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The recent development of an efficient transfection system for the apicomplexan Toxoplasma gondii allows a
comprehensive dissection of the elements involved in gene transcription in this obligate intracellular parasite.
We demonstrate here that for the SAG1 gene, a stretch of six repeated sequences in the region 35 to 190 bp
upstream of the first of two transcription start sites is essential for efficient and accurate transcription
initiation. This repeat element shows characteristics of a selector in determining the position of the transcrip-
tion start sites.

As an obligate intracellular parasite, Toxoplasma gondii is an
important pathogen of the human fetus and of certain groups
of immunocompromised patients. In immunocompetent indi-
viduals, the acute infection is controlled by the immune system;
however, some rapidly growing tachyzoites are able to escape
and survive through differentiation into slowly growing en-
cysted forms called bradyzoites. The cysts remain in the host
during its lifetime and are probably responsible for reactivation
of infection in immunocompromised hosts. Since the intercon-
version of tachyzoites to bradyzoites has become a major clin-
ical concern in reactivation of toxoplasmosis in AIDS patients,
understanding the mechanisms that trigger cell differentiation
is an extremely important issue.
Important morphological and metabolic changes occur dur-

ing this differentiation, and these changes are accompanied by
the stage-specific alteration of gene expression (12). SAG1
codes for the stage-specific major surface antigen of Toxo-
plasma tachyzoites: anti-SAG1 antibodies detect a protein ho-
mogeneously distributed on the surface of both extracellular
and intracellular tachyzoites (9, 13), whereas no protein is
detectable on bradyzoites or sporozoites (11, 26). Recent stud-
ies demonstrated that SAG1 is involved in host cell adhesion
and invasion (18). In addition, studies have shown that immu-
nization with SAG1 induces protective immunity in mice (5,
14). Bradyzoite surface antigens have also been identified (11,
26), but the corresponding genes have not yet been reported.
SAG1 is a single-copy gene, containing no introns. Two

initiation sites for transcription of this gene, separated by ;35
bp, have been reported (6). The polyadenylated transcript is
abundant in tachyzoites (6), but the manner of its developmen-
tal regulation has not been determined. As a first step toward
understanding the structure and organization of gene tran-
scription and regulation in T. gondii, we have chosen to dissect
the upstream region of the developmentally regulated SAG1
gene. The initial cloning and sequencing of the gene did not
reveal the presence of the higher eukaryotic TATA promoter
element (6). However, an element composed of six tandemly
repeated, conserved 27-bp sequences was identified just up-
stream of the two transcription start sites (35 bp separate the
end of the repeats from the first start site, which is in turn ;35
bp upstream of the second site [Fig. 1]) (6). Using recently

developed transfection technology (25), we show here that
these repeated sequences constitute a promoter element es-
sential for high-level expression of SAG1 and that they serve as
a positioning element, directing the initiation of transcription.

MATERIALS AND METHODS

Toxoplasma cells. The parasites used in this study were tachyzoites of the
laboratory strain RH of T. gondii (4). Parasites were grown in monolayer cultures
of human foreskin fibroblasts (HFF) cultured at 378C in Dulbecco modified
Eagle medium (Gibco) containing 10% NuSerum (Collaborative Biomedical
Products).
Transfection studies. Transfection of tachyzoites was done essentially as pre-

viously described (25). Briefly, the parasites were harvested from freshly lysed
cultures of infected HFF, and transfections were performed with 107 parasites in
a volume of 800 ml of cytomix (27) containing 25 nM plasmid DNA. The DNA
concentration used for electroporation was chosen on the basis of the strength of
the promoter under study and the tolerance of the electroporator so that the
pulse length for each sample would be invariant. Unless otherwise noted, all
experiments used supercoiled plasmid DNA. Electroporated parasites were
transferred back to fresh HFF culture and incubated at 378C for 24 h before
preparation of whole-cell extracts for assay of chloramphenicol acetyltransferase
(CAT) activity.
There is no other readily assayable reporter available for transient expression

studies with T. gondii. Therefore, to control for the possibility of an error in
estimating the DNA concentration (and thus the relative expression level), all
transfection experiments were repeated multiple times, using different DNA
preparations for each construct. Results from a representative experiment are
presented in each figure.
Selection of stable transformants. Parasites (107) from strain RH were trans-

