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Toxoplasma gondii is an Apicomplexan parasite with a complex life cycle that includes a rapidly dividing
asexual stage known as the tachyzoite. The tachyzoite surface has been reported to comprise five major
antigens, the most abundant of which is designated SAG1 (for surface antigen 1). At least one of the other four
(SAG3) and another recently described minor antigen (SRS1 [for SAG1-related sequence 1]) have previously
been shown to be structurally related to SAG1. To determine if further SAG1 homologs exist, we searched a
Toxoplasma expressed sequence tag (EST) database and found numerous ESTs corresponding to at least three
new genes related to SAG1. Like SAG1, these new SRS genes encode apparently glycosylphosphatidylinositol-
anchored proteins that share several motifs and a set of conserved cysteine residues. This family appears to
have arisen by divergence from a common ancestor under selection for the conservation of overall topology. The
products of two of these new genes (SRS2 and SRS3) are shown to be expressed on the surface of Toxoplasma
tachyzoites by immunofluorescence. We also identified strain-specific differences in relative expression levels.
A total of 10 members of the SAG1 gene family have now been identified, which apparently include three of the
five major surface antigens previously described and one antigen expressed only in bradyzoites. The function
of this family may be to provide a redundant system of receptors for interaction with host cells and/or to direct
the immune responses that limit acute T. gondii infections.

Toxoplasma gondii possesses the ability to invade and to
establish productive infection in almost any nucleated cell.
This process involves (i) the initial attachment of the parasite
to the host cell and (ii) subsequent invasion of the host through
its plasma membrane, with concomitant formation of a para-
sitophorous vacuole in which the parasite resides and repli-
cates. While these processes have been studied in detail by
electron and video microscopy (reviewed in reference 28), the
precise molecular events which mediate the initial interaction
between the parasite and its host are poorly understood. A
goal of our research has therefore been to understand the role
of parasite surface antigens in these processes. In particular,
we have focused on the major tachyzoite surface antigen,
SAG1 (for surface antigen 1), which is one of five major gly-
cosylphosphatidylinositol (GPI)-anchored antigens revealed by
surface-labeling studies of laboratory reference strains (6, 30,
32). The genes encoding three of these have previously been
cloned: SAG1, or P30 (4); SAG2, or P22 (23); and SAG3, or
P43 (5). The latter study indicated that SAG1 and SAG3 are
structurally related, with 24% overall amino acid identity. In
particular, both proteins contain 12 cysteine residues and a
number of short peptides which align directly in the primary
sequence and suggest a common overall topology. The identi-
fication of an additional gene which encodes a protein related
to SAG1 (10) suggested that the parasite may have a number
of surface antigens with this common structure. We therefore
set out to identify further potential homologs of SAG1 in a
Toxoplasma expressed sequence tag (EST) database (1, 18).
We report a further two members (plus a fragment of a third)
and show that two, at least, are expressed on the tachyzoite

surface. The implications of these findings for the function of
SAG1 and the other SRS (for SAG1-related sequence) genes
are discussed.

MATERIALS AND METHODS

Host cells and parasites. Tachyzoites of T. gondii were grown in human
foreskin fibroblast monolayers in Dulbecco’s modified Eagle’s medium supple-
mented with 10% Nu-Serum, 2 mM glutamine, and 20 mg of gentamicin solution
per ml at 37°C in a humid 5% CO2 atmosphere. Four T. gondii strains were used
in this study: RH (26), CEP (24), PLK (a clonal derivative of ME49 [14]), and the
Sag12 mutant ME49 derivative designated B in reference 12.

