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Control of adeno-associated virus (AAV) transcription from the three AAV promoters (p5, p19, and p40)
requires the adenovirus Ela protein and the AAV nonstructural (Rep) proteins. The Rep proteins have been
shown to repress the AAV p5 promoter yet facilitate activation of the p19 and p40 promoters during a
productive infection. To elucidate the mechanism of promoter regulation by the AAV Rep proteins, the cellular
factors involved in mediating Rep activation of the p19 promoter were characterized. A series of protein-DNA
binding experiments using extracts derived from uninfected HeLa cells was performed to identify cellular
factors that bind to the p19 promoter. Electrophoretic mobility shift assays, DNase I protection analyses, and
UV cross-linking experiments demonstrated specific interactions with the cellular factor SP1 (or an SP1-like
protein) at positions —50 and —130 relative to the start of p19 transcription. Additionally, an unknown cellular
protein (cellular AAV activating protein [cAAP]) with an approximate molecular mass of 34 kDa was found to
interact with a CArG-like element at position —140. Mutational analysis of the p19 promoter suggested that
the SP1 site at —50 and the cAAP site at —140 were necessary to mediate Rep activation of p19. Antibody
precipitation experiments demonstrated that Rep-SP1 protein complexes can exist in vivo. Although Rep was
demonstrated to interact with p19 DNA directly, the affinity of Rep binding was much lower than that seen for
the Rep binding elements within the terminal repeat and the p5 promoter. Furthermore, the interaction of
purified Rep68 with the p19 promoter in vitro was negligible unless purified SP1 was also added to the reaction.
Thus, the ability of Rep to transactivate the p19 promoter is likely to involve SP1-Rep protein contacts that

facilitate Rep interaction with p19 DNA.

Adeno-associated virus (AAV) is classified as a nonautono-
mous parvovirus, and under most conditions AAV requires the
presence of a helper virus, i.e., adenovirus (Ad), for a produc-
tive infection (8, 40). The 4.7-kb genome of AAV contains two
open reading frames, rep and cap. AAV uses three promoters
to regulate the expression of these open reading frames (16,
17). The promoters at map positions 5 and 19 (p5 and p19)
regulate the expression of the nonstructural (Rep) proteins
and encode four overlapping proteins with approximate mo-
lecular masses of 78, 68, 52, and 40 kDa (41, 52, 55). The
structural (Cap) proteins are derived from transcripts initiated
at the p40 promoter (3, 4, 26).

In the absence of helper virus, AAV transcription is not
typically observed (12, 32, 33). The presence of Ad helper
results in activation of AAV promoter activity (9, 33, 54). The
Ad early region 1la protein (Ela) functions to activate the p5
and p19 promoters and is facilitated by interactions with the
pS-bound cellular proteins YY1 and major late transcription
factor (9, 34, 50). The components required for Ela activation
at p19 are not known. The additional Ad genes required as Ad
helper functions facilitate AAV gene expression posttranscrip-
tionally by cytoplasmic transport and stabilization of AAV
messages (46, 47, 57).

Genetic analysis of the AAV genome has demonstrated that
the p5 Rep proteins (Rep78 and Rep68) are required to reg-
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ulate transcription from all three promoters and to replicate
the viral DNA (20, 53). Several biochemical properties have
been characterized for the pS Rep proteins during replication;
these include site-specific endonuclease (24, 51), DNA helicase
(24, 58), and DNA binding (24, 25, 38) activities. In the ab-
sence of Ad, Rep has been shown to repress both p5 and p19
transcription (21, 30). Repression of p5 is mediated in part by
direct binding of Rep78 or Rep68 to the pS Rep binding
element (RBE) (31, 43). In the presence of helper virus,
Rep78/68 transactivation of the p19 and p40 promoters is de-
pendent on the presence of the RBEs in the p5S promoter and
the terminal repeat (TR) (36, 43).