fected with 20 mg of supercoiled plasmid DNA and transferred back to HFF
culture. At 12 h after electroporation, the parasites were subjected to 20 mM
chloramphenicol selection as described previously (15). After 7 to 10 days of
selection, stable populations of parasites resistant to chloramphenicol emerged;
for all constructs used, high CAT activity was detected in the parasite popula-
tions.
DNA sequence analysis. DNA sequence analysis was performed by using a

modified T7 DNA polymerase (Sequenase version 2.0) as instructed by the
manufacturer (United States Biochemical).
RNA preparation. Parasites that had recently lysed the host culture (one

175-cm2 flask per experiment) were centrifuged at 400 3 g, and the culture
medium was discarded. After one wash in cold phosphate-buffered saline, the
pellet of cells was collected and total RNA was purified with the Ultraspec RNA
isolation system (Bioteck Laboratories) as instructed by the manufacturer.
Primer extension analysis. RNA from ;108 parasites was resuspended in

water and divided into two aliquots. Each sample was then mixed with 2 pmol of
59 32P-labeled primer 1 (59-ATGTTCTTTACGATGCGATTGG-39) or primer 2
(59-AACGGTGGTATATCCAGTGATT-39). Both primers hybridize within the
CAT sequence; primer 1 hybridizes 30 bp downstream of primer 2. Samples were
denatured by heating to 908C for 3 min and then placed at 608C for 15 min and
at 378C for 30 min to anneal. The primer extension was performed at 378C for 60
min with 200 U of SuperScriptII RNase H2 reverse transcriptase (GIBCO
BRL). One half of each reaction mixture was analyzed on a sequencing gel.
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Vectors used in transfection studies. (i) 5* deletion analysis. The plasmid
constructs used in all experiments contain the 600-bp coding sequence of CAT
and 300 bp of the 39 flanking sequence of the SAG1 gene, including the poly-
adenylation site. They are schematically shown in each figure. Plasmid pS/4K
contains a 4,000-bp fragment of SAG1 59 flanking sequence extending from the
initiation sites upstream to the SalI site in P30.5 COS1 (6). Plasmids pS/800 and
pS/214 correspond to the previously described SAG1/2CAT and SAG19/2CAT,
respectively (25). pS/800 contains ;800 bp of 59 upstream flanking sequences,
starting from the major initiation site of SAG1. pS/214 contains 214 bp upstream
of the major initiation site including five complete repeat motifs.
Deletion of one to four repeats in pS/4R to pS/0R was done by exchanging the

HindIII-NsiI fragment in pS/800 with the fragments obtained from a PCR on
pS/800, using primers A (ggcgaagcttGAGACGCGTGTTC) and B (ggcatgCAT
ACTCGTCAAAAAACCAGAA) (the bases in lowercase do not correspond to
SAG1 sequences and include restriction sites). The PCR gave rise to six distinct
fragments containing 0.5 to 5.5 repeats with HindIII and NsiI sites at their
extremities for cloning. The construct pS/0R contains only half of a repeat motif
(14 bp).
Plasmid pS/70 starts downstream of the repeats and was generated by the same

PCR strategy, using primers B and D (ggcgaagcttTGCCGCACAATGTGCA
CCT).
(ii) Orientation effect analysis. A cassette fragment containing five repeats

with a HindIII restriction site at each end was generated by PCR using pS/800 as
the template and primers E (ggcgaagcttAACCACAAACCTT) and F (gctcaagct
tGAACACGCGTCTC). This five-repeat cassette was inserted in pS/70 in both
orientations, using HindIII, to generate pS/5Rf and pS/5Rr.
(iii) Distance effect analysis. Constructs pS/D5Rf and pS/D5Rr were gener-

ated by cloning the five-repeat cassette (see above) in both orientations into the
unique SacI site located downstream of the 300-bp 39 flanking sequences of
SAG1 in plasmid pS/70. For this purpose, both the vector and the insert were
previously treated with T4 polymerase and blunt end cloned. To generate con-
structs in which the repeat element is moved further upstream relative to the
transcription start sites, the five-repeat cassette was first blunt end cloned into
the KpnI site of pS/70, positioning the repeats 35 bp upstream from their initial
locations to create construct pS/5R35. Subsequently, this plasmid was linearized