Searches and analysis. The libraries used in assembly of the EST database for
T. gondii have been described elsewhere (1, 18, 35); summaries of the Toxo-
plasma sequences with known homologs in GenBank can be found at the Tox-
oplasma genome web site (http://www.ebi.ac.uk/parasites/toxo/toxpage.html) and
at http://cbil.humgen.upenn.edu/toxodb/toxodb.html. Searches of dBEST (Data-
base of Expressed Sequence Tags) for homologs of the known surface antigens
SAG1 (GenBank accession no. M23658), SAG3 (GenBank accession no.
L21720), SRS1 (GenBank accession no. U77677 [10]), and the SAG1 homolog
SAG5 (GenBank accession no. U64517 [29]) were made with the BLAST (Basic
Local Alignment Search Tool) suite of programs (at National Center for Bio-
technology Information [NCBI]: http://www.ncbi.nlm.nih.gov) and FASTA (at
European Bioinformatics Institute: http://www.ebi.ac.uk) via the World Wide
Web. Initial identification of SRS sequences was performed by tBLASTn analysis
of dBEST (with the NCBI server defaults: expect 5 10, matrix 5 BLOSUM62)
with the SAG coding sequences and evaluation of all clones matched according
to these parameters. After exclusion of clones yielding low BLAST scores be-
cause of overall short or poor-quality sequences, ESTs that could not be assigned
to known SAG genes were compared to those in dBEST by using BLASTn and
FASTA. This permitted identification of homologous fragments and possible
overlaps. The resulting matches were assembled into contigs by using Gelas-
semble (Wisconsin Package, version 8.0; Genetics Computer Group [GCG],
Madison, Wis.). At each stage of reconstruction, the consensus sequences were
resubmitted to BLAST analysis to ensure identification of all related sequences.
In this way, complete contig assemblies encompassing the entire open reading
frames (ORFs) of two distinct members of the T. gondii SAG family, designated
SRS2 and SRS3, were obtained. In addition, a single EST corresponding to a
further distinct family member (SRS4) was also identified (see Table 2). Align-
ments of the SRS family were made with ClustalV via the World Wide Web.

Molecular cloning of SRS cDNAs. The EST coverage of the messages encod-
ing SRS2 and SRS3 was insufficient to allow unambiguous determination of the
sequence of the entire ORF. Ambiguities were resolved by complete sequencing
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of clones following reverse transcription-PCR amplification of the putative ORF
and cloning into pcDNA1 (Invitrogen). Briefly, RNA was extracted from T.
gondii RH tachyzoites with Ultraspec RNA (Biotecx Lab., Inc.) according to the
manufacturer’s instructions. Total RNA was reverse transcribed with an oli-
go(dT) anchor primer (dTAP) and Superscript II (Gibco-Life Sciences). PCR
amplification of the SRS2 ORF from the cDNA template was performed with
primers SRS2ORF5 and SRS3ORF3 at 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min for 30 cycles. The SRS3 ORF was amplified by the same approach with
the SRS3ORF5 and SRSORF3 primer pair. The lengths of the SRS messages
were determined by Northern analysis, and the positions of their polyadenylation
sites were confirmed by 39 rapid amplification of cDNA ends with SRS2ORF5
(SRS2) and SRS3ORF5 (SRS3) and the anchor primer AP. Primer sequences for
these manipulations are listed in Table 1. All manipulations were performed
according to standard protocols (2).

The single EST clone encoding SRS4 (clone zy52c12 [GenBank accession no.
N81407]) was obtained from the EST repository (Genome Systems, Inc.) as
lZAPII phage, excised as pBluescript SKII with ExAssist helper phage (Strat-
agene) according to the manufacturer’s instructions, and sequenced directly with
T3 and T7 promoter primers.

Production of recombinant pMAL-SRS fusion proteins and antisera. An 888-
nucleotide (nt) fragment of the SRS2 ORF was amplified from the cDNA
template with primers SRS25 and SRS23 and cloned into the BamHI and XbaI
sites of pMAL-P2 to yield maltose-binding protein (MBP) fusions (New England
Biolabs). In similar fashion, a 660-nt fragment of SRS3 and a 715-nt fragment of
SRS4 were amplified with SRS35/33 and SRS45/43, respectively, and cloned into
pMAL-P2 at the XbaI site (SRS3) or EcoRI-BamHI sites (SRS4). Expression of
MBP-SRS fusion proteins was induced with 0.5 mM isopropyl-b-D-thiogalacto-
pyranoside (IPTG) for 2 h at 37°C and purified from bacterial lysates on amylose
resin according to standard protocols (25).