The functions of the p19 Rep proteins, Rep52 and Rep40, in
transcriptional regulation are not clearly defined. It has been
reported that these proteins function as repressors of p5 activ-
ity in the absence of helper virus (21, 30). In the presence of
helper virus, however, Rep52 and Rep40 act to attenuate p5
activity by antagonizing Rep78 and Rep68 repression (43).
Mutational analysis of the rep coding region has yielded several
domains responsible for DNA binding, transactivation of the
p19 and p40 promoters, and repression of p5 (37, 59). DNA
binding domains at both the N and C termini are necessary for
transactivation and repression activities. Mutations in the nu-
cleoside triphosphate binding domain have no effect on the
repression and DNA binding activities but are required for
transactivation. Finally, the p19 Rep proteins, Rep52 and
Rep40, are missing N-terminal amino acid sequences required
for binding the RBE. Thus, the p19 Rep proteins are likely to
exert their effects through protein contacts with other cellular
or viral proteins which have not yet been identified.
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FIG. 1. Sequence of the p19 promoter. AAV nucleotides are indicated by
vertical lines. The p19 initiation site is indicated by a bent arrow. Open boxes
outline sequences with homology to SP1, CArG-like, GGT, and TATA tran-
scription factor binding elements. Deletions of nt 720 to 749, 750 to 779, 810 to
839, and 840 to 869 have been shown previously to reduce p19 activity (36). In
contrast, deletion of nt 780 to 809, including the CATT element (27) (dotted
box), is not required for p19 promoter activity. Sequences with homology to the
linear TR RBE are underlined by a dotted line (38). The boundary between
fragments I and II, which were used in protein binding experiments, is indicated
by arrows.

Although the viral and cellular interactions that regulate p5
activity have been characterized, nothing is known about sim-
ilar interactions at the p19 promoter. In earlier studies, we
used deletion analysis to demonstrate that four 30-bp regions
in the p19 promoter were necessary for mediating Rep activa-
tion of p19 (Fig. 1, nucleotides [nt] 720 to 779 and nt 810 to
869). The aim of this study was to identify the proteins that
were interacting with these regions and determine their con-
tribution to p19 promoter activity. Our experiments demon-
strated that two SP1 elements, one at position —50 relative to
p19 transcript initiation and another at position —130, were
both required for p19 promoter activity. Additionally, we have
identified a novel protein with a molecular mass of approxi-
mately 34 kDa, which we have called the cellular AAV acti-
vating protein (cAAP), that interacts with a CArG-like ele-
ment at position —140. Finally, evidence is provided that SP1
facilitates Rep induction of the pl9 promoter by stabilizing
Rep interactions with p19 DNA through direct protein-protein
contacts made between SP1 and Rep78/68.

MATERIALS AND METHODS

Cell lines and transfections. Human A549 cells (ATCC CCL 185) were main-
tained in Dulbecco’s modified essential medium (DMEM; Gibco BRL) contain-
ing 10% bovine calf serum (BCS) at 37°C in 100-mm-diameter culture dishes.
HeLa suspension cells were grown in Joklik modified essential medium contain-
ing 10% BCS. Plasmid delivery was performed by using cationic liposomes made
with DC-cholesterol and dioleoyl-L-a-phosphatidylethanolamine (DOPE; Avanti)
as described previously (15). Liposomes (12 pg) were mixed with plasmid DNA
in 2 ml of serum-free medium and put on the cells. Following a 3-h incubation
at 37°C, 4 ml of DMEM containing 10% BCS and Ad type 2 at a multiplicity of
infection of 5 was added. Sixteen hours postinfection, the medium was replaced
with fresh DMEM containing 2% BCS, and cells were harvested 40 to 46 h
postinfection.

Plasmids. Plasmid pIM45 contained AAV nt 145 to 4486 in a pBS M13+
vector (36). Mutants in the p19 promoter region were constructed in the back-
ground of pIM45 by using oligonucleotide-directed mutagenesis (29). The SP1-
50, SP1-130, GGT-110, and CArG-140 elements were substituted with an Xhol
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restriction site and an amber termination codon (Table 1; Fig. 1). The SP1-130
and GGT-110 double mutant contained Xhol and Xbal restriction sites at the
two positions, respectively, and an in-frame opal termination codon (Table 1;
Fig. 1). A Sacll restriction site was introduced in place of each of the two p19
TATA elements (Table 1; Fig. 1).