at the ClaI restriction site, located in the polylinker immediately downstream of
the repeats, and spacers of different sizes (generated by complete digestion of a
Bluescript [Stratagene] plasmid with the restriction enzyme TaqI) were inserted.
The spacer fragments were identified by sequencing, and their exact sizes were
assigned. Plasmids pS/5R35, pS/5R131, and pS/5R292, with 35-, 131-, and 292-bp
spacers, respectively, introduced downstream of the repeat element were chosen
for promoter analysis.
Insertion of the repeat elements in a heterologous promoter. The five-repeat

element was introduced in the pT/230 expression vector derived from the T.
gondii a-tubulin gene described earlier and previously referred to as TUB1/CAT
(25). The cassette was cloned into the HindIII site 345 bp upstream of the TUB1
transcription initiation site, to generate construct pT5R/230. Construct pT/70 is
a 59 deletion mutant of pT/230, obtained by substitution of the 500-bp HindIII-
NsiI fragment of pT/230 with a 360-bp HindIII-NsiI fragment, generated by PCR
using the primers G (ggcgaagcttGCCTGCATTGGGTGCGGTTG) and H (ggat
gcatTTTGTCGAAAAAGGGAAT), with pT/230 as the DNA template. The
repeat cassette was inserted in both orientations in the HindIII site of pT/70 to
generate pT/5Rf70 and pT/5Rr70.
Assay of CAT activity from Toxoplasma lysate. CAT assays were performed

with the phase partition method described previously (25), and the activities were
measured and compared only in the linear range of the assay.

RESULTS

Promoter mapping by 5* deletion analysis of SAG1. To iden-
tify the cis-acting sequences required for proper functioning of
the SAG1 promoter, we generated a 59 deletion series and
compared them in a transient transfection assay using CAT as
the reporter gene (Fig. 2). Comparison between different con-
structs was done on the basis of multiple experiments and with
the same molar amount of construct DNA. The relative activity
seen with different constructs was constitutively observed. For
example, in three experiments, constructs pS/4R and pS/2R
gave, respectively, 8 to 18% and 55 to 70% of the activity seen
with the full-length construct. A region containing 214 bp up-
stream of the apparent major transcription start site was de-
termined to contain a functional promoter, whereas the se-
quences extending further upstream, in constructs pS/800 and
pS/4K, did not give any significant increase in CAT activity.
Within the promoter region thus identified is an element

composed of six almost identical 27-bp repeats ending 70 bp
upstream of the major transcription start site (Fig. 1). Deletion
of the entire element in pS/70 results in only minimal basal
CAT activity (Fig. 2). As the differences between the con-
structs all lie outside the transcribed region, changes in CAT
activity levels are presumed to reflect relative promoter
strength. This point is further addressed below. Analysis of
constructs containing different numbers of 27-bp repeats shows
that at least two are required to detect a stimulation of tran-
scription over the basal level, as indicated in Fig. 2. Each
additional element yields a roughly incremental increase in
activity up to six repeats. A further doubling of the activity is
obtained when five additional repeats are added tandemly to
the five complete repeats present in construct pS/214 (data not
shown). Thus, these results suggest a cis-acting element in the
SAG1 promoter essential for expression.
To exclude the possibility that the effect seen on deletion of

successive repeats was due to bringing some chance negative
regulating element in the upstream vector sequence ever closer
to the SAG1 initiator, the experiments were repeated for four
of the constructs (pS/2R, pS/3R, pS/4R, and pS/5R), using
linearized DNA in the transfections (linearization was at the
HindIII site, just upstream of the repeats). The strict correla-
tion between the number of repeats and CAT activity was
retained with the two-, three-, four-, and five-repeat-contain-
ing, linearized constructs giving 8, 33, 50, and 93% of the CAT
seen with circular pS/5R (data not shown). This result strongly
suggests that it is indeed the absence of repeats rather than a
juxtaposition of a negative regulator that is responsible for the
diminishing activity upon successive deletion.