For immunizations, approximately 50 mg of lyophilized fusion protein was
resuspended in 500 ml of phosphate-buffered saline (PBS) (pH 7.4) and emul-
sified with an equal volume of RIBI adjuvant (Immunochem Research, Inc.).
BALB/c mice were primed by intraperitoneal injection with 200 ml of each
mixture and boosted with an equal amount 14 and 30 days after priming. Blood
was collected prior to immunization and after each boost from the tail vein at
days 24 and 44.

Western blotting and indirect immunofluorescence. Total lysates from T.
gondii tachyzoites were prepared in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (20). Analytical SDS-PAGE and
transfer to nitrocellulose filters were performed by standard methods. Filter
strips were blocked with 5% nonfat dry milk–0.5% TWEEN 20 in PBS (PBS-M)
and incubated with sera or monoclonal antibodies diluted in PBS-M. Bound
antibodies were detected with horseradish peroxidase-conjugated goat anti-
mouse immunoglobulin G and developed by enhanced chemiluminescence (ECL
[Amersham]). T. gondii extracts for GPI-specific phospholipase C (GPI-PLC)
treatment were prepared as described previously (10). Briefly, washed RH
tachyzoites were resuspended in 50 ml of lysis buffer (50 mM Tris [pH 8.0], 5 mM
EDTA, 5% Nonidet P-40) and incubated with various amounts of GPI-PLC from
Trypanosoma brucei for 1 h at 37°C in the presence of protease inhibitors
(pepstatin and phenylmethylsulfonyl fluoride). Cross-reacting determinants
(CRDs) of GPI anchors which were unmasked by this treatment were detected
with a polyclonal antiserum against CRD of trypanosomal bloodstream-form
variant surface glycoprotein (VSG) (20, 27).

Live tachyzoites were prepared for immunofluorescence by passage through a
27-gauge syringe needle to release intact intracellular parasites from host cells.
Host cell debris was removed by filtration of the parasite suspension through a
3-mm-pore-diameter filter, and parasites were then washed twice in 2% bovine
serum albumin (BSA) in PBS (PBS-BSA). Incubations with primary and fluo-

rescein isothiocyanate (FITC)-conjugated secondary antibodies (Fab) (Cappel)
were performed in 100 ml of PBS-BSA at 4°C for 30 min each. Labeled parasites
were washed four times with cold PBS after incubations and fixed with 2%
formaldehyde for 20 min on ice. The parasites were washed in PBS, dried on
coverslips, rehydrated, and embedded with Vectashield (Vector Labs) solution
for microscopy. Epifluorescence was detected with an Olympus BX60 micro-
scope.

Nucleotide sequence accession number. The sequences of the complete genes
from the RH strain have been submitted to GenBank under accession no.
AF012276 (SRS2) and AF012275 (SRS3).

RESULTS

Identification of ESTs encoding surface antigen homologs.
Identification of SRS sequences was performed by tBLASTn
analysis of dBEST (with the NCBI server defaults) with coding
sequences of the known SAG1-related genes (SAG1, SAG3,
SRS1, and SAG5; SRS1 was previously identified by its prox-
imity to SAG1 in the Toxoplasma genome [10]; SAG5 is a
genomic sequence homologous to SAG1 deposited in Gen-
Bank by Crisanti et al. [29]) and evaluation of all of the clones
that matched according to these parameters. At the time of our
initial searches, dBEST included 5,600 ESTs from RH
tachyzoites and 1,806 ESTs from ME49 tachyzoites (1). After
exclusion of clones yielding low BLAST scores because of
overall short or poor-quality sequences, ESTs that could not be
assigned to known SAG genes were compared to dBEST by
using BLASTn and FASTA, and the resulting matches were
assembled into contigs with Gelassemble (GCG). This analysis
yielded three previously unidentified genes that we have called
SRS2, SRS3, and SRS4.

