coverslip for microscopy.
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Immunofluorescence analysis

HFF monolayers were grown on glass coverslips in 24-well plates until confluent.
Transiently transfected tachyzoites were allowed to infect confluent cells for 20-24 h. Cells
were fixed for 20 min in 3% paraformaldehyde and permeabilized for 10 min in 0.2%
Triton-X-100 in PBS. A PBS1 x/BSA3%/Triton-X-100 0.2% solution was used for blocking
and staining. All washes were performed with a PBS1 x/Triton-X-100 0.2% solution.
Antibody dilutions used were rabbit anti-SUB1 AE653 (1:500), mouse anti-SAG1 (1:500;
gift of LIoyd Kasper, Dartmouth Medical School), mouse anti-MIC2-6D10, rabbit anti-
M2AP and MIC5 (1:500; gift from Vern Carruthers) and rat anti-HA (1:100; Roche). Alexa
Fluor-conjugated secondary antibodies (Molecular Probes) were used at 1:2000 dilution.
Coverslips were mounted on slides with Fluoromount-G (Southern Biotech) and viewed
with an Olympus Digital Microscope. Staining with SAG1 antibody was performed in
SAG1KO RH stain parasites. Staining of TgSUB1-HA was similar when detected with
either TgSUB1 or PfSUB1 antisera (rabbit) or HA antibodies (rat).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TgSUB1 behaves like a GPI-anchored protein

A) A schematic of TgSUBL is shown indicating the signal sequence (ss), prodomain,
catalytic domain, proline-rich domain and putative GPI anchor addition site. The amino acid
residues encompassing the prodomain are indicated. The amino acids surrounding the
proposed GPI addition site are illustrated. The GPI anchor addition site consists of a triad of
amino acids (underlined) followed by a hydrophilic spacer region (lowercase) and a
hydrophaobic region (italics). The specific amino acids (aspartic acid, glycine and serine) of
the GP1 addition site and length of the subsequent domains are consistent with other known
GPl-anchored proteins. B) TX-114 phase partitioning of TgSUB1. RH tachyzoite lysates
were either treated or mock treated with PI-PLC, an enzyme that specifically cleaves GPI-
anchored proteins inducing transition from a membrane-associated state (M) to a soluble
state (S). SAGL, a known GPI-anchored protein, is shown for comparison. SAG1 is revealed
with P30 antibody and TgSUB1 with AE653 antibody. Because of ongoing proteolysis of
TgSUBL1, AE653 antisera were used for all westerns. These antisera, which recognize a
peptide adjacent to the GPI addition site, does not recognize TgSUBL1 released into the
media after secretion by micronemes (C). RH tachyzoite lysates treated or mock treated with
P1-PLC were probed with the anti-CRD GPI-specific epitope antibody. Results are shown in
duplicate. D) CRD antibody immunoprecipitates PI-PLC-cleaved TgSUB1.
Immunoprecipitation was performed with CRD antibody. TgSUB1 was detected by western
blot analysis with PfSUB1 antibody. Immunoprecipitations were performed (i) on untreated
lysates with no primary CRD antibody, (ii) on untreated lysates with CRD antibody and (iii)
with PI-PLC-treated tachyzoite lysates immunoprecipitated with CRD antibody. IP,
precipitated protein fraction (precipitated with protein A beads); SN, supernatant containing
non-precipitated proteins.
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Figure 2. Biosynthetic labeling of the TgSUB1 GPI anchor

RH tachyzoites lysates were radiolabeled with [2H] ethanolamine and [3H] palmitate,
markers of GPI anchors. Following radiolabeling, TgSUB1 was immunoprecipitated with
the PfSUBL antibody (arrow). Controls for immunoprecipitation were lysate incubated
without antibody and antibody without lysate. The right panel represents palmitate-labeled
proteins washed with hydroxylamine. Palmitate incorporated into GPI anchors is resistant to
hydroxylamine treatment. Labeling of TgSUB1 with palmitate was sustained in the presence
of hydroxylamine.
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Figure 3. Generation of a TgSUB1 KO parasite