FIG. 1. (a) Nucleotide sequence of the sense strand of SAG1 59 flanking
region from 282 bp upstream of the major transcription start site down to the
translation initiation codon (from reference 6). The six repeats are in boldface
and are underlined. The minor and major transcription start sites are indicated
with light and dark arrows, respectively. Numbering is from the middle of the
downstream initiation site. (b) Alignment of the six 27-bp repeat sequences
present in the SAG1 promoter. The nucleotides in lowercase do not match the
repeat consensus sequence.
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Orientation and position effect. To determine whether the
repeat element can function in both orientations, a cassette
composed of five repeats flanked by HindIII restriction sites
was used to generate the reverse-orientation mutant, pS/5Rr
(plasmid bearing the SAG1 promoter with five repeats in re-
verse orientation). This plasmid gave levels of activity essen-
tially similar to those of the comparable forward construct
(pS/5Rf), indicating that the element functions in an orienta-
tion-independent fashion (Fig. 3). The introduction of theHin-
dIII site to clone the five-repeat cassette fragment in pS/70 did
not significantly affect the CAT activity compared with the
wild-type pS/214 construct (data not shown).
Influence of the distance relative to the transcription start

sites has been addressed in two ways. First, the five-repeat
element was inserted into a vector sequence in construct pS/70,

;1 kb downstream of the transcription start sites, in the for-
ward and reverse orientations to give pS/D5Rf and pS/D5Rr,
respectively. In that position, the element is not able to restore
any significant SAG1 promoter activity (Fig. 3).
The second approach was to change the distance of the

repeat element relative to the initiation sites in small incre-
ments. To do this, random spacer sequences derived from the
Bluescript plasmid digested with TaqI and of increasing size
were inserted immediately downstream of the repeat element.
In constructs pS/5R35, pS/5R131, and pS/5R292, in which the
spacers inserted were 35, 131, and 292 bp long, respectively,
CAT activities dropped to 68, 61, and 8%, respectively, relative
to the wild-type pS/5Rf construct (Fig. 3). These values could
be due to effects at any of a number of levels (e.g., transcrip-
tional or posttranscriptional). To discriminate between these

FIG. 2. Transient CAT activity assays driven by the SAG1 promoter. The plasmids are progressive deletions from pS/4K to pS/70. The construct pS/0R extends to
position -83 (Fig. 1) and contains only a partial repeat (14 bp). The control plasmid pCAT does not contain any SAG1 sequences. The level of CAT activity of each
construct is expressed as a percentage of that of pS/4K. Transcription start sites are shown for those constructs that have been directly analyzed (data not shown and
Fig. 4). They are presumed to be the same for the remaining constructs but have not been directly determined. The darker arrow indicates the major start site.

FIG. 3. Transient CAT activity assays driven by SAG1 mutant constructs, in which the repeat element is positioned in inverted orientation and/or moved either
downstream of the gene or further upstream relative to the initiation sites. The spacers introduced downstream of the repeats are indicated by thick lines, and their
sizes are indicated below. The level of CAT activity is expressed as a percentage of that of construct pS/5Rf. Transcription start sites as determined by primer extension
(Fig. 4 and data not shown for construct pS/5R292) are indicated as in Fig. 2.
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alternatives, we mapped the transcription sites used in each
construct.
Determination of transcription start sites. Two discrete sites

of transcriptional initiation in the SAG1 gene have been pre-
viously determined by nuclease protection and primer exten-
sion analysis (6). In the context of SAG1 promoter analysis, it
was necessary to determine first that the same initiation sites
were used by the parasites in constructs where the SAG1 cod-
ing sequence was replaced by the CAT sequence and second
whether the modifications introduced in the mutated promoter
constructs affect the positioning of these initiation sites.
Primer extension analysis was performed on total RNA har-