Figure 1A shows the contig assembly of EST sequences
corresponding to the SRS2 cDNA derived from the raw se-
quence data. Although individual EST accessions in dBEST
are annotated to indicate regions with high-quality or unam-
biguous sequences, it was necessary to use the entire sequence
to force overlaps in some regions. Manual editing of the con-
sensus in Gelassemble allowed us to derive an ;1,700-nt contig
from a total of 29 overlapping clones from the RH and ME49
tachyzoite EST data sets. The assembled contig was used to
design primers to amplify the ORF from the RH strain and
obtain the full sequence of the coding region from this strain.
The contig assembly indicates that eight clones terminate at
approximately the same 59 position (designated 0 nt) which lies
287 nt upstream of the SRS2 ORF. Although it is possible that
this represents a strong stop causing premature termination of
reverse transcription, Northern blotting with an SRS2 probe
indicated that the mature message for SRS2 is approximately
1.8 kb in length (not shown). Given that the contig created for
SRS2 is ;1.7 kb in length and allowing for polyadenylation of
the mRNA, the 59 termini of these clones appear to converge
at or close to the transcriptional start site.

The ORF of SRS2 encodes a 372-amino-acid protein with
predicted signal peptide and GPI anchor addition signals (Fig.
2). Analysis of the signal peptide indicates that this has an
unusual structure with two long hydrophobic stretches of ;18
and ;22 residues without an intervening methionine residue.
As a result, there are two strongly predicted cleavage sites
according to the criteria established by Von Heijne (34). The
possible significance of this is unclear at present. The apparent
GPI anchor signal for SRS2 predicts that the attachment site is
in the vicinity of a glycine-serine-alanine sequence 24 to 26
amino acids upstream of the C terminus (33). Removal of the
C- and N-terminal processing signals (the latter at the most-
C-terminal site predicted by the signal peptide algorithm)
would yield a mature peptide consisting of 296 amino acids
with a predicted molecular mass of ;31.6 kDa without further
modifications such as N and O glycosylation or the glycolipid

TABLE 1. Sequences of oligonucleotides used in PCR
amplification of SRS2, SRS3, and SRS4 fragments

Oligonucleotide Sequencea

SRS2ORF3 .........59-aagctcgagTCAATAGGCAAGTGC-39
SRS2ORF5 .........59-ctcggatccAGAATGGCGACGCGTGC-39
SRS25..................59-cgggatccCCTGAAAAGTTTACATGCCGCC-39
SRS23..................59-tgctctagaTTATCCACCTGGTCTTGATCC-39
SRS3ORF5 .........59-tgactcgagGAAATGCGCTTACAG-39
SRS3ORF3 .........59-cgactcgagCTACACAAGGGAAGA-39
SRS35..................59-gcgtctagaGAGAAGCAGGTAGTGTGTCCT-39
SRS33..................59-acgtctagaTCAGATTGTGAGCTCTACTGT-39
SRS45..................59-gcggaattcTTCGTCGGCTGTGACAACAA-39
SRS43..................59-tgcggatccCGTCTGGACAGCTGAAAATT-39
dTAP ...................59-ccggaattcggtacctctagat18n-39
AP........................59-tctagaggtaccgaattccgg-39

a Sequences in lowercase are for cloning purposes and are not derived from
Toxoplasma genes.
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anchor itself. Comparison of the putative mature SRS2 se-
quence with the corresponding SAG1 peptide sequence (by
using BESTFIT) indicates that SRS2 shares 32% overall iden-
tity and 38% similarity in a central core region (residues 64 to
258 of the complete ORF [Fig. 2]).