A) A diagram of the strategy used to disrupt the TgSUB1 gene by homologous
recombination in the RH background is shown. The TgSUB1KO plasmid is seen on the top
line showing 2.9 kb of 5" and 3" DNA flanking the coding region of TgSUB1. Dashed lines
indicate the rest of the targeting plasmid sequence. 7gSUBI1 is replaced by the HXGPRT
cassette, which includes the HXGPRT gene surrounded by the DHFR promoter and
terminator sequences. Dots signify the rest of the genomic locus. B and C) IFA and western
blot analysis of TgSUB1KO and clone 5 parasites (TgSUB1 was revealed with AE653
antibody). MIC5 is used as internal control for western blot loading. TgSUB1
immunofluorescence signal depicts the conventional apical microneme labeling. Scale bar: 5

pm.
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Figure 4. TgSUBL1 localization depends upon the promoter

A) Western blot analysis of tachyzoites transiently transfected with TgSUB1-HA
(FL5SUB1-HA) driven by the M2AP, GRA1 and ROPI promoters. Blots were probed with
anti-TgSUB1 AE653 antibody or probed with antibodies against SAG1 to ensure that
equivalent levels of parasite proteins were being compared. Transfection efficiencies are
indicated. B) Immunofluorescence of tachyzoites transiently transfected with TgSUB1-HA
driven by the M2AP, GRA1 and ROP1 promoters. Antibody AE653 was used to show
localization of the different TgSUB1 constructs. Scale bar: 5 pm.
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Figure5. Effect of position of the HA tag in TgSUB1 upon microneme localization

A) A schematic of TgSUB1-HA is represented with different domains (ss, signal sequence;
pp, prodomain; catalytic, catalytic site; proline, proline-rich domain and gpi, C-terminal part
containing GPI anchor signal). The dark blue rectangle represents the HA tag in FL5SUB1-
HA. The arrows indicate other positions where the HA tag has been inserted. B) Western
blot analysis of M2AP-driven TgSUB1-HA tagged constructs after transient transfection of
RH TgSUB1KO tachyzoites. Membranes were probed with a rat anti-HA antibody. C) IFA
of tachyzoites transfected with different TgSUB1-HA constructs. TgSUB1 expression was
detected with a rat anti-HA antibody or the AE653 anti-TgSUB1 antibody. MIC2 and M2AP
were used as markers for micronemes and were visualized with proper antibodies. Scale bar:

Spm.
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Figure 6. Expression of TgSUB1-HA deletion constructs

Deletion constructs were transiently transfected into RH TgSUB1KO parasites. The dark
blue rectangle indicates the HA tag (A, C-E). Immunofluorescence of intracellular
tachyzoites containing the constructs was performed with a rat anti-HA antibody. In (B), the
GPI domain corresponds to the C-terminal part of SAG1 containing the GPI anchor signal
fused to the full length of TgSUB1 sequence. The construct was visualized with the AE653
anti-TgSUBL1 antibody. M2AP and MIC2 were used as markers for micronemes. Scale bar:
Spm.
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Figure7. Expression of TgSUB1 prodomain constructs

Chimeras containing GFP and SAG1 fused to the signal sequence and prodomain of
TgSUBL were transiently transfected into RH TgSUB1KO and RH SAG1KO parasites,
respectively. The GFP reporter construct was detected by fluorescence of the GFP protein
(A), whereas the SAG1 reporter construct was detected with a SAG1 antibody (B, C). The
prodomain—HA and the prodomain—-HA-GPI constructs were detected with a rat anti-HA
antibody (D, E). Colocalizations performed with antibodies specific for microneme proteins
M2AP and MIC5. All the TgSUB1 prodomain reporter constructs consist of the full length
of the prodomain with the cleavage site except for the constructs consisting of the
prodomain lacking the last 26 amino acids: pp(1-166) (C-E). Scale bar: 5 pm.
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