The Rep helper plasmid, p19/40S, contains a series of nucleotide mutations
downstream from the p19 and p40 initiation sites. These mutations, however, do
not alter the amino acid composition of Rep but prevent the antisense riboprobe
from completely annealing to these transcripts; this allows one to distinguish p19
transcription from p19/40S which is rep™ and the pl9 mutants in the pIM45
background (36). Plasmid pCMVRep78/68 encodes the AAV Rep78 and Rep68
proteins under the control of the human cytomegalovirus immediate-early pro-
moter and has been described elsewhere (43).

Plasmid RP19 was used as the template for synthesis of p19 antisense tran-
scripts used in the RNase protection assay. RP19 was constructed by inserting a
Sacll/BamHI fragment (AAV nt 814 to 1045) into homologous sites of pBS
M13+ (Stratagene). The orientation of the AAV insert allowed the use of the T3
RNA polymerase promoter to synthesize p19 antisense transcripts. The probe
when hybridized to p19 transcripts yields a 175-bp RNase-resistant fragment.
The probe also hybridizes to transcripts from the p19/40S template; however, due
to mismatches between AAV nt 941 and 959, RNase digestion yields 86- and
69-bp protected fragments. PLK215 (obtained from N. Reich, State University of
New York at Stony Brook) was used to generate antisense RNA that detects the
y-actin transcripts. A BamHI/HindIII fragment from mouse y-actin cDNA was
positioned in pSP64 to utilize the SP6 RNA polymerase promoter. The probe
when hybridized to human vy-actin transcripts yields a 135-bp protected fragment.

Protein-DNA binding experiments. Probes were generated by PCR to amplify
sequences within the p19 promoter from pIM45 and p19 promoter mutants. The
PCR mixtures contained, in a volume of 75 pl, 50 mM KCI, 10 mM Tris-HCI (pH
8.8), 3 mM MgCl,, 0.1% Triton X-100, 1.5 mM each dATP, dCTP, dGTP, and
dTTP, 0.014 pM plasmid DNA, 100 pM 32p 5'-end-labeled oligonucleotide, 100
pM unlabeled oligonucleotide, and 5 U of Tag DNA polymerase (Promega
Biotech). The reactions were subjected to 27 cycles of 45 s at 94°C, 45 s at 59°C,
and 30 s at 72°C. The probes then were purified on a 5% nondenaturing poly-
acrylamide gel. The primers used for amplification were 20 bases long and had
their 5" ends positioned at nt 687 and 906. A third 20-base primer with its 5’ end
at nt 598 was used in place of the primer at nt 687 to synthesize the probe for
DNase footprinting experiments. All primers were 5’ labeled with polynucleotide
kinase (New England Biolabs) and [y-*P]ATP (3,000 Ci/mmol). Probes used in
the electrophoretic mobility shift assays (EMSAs) were digested with Sacl to
generate two fragments of 127 bp (fragment I, AAV nt 687 to 814) and 92 bp
(fragment II, AAV nt 814 to 906). These fragments were separated by polyacryl-
amide gel electrophoresis (PAGE) and used in separate binding reactions.

Crude nuclear extracts were prepared from 3 liters of HeLa suspension cul-
tures as described previously (13). Pure human SP1 was obtained from Promega
and supplied at 1 footprinting unit per pl. Rep68 was prepared from a baculo-
virus overexpression system and purified through DNA affinity chromatography
as described previously (36).

EMSAs were performed in 20-pl reactions containing 20 mM HEPES (pH
7.9), 5 mM MgCl,, 50 mM NaCl, 10 uM ZnSO, and 3 pg of sonicated salmon
sperm DNA. The 5’'-end-labeled DNA was incubated with various amounts of a
crude nuclear extract. The reaction mixtures were incubated for 20 min at room
temperature and were then loaded onto a 4 or 5% polyacrylamide gel and
electrophoresed at room temperature in 0.5X TBE (45 mM Tris-HCI, 89 mM
boric acid, 1 mM EDTA) for 2 to 3 h at 9 V/cm. In some experiments, 5 mM
MgCl, was included in the gel running buffer. The oligonucleotide competitor
containing SP1 sites consisted of three tandem binding SP1 sites (6) and had the
sequence 5'-GGGCGGGGCGCGGCGGGGCGGGGCGGGGC. An oligonu-
cleotide containing the c-fos serum response element (SRE) was also used as a
competitor in some reactions and had the sequence 5'-GGATGTCCATATTA
GGACATCT (56). Antibodies specific for human SP1 (Santa Cruz Biotechnol-
ogy) and all four AAV Rep proteins (anti-52/40) (22) were used in antibody
addition EMSAs.