vested from T. gondii clones stably transformed with the pS/4K,
pS/5Rr, pS/5R35, and pS/5R131 constructs (Fig. 3; note that
pS/5R292 did not generate enough CAT activity to allow se-
lection of stable clones since such selection relies on enough
CAT being present to give chloramphenicol resistance [15]).
Two primers were used in the analysis to exclude any primer-
specific artifact. These hybridize to CAT sequences down-
stream of the SAG1 promoter, about 30 bases apart. Except for
the expected shift in size, exactly analogous results were ob-
tained with the two primers (compare lanes 1 to 4 and 6 to 9 in
Fig. 4), indicating that all bands are the result of extension on
the target RNA. Similarly, controls using RNA from untrans-
fected parasites gave no signal, again indicating the specificity
of the extension products (Fig. 4, lanes 5 and 10). For simplic-
ity, therefore, the results for primer 1 only will be discussed.
Five clusters of strong stops, S1 to S5, are seen with the

pS/4K construct which has 4,000 bp of upstream sequence
including the repeats in their natural positions (Fig. 4, lane 4).
Two of these sites (S1 and S2) correspond to RNA species of
the expected size for initiation of transcription occurring at the
natural sites previously mapped (6). The third site, S3, maps
within SAG1 sequences downstream of the S1 and S2 sites, but
a comparable signal is not seen with a SAG1 antisense oligo-
nucleotide (6), and thus this signal may represent an unnatural
start site derived from the mixing of the SAG1 promoter with
the CAT coding region. As discussed further below, the pres-
ence of S1 and S2 and absence of S3 signals in lane 2, which
corresponds to pS/5Rr (five repeats in reverse orientation),
indicates that S3 could not be a result of processing of the S1-
and/or S2-derived RNAs (the sequences downstream of the
repeats are identical in pS/4K and pS/5Rr, and thus any pro-
cessing events seen for one should be seen for the other).
The S4 and S5 sites also are not seen when a SAG1 primer

is used (6) (note also that all five clusters are within SAG1
sequences). Additionally, S4 and S5 are seen in all lanes in
which extension products are detected, albeit only after over-
exposure in some cases, including lanes in which no signal is
seen for S1, S2, and S3 (e.g., lanes 3 and 8). Thus, the simplest
explanation for these RNAs is that they are a result of degra-
dation of longer transcripts, regardless of where they initiate.
Consistent with this conclusion, they were not seen in other
experiments in which RNA from transient transfections using
identical plasmids was analyzed in an identical manner except
for the method of RNA preparation (data not shown).
Extension on RNA from the pS/5Rr construct (lanes 2 and

7) in which the five repeats are in reverse orientation gives
initiation at both the S1 and S2 sites in about the same pro-
portion to that seen with the wild-type pS/4K (S1 is clearly
visible on longer exposure). Interestingly, S3 is not detectably
used in the pS/5Rr construct, indicating it is dependent on a
natural orientation of the repeats (but only when juxtaposed to
CAT sequences). The mechanism for this is unclear.
Primer extension analysis was also applied to parasites stably

transformed with constructs pS/5R35 and pS/5R131, in which

the repeat element was placed progressively further upstream.
Primer extension on the transcripts produced from pS/5R35
gave rise to the products seen in Fig. 4, lane 2. For this con-
struct, only the S1 site is appreciably used, with S2 being
detectable only on overexposure of the gel (not shown). Thus,
shifting the repeats 35 bp upstream apparently restricts initia-
tion to almost exclusively the most upstream natural site.
For pS/5R131 (lane 3), in which 131 bp have been inserted

between the repeats and the normal initiation sites, none of the

FIG. 4. Mapping of the SAG1 transcription start sites in CAT expression
vectors by primer extension using two antisense oligonucleotides specific for the
CAT sequence. Primers 1 and 2 were used for the extensions shown in lanes 1 to
5 and 6 to 10, respectively. Primer 1 corresponds to CAT sequence 30 bp
downstream of that corresponding to primer 2. RNA was derived from parasites
stably transformed with pS/5Rr (i.e., five repeats in the reverse orientation; lanes
1 and 6), pS/5R35 (i.e., five repeats separated from the initiation sites by inser-
tion of 35 bp of vector sequence; lanes 2 and 7), pS/5R131 (carrying an insertion
of 131 bp; lanes 3 and 8), pS/4K (with ;4,000 bp of SAG1 upstream sequence;
lanes 4 and 9), and control, untransformed parasites (lanes 5 and 10). The
sequence reactions are derived from pS/4K, using primer 1 on the left and primer
2 on the right, and thus both give an antisense sequence. The primer extension
products generated by the transformant harboring pS/4K are labeled S1 to S5; S1
and S2 are the natural SAG1 initiation sites. The cluster of extensions seen for
pS/5R131 is labeled A.
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normal stops (S1 to S3) are detected except S4, which, as
already discussed, may be a cleavage site. Instead, a new cluster
of bands (marked A in Fig. 4) is seen, indicative of transcripts
initiating;130 bp upstream of the major S2 initiation site seen
with the wild-type SAG1.
A quantitative analysis of these data is not possible since the