Figure 1B shows the assembly of 14 ESTs from RH and
ME49 tachyzoites into a contig of ;1.4 kb for SRS3. This
contig size is in agreement with an ;1.4-kb SRS3 transcript
identified by Northern blotting (not shown). The sequence of

the ORF of SRS3 was determined from RH strain cDNA
following amplification with the SRS3ORF primer pair. The
ORF begins 191 nt downstream from the 59 end of the contig
and encodes 346 amino acids, including a predicted signal
peptide and GPI anchor addition signal (Fig. 2). Removal of
these two posttranslational processing signals would yield a
mature peptide of approximately 281 amino acids with a pre-
dicted molecular mass of ;29.6 kDa, assuming no further
posttranslational modification. Comparison of the putative

FIG. 1. EST contig assembly for SRS2 (A) and SRS3 (B). Sequence data from overlapping EST clones (y axis) from RH (shaded bars) and ME49 (open bars)
tachyzoites were assembled into contigs with Gelassemble (GCGV8.0).
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mature SRS3 sequence with the corresponding SAG1 peptide
sequence (by using ClustalW) indicates that SRS3 shares
33.3% overall identity and 39.6% similarity in a central core
region (residues 61 to 316 of the complete ORF [Fig. 2]).

The single EST corresponding to SRS4 (clone TgEST
zy52c12) appears to encode the C-terminal two-thirds of an

SRS-type molecule (Fig. 2). At present, we do not know the
identity of the N-terminal third, and the characteristics of the
complete ORF are unknown. However, SRS4 clearly possesses
a hydrophobic consensus GPI anchor addition signal, as is the
case with the other SRS sequences. The characteristics of the
SRS2, SRS3, and SRS4 gene products are summarized in Table

FIG. 2. Amino acid sequence alignment of eight members of the SAG1 family produced by ClustalW. Dashes represent gaps introduced to produce optimal
alignment. Amino acids conserved in four or more sequences are boxed, and homologies are shaded when present in two or more sequences. Each allele shown is from
the RH strain, except for BSR4, which is from the ME49 strain.

TABLE 2. Properties of members of the SRS homology family

Gene (alternate
protein name)

Surface
expressiona

Size by Western
blotting (kDa)b

No. of ESTsc
GenBank

accession no.
Source or
referenceTachyzoite Bradyzoite

SAG1 (P30) T 30 103 2f M23658 4
SAG3 (P43) T, B 43 10 1 L21720 5
SRS1 T 46 7 0 U77677 10
SRS2 T 40–43 29 0 AF012276 This study
SRS3 (P35) T 35? 14 0 AF012275 This study
SRS4 NAd NA 1 0 This study
SAG5e NA NA 1 0 U64517 29
BSR4 (P36) B 36 1 0 AF015290 16

a T, tachyzoite; B, bradyzoite (surface expression by immunofluorescence).
b Size based on mobility in reducing SDS-PAGE.
c Number of essentially perfect matches in 7,074 tachyzoite ESTs and 2,353 bradyzoite ESTs.
d NA, not available.
e The SAG5 cluster also includes SAG5.1 (AF013968) and SAG5.2 (AF017268) (29).
f See the text.
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2. This table also includes summary information on the SAG5
sequence identified by Crisanti et al. (GenBank accession no.
U64517 [29]) and the BSR4 (P36) antigen (GenBank accession
no. AF015290) identified by Knoll and Boothroyd (16).

Following our initial identification of the SRS genes, a fur-
ther 2,353 sequences derived from ME49 in vivo bradyzoites
were submitted to dBEST (18), thus enabling us to compare
expression (in terms of EST numbers) of these sequences be-
tween the two stages of the asexual cycle of Toxoplasma.
Searches of this data set for sequences corresponding to the
SAG1, SAG3, SAG5, and SRS genes revealed only a single EST
corresponding to SAG3, which was previously reported to be
expressed in this life cycle stage (31), and two ESTs for SAG1
which represent recombinant SAG1 plasmids created in this
laboratory and which are a minor contaminant of the cDNA
library used for bradyzoite EST sequencing (18). Monoclonal
antibodies to SAG1 also fail to react with bradyzoite lysates
(31). Thus, failure to detect functional SAG1 ESTs in the
bradyzoite data set is consistent with the immunological data
indicating its restriction to the tachyzoite stage. The absence of
SRS1 to -4 ESTs in the bradyzoite data set, therefore, suggests
that these antigens are also not expressed in this stage, but this
requires confirmation by direct analysis of in vivo cysts. No new
SRS genes were found in this bradyzoite EST data set.