The reaction conditions for DNase I footprinting experiments were identical
to those for the EMSAs except that the reaction volume was increased to 50 pl
and 1 pg of poly(dI-dC) was used as the nonspecific competitor. Following

TABLE 1. Oligonucleotides used for mutagenesis”

AAV nt Sequence Substitution
717-752 cgegtcacaaagaCTCGAGCCTAGgccggaggecgg CArG-140
732-767 agaaatggcgccgCTCGAGCTTAGaaggtggtggat SP1-130
743-777 gaggcgggaacaaCTCGAGGTAGgagtgctacat GGT-110
806-841 gectgagetccagCTCGAGTAGactaatatggaac SP1-50
819-853 tgggcgtggacCCGCGGggaacagta TATA-35
843-869 tatggaacagCCGCGGtgcgcectgttt TATA-30
733-780 gaaatggcgccg TCTCGAGTGAcaaTTCTAGATCCagtgctacatce SP1-130/GGT-110

“ Nucleotide changes are indicated in uppercase. In-frame amber codons (opal for the SP1-130/GGT-110 mutant) are in boldface.
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incubation at room temperature for 20 min, 50 wl of a solution containing 10 mM
MgCl, and 5 mM CaCl, was added to the reaction mixture, which was then put
on ice for 5 min. To these reaction mixtures, 0.2 U of DNase I (Worthington
Biochemicals) was added, and incubation was continued on ice for 2 min. The
reaction was stopped by the addition of 90 wl of 20 mM EDTA, 1% sodium
dodecyl sulfate (SDS), 0.2 M NaCl, and 1.1 mg of carrier tRNA per ml. The
reactions were extracted with phenol-chloroform (1:1) and precipitated with
ethanol. The reaction products were analyzed on a sequencing gel alongside a
Maxam and Gilbert G+A sequencing ladder of the same probe (2).

The probes used for UV cross-linking experiments were uniformly labeled
with 300 nCi of [a-*?P]dCTP (3,000 Ci/mmol). Reaction conditions were iden-
tical to those used in the EMSAs. Following incubation for 15 min at 25°C, the
reaction mixtures were exposed to UV light (\ = 254 nm) for 30 min. This was
followed by the addition of CaCl, to a final concentration of 25 mM, 2 U of
DNase I, and 1 U of micrococcal nuclease and incubation at 37°C for 30 min. An
equal volume of 2X SDS-PAGE loading buffer was added, and the reaction
products were boiled for 5 min. The samples then were subjected to SDS-PAGE
(10% polyacrylamide gel) along with *C-labeled protein markers (Amersham).