efficiency of primer extension is dependent on the length of the
product and the recovery of total RNA is variable because of
the small number of parasites handled. In fact, analysis of the
yield of total RNA from each parasite line showed the same
relationship as seen in Fig. 4, i.e., pS/4k , pS/5R35 ; pS/
5R131, pS/5Rr with respect to both total RNA yield and total
primer extension product.
Analysis of RNA from parasites transiently transfected with

the pS/5R292 construct similarly showed a shift in the length of
the products by about the size of the insert (data not shown;
CAT expression in pS/5R292 is insufficient to allow selection of
stable transformants).
These results demonstrate that the repeat element deter-

mines the position of the transcription start sites. In the light of
these data, the CAT activity obtained with constructs pS/5R35,
pS/5R131, and pS/5R292 (Fig. 3) could readily be explained by
differences in the translation efficiency of the different mRNAs
seen for each construct. For example, dramatic differences
could result from utilization of cryptic translation start sites
present in the spacer sequences.
The repeat element stimulates transcription from a heter-

ologous promoter. We were interested to determine whether
this transcriptional element would be capable of stimulating
expression from a heterologous promoter; for this purpose, we
started with the pT/230 expression vector derived from the
a-tubulin gene (TUB1) of T. gondii and containing 230 bp
upstream of the transcription start site (19). The pT/230 con-
struct was previously called TUB1/CAT and used to establish
transient transfection protocols (25). A TUB1 promoter dele-
tion mutant, pT/70, containing 70 bp of 59 flanking sequence
upstream from the transcription start site was also constructed.
The pT/70 construct shows 50% less activity than pT/230 but is
still very efficiently expressed in T. gondii and may constitute
the core promoter of TUB1.
The repeat element was introduced upstream of the TUB1 59

flanking sequences in both pT/230 and pT/70 to generate plas-
mids pT/5R230, pT/5Rf70, and pT/5Rr70 (the first two have

the five repeats in the forward orientation; the last has them
reversed). The potential of the repeat element to modulate the
heterologous promoter activity was evaluated in transient
transfection assays. A fivefold stimulation in CAT activity was
observed when the five-repeat element was inserted in both
orientations at a short distance (70 bp) but not at a longer
distance (230 bp) upstream of the transcriptional start site
(Fig. 5). Primer extension analysis on pT/230, pT/70, pT/5Rf70,
and pT/5Rr70 confirmed that the initiation site of transcription
(T1) is unaltered; i.e., there is no effect on the start site posi-
tion of substituting the TUB1 coding sequence with CAT or of
inserting the repeat element (data not shown). Presumably, in
these pT/70-based constructs, the repeats are appropriately
positioned (i.e., 70 bp upstream) to stimulate expression from
the natural initiator.

DISCUSSION

Within the group of protozoan parasites, analysis and char-
acterization of promoters have been limited. The lack of DNA
transfection in apicomplexans (e.g., Toxoplasma and Plasmo-
dium species) previously hampered determination of the ele-
ments involved in their gene transcription. In members of the
Kinetoplastida (e.g., Leishmania and Trypanosoma species),
for which transfection is available, promoter analysis is com-
plicated by the fact that transcription involves the synthesis of
large polycistronic precursors from which mature RNAs are
produced by trans splicing (reviewed in reference 8). Those
promoters that have been well characterized in trypanosomes
drive genes that code for surface antigens variant surface gly-
coprotein and procyclic acidic repetitive protein) and are un-
usual in apparently being transcribed by RNA polymerase I
(Pol I) (7, 21, 30). (Although in most systems Pol I transcribes
only the rRNA genes, the trypanosome Pol I can be used to
transcribe protein-coding genes, because a 59 cap, essential for
mRNA functioning, can be added posttranscriptionally by trans
splicing to the pre-mRNA.) A putative actin gene promoter is
the only Pol II promoter found so far in trypanosomes, but in
experiments reported to date it shows only very weak activity
(2), and no detailed characterization has yet been performed.
There is no evidence of polycistronic transcription or trans

splicing in T. gondii, facilitating the identification of promoters
and rendering unlikely the possibility that a polymerase other