SRS gene products are expressed on the surface of Toxo-
plasma. An MBP-SRS2 fusion protein expressed in Escherichia
coli and purified by affinity chromatography was used to derive
in mice a specific antiserum against SRS2. Western blotting of
RH strain lysates with this antiserum (Fig. 3A, lane 3) shows
that when reduced, this protein migrates as a weakly staining
diffuse band with an apparent mass of 40 to 43 kDa, which
overlaps with the SAG3 product. To further examine the re-
lationship between SAG3 and SRS2, we performed Western
blots of ME49 lysates on 9% nonreducing SDS-PAGE gels.
The SRS2 band has a faster mobility under nonreducing con-
ditions than under reducing conditions, as has also been ob-
served with SAG1 and SAG3 (4, 5). At this resolution, the
antiserum to SRS2 appears to react with at least four separate
species (Fig. 4). A monoclonal antibody to SAG3 (T41F12)

indicated that at least one of the anti-SRS2-reactive species
comigrates with this antigen. At present, we lack monospecific
reagents which would allow us to discriminate these species
and resolve this complex of comigrating antigens. However,
Southern blotting (not shown) indicates that SRS2 is encoded
by a single gene, and apart from SRS4, no unaccounted for
SRS2-like sequences are seen in the EST database. Thus, sev-
eral of the different species which react with the SRS2 anti-
serum are most likely to result from posttranslational modifi-
cations of one protein.

The SRS2 antiserum also shows limited cross-reactivity with
SAG1 on reducing gels (Fig. 3, lane 3) whose identity is evident
from the absence of this cross-reacting band in the Sag12 panel
(Fig. 3C, lane 3). This cross-reactivity is not evident under
nonreducing conditions (Fig. 4). This was further confirmed by
fluorescence-activated cell sorter analysis of the Sag12 strain.
This strain showed the same levels of fluorescence as its parent
strain, ME49, with each of the anti-SRS2 and anti-SAG3 pri-
mary antibodies (not shown).

The band reacting with the SRS2 antiserum overlaps in its
migration with a weakly reacting band on Western blots of RH
lysates probed with antiserum specific for the CRD found in
most GPI anchors after cleavage with GPI-PLC. This indicates
that as predicted by the hydrophobic C terminus and as shown
for SAG1 (19), SRS2 is likely to be GPI anchored.

Western blot analyses were performed with antisera gener-
ated to an MBP-SRS3 fusion. The results for RH lysates (Fig.
3A, lane 4) show a strong band migrating at ;35 kDa. This is
the same mobility seen for a major band with the anti-CRD
antiserum (Fig. 3A, lane 5) and is presumed to correspond to
the previously identified (but uncloned) P35 antigen. The latter
antigen was originally defined as a 35-kDa antigen in surface-
labeling experiments (6) which reacted with a monoclonal an-
tibody (3F12) raised against Toxoplasma tachyzoites. The 3F12
monoclonal antibody failed to react with the MBP-SRS3 fusion
protein produced in E. coli, but it also fails to react with
reduced Toxoplasma lysates and therefore recognizes a native,
conformational epitope. Thus, while it is likely that SRS3 en-

FIG. 3. Western blot strips labeled with antisera to SAG1 (lane 1), SRS1
(lane 2), SRS2 (lane 3), SRS3 (lane 4), and CRD (lane 5). Triton X-100 lysates
were produced from equal numbers of tachyzoites from RH (A), the ME49 wild
type (B), and the ME49 Sag12 mutant (C). Each lysate was treated with trypano-
somal GPI-PLC prior to reducing SDS-PAGE. Variant surface glycoprotein
(VSG) is a contaminant present in the GPI-PLC preparation. Sizes (kilodaltons)
are shown on the left.

FIG. 4. Western blot strips of ME49 lysates (without GPI-PLC treatment)
labelled with SAG1, SAG3, and SRS2 antisera (from nonreducing SDS-PAGE).
Sizes (kilodaltons) are shown on the right.
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codes P35, we currently lack the necessary reagents to deter-
mine this definitively.