To determine the ratio of dissociation constants (K,s) of the TR, p5, p19, and
p40 substrates, a high-substrate-concentration competition binding analysis was
performed essentially as described previously (39). Promoter fragments used as
competitors were synthesized by PCR using pIM45 as the template for amplifi-
cation, and the p19 primers used were those (described above) that had their 5’
ends at nt 687 or 906. The p5 and p40 primer pairs were 20 bp long and had their
5’ ends at nt 136 and 305 and at nt 1666 and 1850, respectively. Primers used to
amplify promoter sequences for use as competitors were not end labeled, and the
reaction was scaled up 10-fold. Following amplification, the promoter fragments
were gel purified by electrophoresis on a 1% agarose gel. The molar concentra-
tion of each competitor was determined by A, The terminal repeat RBE
oligonucleotide substrate has been described previously (39). It had the sequence
5'-ctagattaCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGetgte, where the
uppercase letters represent AAV TR sequences and the lowercase letters are
random sequences used to extend the length of the substrate. A corresponding
minus strand was annealed to this oligonucleotide by mixing equimolar amounts
of each in a volume of 50 pl containing 0.1 M NaCl and 1 mM EDTA, heating
at 65°C for 5 min and cooling to room temperature. The oligonucleotides were
5'-end labeled with [y->P]ATP and precipitated with ethanol. Then 0.025 pmol
of labeled RBE substrate was incubated with 60 ng of Rep68 in a reaction
volume of 20 pl containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 20%
glycerol, 5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 1 pg of
poly(dI-dC). The reaction mixtures were incubated for 20 min at room temper-
ature and analyzed on a 5% polyacrylamide gel containing 0.5X TBE. Bands
corresponding to bound and free DNA were cut from the gel, and radioactivity
was measured in a scintillation counter. The fraction of bound substrate was then
plotted as a function of picomoles of unlabeled competitor. The ratio of the Ks
was determined by calculating the ratio of homologous competitor (TR compet-
itor) to heterologous competitor (p5 substrate) that was required to reduce the
fraction of labeled TR substrate that was bound by 10% of the starting value. The
ratios for the p19 and p40 competitors could not be measured in this way due to
the low affinity of these substrates for Rep68. The ratio of these K,s therefore
was determined by comparison to the p5 competitor and extrapolation to the TR
RBE.

RNA isolation. Forty hours postinfection, the cells were scraped into the
medium and washed with phosphate-buffered saline. One-tenth of the cells were
used to monitor levels of input plasmid DNA. Hirt DNA was isolated as previ-
ously described (2), and the samples were digested with X%ol or, for the TATA
mutants, SacIl (New England Biolabs). The samples were run on a 0.8% agarose
gel in 1X TBE, transferred to a nylon membrane, and hybridized to the Xbal
fragment of pIM45, AAV nt 145 to 4518 (49).

The remaining aliquot of cells was used to isolate total RNA as described
previously (11). The RNA isolation yields RNA contaminated with plasmid
DNA; therefore, the samples were treated with RNase-free DNase I (Worth-
ington Biochemicals) (2).

RNase protection analysis. RNase protections were performed with antisense
transcripts from both RP19 and pLK215. RP19 and pLK215 were linearized by
digestion with SacIl and Hinfl, respectively. A 100-ng aliquot of each plasmid
was incubated in a 20-pl reaction volume containing 40 mM Tris-HCI (pH 7.9),
6 mM MgCl,, 10 mM dithiothreitol, 2 mM spermidine, 0.5 mM ATP, 0.5 mM
GTP, 0.5 mM CTP, 0.025 mM UTP, 50 uCi of [a-*?p] UTP (800 Ci/mmol;
Amersham), 4 U of RNasin (Promega), and 40 U of T3 RNA polymerase (RP19)
or SP6 RNA polymerase (pLK215). The reaction mixtures were incubated at
37°C (T3) or 40°C (SP6) for 1 h. The probes were gel purified on an 6%
sequencing gel, eluted (49), and used immediately for hybridization.

Approximately 5 p.g of total RNA (A4,,) was mixed with 2 X 10° cpm of each
riboprobe. Hybridization at 55°C and RNase digestion were performed as de-
scribed previously (43, 48), and the reaction products were analyzed on a 6%
sequencing gel. Following electrophoresis, the gels were dried and exposed to
film. Bands corresponding to p19 and actin transcripts were quantitated with a
Molecular Dynamics ImageQuant version 3.3 PhosphorImager. The final levels
of p19 activity were normalized for both actin and input plasmid levels.

Immunoprecipitation experiments. A549 cells grown in 100-mm-diameter
dishes were mock transfected or transfected with plasmid pPCMVRep78/68. At
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FIG. 2. DNase I footprint of the p19 promoter. A 5'-end-labeled probed
containing nt 593 to 906 was used for a Maxam and Gilbert G+A sequencing
reaction (lane 1), digestion with DNase I (lane 2), or digestion with DNase I after
incubation with 10 pg (lane 3) and 20 pg (lane 4) of a crude HeLa nuclear
extract. The products of the reaction were analyzed on a 6% sequencing gel. To
the left of the gel, AAV nucleotides are indicated by a single line and putative
promoter elements are indicated by brackets and their respective positions in
relation to the p19 initiation site. Regions of protection are indicated at the right
by horizontal bars.