FIG. 5. Modulation of the transient CAT activity driven by TUB1 promoters with or without the insertion of the SAG1 repeat element. The level of CAT activity
is expressed as a percentage of that of the pT/230 construct.

VOL. 15, 1995 TOXOPLASMA SAG1 PROMOTER 91



than Pol II is responsible for the transcription of protein-
coding genes in this organism. Until recently, analysis of pro-
moter function in T. gondii has been restricted to sequence
comparison, and such analyses do not reveal any obvious com-
mon conserved elements that might potentially interact with
the transcription machinery and none of the well-characterized
proximal/distal elements identified in higher eukaryotic pro-
moters, including the TATA box, seemed to be present.
TATA-less promoters have generally been found associated
with housekeeping genes (reviewed in reference 23), and mul-
tiple sites of transcription initiation are often seen (reviewed in
reference 20).
A highly divergent TATA-binding protein (TBP) has been

characterized in the related apicomplexan parasite Plasmo-
dium falciparum (17). Thus, it is very likely that a TBP exists in
T. gondii and that if it is involved in SAG1 promoter function,
it recognizes a noncanonical TATA box or works via indirect
interaction with another, DNA-binding protein. Several cases
in which, in the absence of a TATA box, regulatory factors are
believed to tether TFIID (of which TBP is part) or other
components of the preinitiation complex to the promoter and
participate in start site selection have been reported. For ex-
ample, the Sp1 site directs initiation of transcription in the
hamster dihydrofolate reductase promoter to about 45 bp
downstream (3), as do four binding sites for the glucocorticoid
receptor (22, 29). The activator proteins recognizing these sites
are believed to determine the specific initiation start site
through protein-protein interactions (16). Our results are con-
sistent with the hypothesis that the SAG1 repeat element func-
tions in a similar manner, serving as a selector to position the
RNA polymerase around 35 to 70 bp downstream of the ele-
ment. The fact that the repeats can be inverted and still drive
transcription of CAT suggests that they naturally may drive
divergent transcription of sequences upstream of SAG1. This
possibility has not yet been tested, and there are no data on the
possible coding function of this upstream region.
In most eukaryotes, transcription typically starts at an A

within several pyrimidine nucleotides called the initiator (10).
It is generally accepted that TBP cooperates with the initiator
and plays a central role in transcription from yeasts to humans
(28). A hierarchy of steps in the initiation process is believed to
take place: the selector binds or tethers TFIID to the promoter
in the first step of initiation and controls the position of the
preinitiation complex, and then the initiator interacts with a
common component of the complex and controls the exact
start site. The results obtained here suggest that the SAG1
repeat element plays a predominant role in the initiation pro-
cess but that there is considerable flexibility in the initiator,
since some cryptic sequences at the proper distance are appar-
ently found in all of the random spacer sequences introduced
and analysis of sites S1 to S3 did not reveal any obvious simi-
larity even with respect to the nucleotide where initiation ap-
parently occurs at each.
Study of the developmental regulation of gene expression in

T. gondii has previously been extremely difficult because of the
obstacle of obtaining significant amounts of bradyzoite-con-
taining tissue cysts from infected animals. The concomitant
development of both a transfection system and a protocol for
in vitro differentiation of tachyzoites to bradyzoites (e.g., see
reference 24) provides the ingredients necessary to investigate
the mechanisms involved in the expression of stage-specific
genes. Also, the fact that this SAG1 repeat element is able to
stimulate transcription by using a heterologous promoter pro-
vides the ideal constructs to address the role of the repeats in
stage-specific control of gene expression.
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