We examined the approximate relative abundance of each of
the SRS products in wild-type RH and ME49 and the Sag12 B
mutant of ME49 (12) by Western blotting (Fig. 3A, B, and C,
respectively). Comparison of Fig. 3A (RH) and B (ME49)
shows that while both strains express SAG1 (lanes 1) and each
of the SRS antigens (lanes 2 to 4, corresponding to SRS1,
SRS2, and SRS3, respectively), there are differences in the
apparent abundance of the SRS antigens between the virulent
RH (type I) and avirulent ME49 (type II) strains. In particular,
the antiserum to SRS2 gives a strong, broad band correspond-
ing to a 40- to 45-kDa antigen with the ME49 lysate (Fig. 3B,
lane 3), which is significantly stronger than that obtained for
RH (Fig. 3A, lane 3). These differences are unlikely to be due
to differential reactivity of the polyclonal anti-SRS2 antiserum
with SRS2 from different strains, since the serum was raised
against an RH strain SRS2 fusion protein (and the RH strain
SRS2 protein gives a weaker rather than stronger signal).
Moreover, the difference in SRS2 antiserum reactivity is re-
flected in the profile of CRD reactivity obtained with lysates
from the two parasite strains (Fig. 3A and B, lane 5).

Western blotting of lysates from the type III avirulent strain,
CEP, with anti-MBP-SRS2 and anti-CRD antisera yielded pat-
terns indistinguishable from those obtained for ME49 (not
shown). SRS2 is the most likely candidate for the 40-kDa
surface antigen identified by Ware and Kasper (36) using an-
tisera specific to ME49 and CEP strains and which apparently
failed to react with antisera from RH. The clear difference
between the virulent and avirulent strains with respect to SRS2
expression indicated by Western blots is partially reflected in a
more-than-twofold-greater relative abundance (11 of 1,806

[0.61%]) of SRS2 ESTs in the ME49 data set relative to RH
(15 of 5,600 [0.27%]). The lack of perfect correlation between
abundance of the gene product and EST number has been
found for a number of other proteins in Toxoplasma (18).

In addition to the striking differences in apparent SRS2
levels, the CRD profiles for the RH and ME49 strains show
another, as yet unidentified, antigen migrating between SAG1
and SRS3 which is more abundant in ME49 than in RH (Fig.
3, lanes 5). The results therefore reveal clear strain-specific
differences in the CRD profiles and the apparent abundance of
SRS antigens between the virulent RH (type I) and avirulent
ME49 (type II) strains. The same result is apparent for the type
III strain CEP (not shown).

An indirect immunofluorescence assay (Fig. 5, upper panels)
shows that the surface of live Toxoplasma tachyzoites can be
labeled with antiserum to MBP-SRS2. Antiserum to MBP-
SRS3 reveals a similar pattern of surface staining (Fig. 5, lower
panels). The mottled appearance of parasite staining results
from the fact that the parasites were stained prior to fixation
and reflects partial capping during staining. Postfixation stain-
ing yields a characteristic circumferential staining pattern (not
shown). These data further support our conclusion that SRS2
and SRS3 are indeed expressed on the surface of tachyzoites.
As yet, our attempts to derive an antiserum against an MBP-
SRS4 fusion protein which reacts with Toxoplasma lysates have
been unsuccessful. As such, we cannot be sure that this gene
product is expressed.