36 h posttransfection, nuclear extracts were made (1). An antibody that recog-
nizes only the larger Rep78 and Rep68 proteins (anti-78/68) (22) was coupled to
protein A-Sepharose and used as described previously (19). SP1 was detected by
immunoblotting with an antibody directed to human SP1 and chemilumines-
cence (Amersham).

RESULTS

The SP1 and CArG-like elements are protected from DNase
I cleavage. As mentioned above, we previously used deletion
mutagenesis to identify four 30-bp regions, nt 720 to 779 and
810 to 869, in the p19 promoter that were necessary for Rep-
mediated activation (36). Sequence analysis of this region
showed homology to previously characterized transcription
factor binding elements (Fig. 1). Two putative TATA boxes
were identified at nt 833 to 839 (—35 relative to the start site
of transcription) and 843 to 849 (—30), each of which has the
potential to direct TATA binding protein interactions and
facilitate transcription. Additionally, two putative SP1 binding
sites (6) were identified at nt 746 to 753 (—130) and 819 to 831
(—50), and a single CArG-like element (44) was identified at nt
730 to 740 (—140). A GGT box, which has been shown to be a
weak SP1 binding element (18, 28, 45), also was identified at nt
758 to 763 (—110). Finally, two putative RBEs were identified
(Fig. 1) (36).

Initial characterization of protein interactions at the p19
promoter were performed by DNase I footprinting. Incubation
of a 308-bp p19 fragment (nt 598 to 906) with a crude nuclear
extract from HeLa cells revealed two distinct regions of pro-
tection (Fig. 2). The first region included a portion of the
putative SP1 element at —130 and the CArG-like element at
—140, both of which were weakly protected. The second was a
region of strong protection that included the putative SP1
element at —50. The absence of protection over the TATA
elements at positions —30 and —35 was not unexpected. It has
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FIG. 3. EMSAs demonstrate interactions with SP1 and a CArG-like element
within the p19 promoter. (A) 5’-end-labeled fragment I probes (AAV nt 687 to
814) from the wt p19 promoter (lanes 1 to 4) or p19 clones that had substitutions
in the CArG-140 (lanes 5 to 8), SP1-130 (lanes 9 to 12), or GGT-110 (lanes 13
to 16) element were incubated with (lanes 2 to 4, 6 to 8, 10 to 12, and 14 to 16)
or without (lanes 1, 5, 9, and 13) a crude HeLa nuclear extract. Reactions in lanes
3,7, 11, and 15 were challenged with a 200-fold molar excess of an unlabeled SP1
competitor. An unlabeled oligonucleotide containing the c-fos SRE was included
at a 200-fold molar excess in lanes 4, 8, 12, and 16. The reactions were analyzed
on a 4% polyacrylamide gel containing 0.5X TBE. The three retarded com-
plexes, A, B and C, are indicated on the left. (B) A 5’-end-labeled p19 fragment
IT (AAV nt 815 to 906) from wt (lanes 1 to 4) or a mutant in the SP1-50 site
(lanes 5 to 8) was incubated with (lanes 2 to 4 and 6 to 8) or without (lanes 1 and
5) a crude HeLa nuclear extract. Reactions were challenged with 50-fold (lanes
3 and 7) or 200-fold (lanes 4 and 8) molar excess of an unlabeled SP1 competitor
where indicated. The products were electrophoresed on a 4% polyacrylamide gel
containing 0.5X TBE and 5 mM MgCl,.

been observed that TATA binding protein does not bind effi-
ciently to DNA when in a crude mixture of proteins (42).
Competitive EMSAs experiments demonstrate SP1-p19 in-
teractions. Competitive EMSAs were used to further charac-
terize protein interactions at p19. Incubation of wild-type (wt)
p19 fragment II (Fig. 1, AAV nt 815 to 906) resulted in a series
of protein-DNA complexes (PDCs) (Fig. 3B, lane 2). These
PDCs could be efficiently competed when the reactions were
challenged with unlabeled SP1 oligonucleotide (Fig. 3B, lanes
3 and 4). Additionally, the formation of the p19 fragment II
PDCs was lost when a probe containing a mutant SP1-50 ele-
ment was used in place of the wt probe (Fig. 3B, lanes 5 and 6;
Table 1). These results were consistent with the strong DNase
I protection in this region and suggested that the putative SP1
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site at —50 was responsible for the gel shift pattern generated
by fragment II.