DISCUSSION

Analysis of the Toxoplasma EST database has identified at
least three new genes (SRS2 to -4) transcribed in tachyzoites

FIG. 5. Surface immunofluorescence (left) and phase-contrast microscopy (right) of RH tachyzoites following live staining with antisera to SRS2 (top) and SRS3
(bottom) and fixation with paraformaldehyde. Preimmune sera failed to stain T. gondii tachyzoites (not shown).
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which share structural homology with SAG1 and SAG3. Fur-
ther members of this gene family have also been identified
(SAG5, SAG5.1, and SAG5.2 [GenBank accession no. U64517,
AF013968, and AF017268, respectively]), although their pat-
terns of expression have not been reported. These results in-
dicate that the surface of T. gondii tachyzoites is more complex
than previously thought, displaying considerably more than the
five major surface antigens originally identified in surface-la-
beling experiments. At the same time, the parasite surface
appears simpler than previously believed, in the sense that
most of the antigens now appear to be members of a single
family, with only SAG2 clearly belonging to a separate class
(23) (although the P23 antigen has yet to be cloned). T. gondii
bradyzoites appear to express at least two members of the SRS
family (SAG3 and BSR4 [P36]), in addition to at least two
structurally unrelated GPI-anchored antigens, designated
SAG4 (P18) (22) and SAG4.2 (GenBank accession no.
AF015715 [17]).

The SRS family members show a conserved architecture,
with conservation of cysteines and hydrophobicity patterns ar-
guing that they are under selective pressure to maintain a
particular secondary structure. Their deduced amino acid se-
quences show a hydrophobic COOH terminus, which strongly
suggests that all SRSs are GPI anchored, as has been demon-
strated for SAG1 (20, 32). Consistent with this, antiserum to
the CRD of GPI anchors detects antigens comigrating with
each of the SRS proteins.

The role of this expanding family of surface antigens is
unclear. Despite reports that indicate that antisera to SAG1
partly inhibit invasion (9, 19), it is clear that Sag12 mutants
derived by chemical mutagenesis can invade and replicate ef-
fectively both in vitro and in vivo (13), albeit at reduced effi-
ciency compared to that of the parental ME49 strain. This
implies that the parasite has evolved additional means to en-
able it to fulfill this function. SAG1 is also highly immunogenic,
and humoral and cellular responses of the host against this
protein are capable of limiting acute infection by clearing Tox-
oplasma tachyzoites (3, 15). In doing so, SAG1 drives the
infection by selection in favor of the encysted bradyzoite form.
This fosters the long-term survival of the parasite in a viable
host. SAG1 is therefore critical to the parasite in several dif-
ferent ways. Recent observations suggest that SAG3 may also
play a significant role in host cell attachment and invasion:
SAG32 mutants obtained by targeted gene disruption are
1,000-fold less virulent and invade host cells with 50% of the
efficiency of their wild-type counterparts (30). It is possible that
SRS3 and the other family members play roles similar to those
of SAG1 and SAG3. The existence of such redundant systems
may also account for the ability of Toxoplasma to invade a wide
variety of host cells.

The different abundances of SRS2 in RH and ME49 para-
sites may provide an interesting lead to unravel the function of
these antigens in infection. The results from Western blotting
and indirect immunofluorescence assay indicated that all three
of the reference strains we analyzed (corresponding to types I,
II, and III, respectively) expressed all members of the SRS
gene family at least at the population level, although they do so
at different levels. In particular, the highly virulent type I strain
RH expresses little SRS2, whereas this protein is highly abun-
dant in the avirulent type II (ME49) and type III (CEP) strains.
The significance of this correlation with virulence is unknown.

It is unclear whether the family of SAG1-related sequences
represents a system for antigenic variation. To date, we have
not observed individual parasites in any population that fail to
express a given antigen (17) (Fig. 5), which argues against the
extreme sort of antigenic variation observed in T. brucei or

Plasmodium falciparum (7, 21). One way to explore this further
would be to examine SRS sequences in non-culture-adapted
strains. The protective nature of humoral responses against
SAG1 suggests at least that modern avirulent Toxoplasma
strains lack the capacity to switch or to select tachyzoites ex-
pressing alternative surface antigens. An alternative paradigm
emerging in parasite immunology (8, 11) is that coexpressed
antigens with variant T-cell epitopes can function to inhibit or
modulate T-cell responses. It is possible that the expanding
family of Toxoplasma surface antigens functions in a similar
manner. Such a function may play a key role in creation of the
immunological milieu which favors differentiation to the bra-
dyzoite form and the establishment of long-term infections.
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