Incubation of wt p19 fragment I (Fig. 1, AAV nt 687 to 814)
with a crude nuclear extract resulted in the formation of three
PDCs, A, B, and C (Fig. 3A, lane 2). When the reaction was
challenged with an unlabeled SP1 oligonucleotide, the forma-
tion of PDCs A and B decreased (Fig. 3A, lanes 3 and 7). In
addition, a substitution mutant in the SP1-130 element (Table
1) eliminated both PDC A and PDC B (Fig. 3A, lanes 9 to 12).
In contrast, mutation of the GGT-110 element had little effect
on the gel shift pattern (Fig. 3A, lanes 13 to 16; Table 1). We
concluded that the putative SP1 element at —130 was probably
responsible for PDCs A and B.

Fragment I PDC C appeared to be related to the CArG-like
element at —140. The formation of PDC C was unaffected by
the addition of SP1 competitor or the substitution mutants at
—110 and —130 (Fig. 3A). However, a substitution mutant at
the CArG-like element at —140 (Table 1) completely elimi-
nated PDC C (Fig. 3A, lanes 6 to 8). Although CArG-like
elements are often part of SREs (56), addition of an authentic
c-fos SRE had little effect on any of the fragment I complexes
(Fig. 3A, lanes 4, 8, 12, and 16).

UV cross-linking experiments identify 97-, 105-, and 34-kDa
proteins. UV cross-linking experiments were performed to de-
termine the approximate molecular masses of the proteins
binding to p19. Two proteins with molecular masses of approx-
imately 97 and 105 kDa were observed in reactions with both
fragments I and II (Fig. 4A, lanes 1 and 2). The mobilities of
these proteins were consistent with the molecular weights of
the phosphorylated and unphosphorylated forms of human
SP1 (6). Addition of unlabeled SP1 competitor DNA to the
binding reactions reduced the amount of cross-linked SP1 pro-

1 2 3
A —_— B ALLHLELHO RAERTH T Frobe
—200 i + - + - Competitor
M - + + + + - Protein
Skt “ 974 200 — ﬁ
974 — .—.~
—68 i
X— . 68—
plip™, 1.2 3 4 5 6
.y
C 220—
—
97.4 —
68—
—
43—
M 1 2 3

FIG. 4. UV cross-linking experiments of p19 fragments I and II. (A) Uni-
formly labeled p19 fragments I (lane 1) and II (lane 2) were generated by PCR
with [a-3?p]dATP incorporated throughout the length of the probe. The sub-
strates were incubated with a crude HeLa nuclear extract and exposed to UV
light (\ = 254 nm). Following digestion of unbound DNA, the products were
analyzed on an SDS-10% polyacrylamide gel. '*C-labeled molecular weight
markers (lane 3) are indicated by their sizes in kilodaltons. Labeled proteins are
indicated by arrows as SP1 and X. (B) p19 fragments I (lanes 1 to 3) and II (lanes
4 to 6) were incubated with (lanes 2 to 5) or without (lanes 1 and 6) a crude HeLa
nuclear extract. A 300-fold molar excess of an unlabeled SP1 oligonucleotide was
included in lanes 3 and 5. The reactions were treated and analyzed as described
above. '*C-labeled protein molecular weight markers are indicated in kilodaltons
on the left (lane M). (C) p19 fragment I substrates derived from either wt p19
(lanes 1 and 2) or the p19 promoter containing a mutation in the CArG-140
element (lane 3). The uniformly labeled substrates were incubated without (lane
1) or with 30 mg of a crude nuclear extract (lanes 2 and 3), treated, and analyzed
as described before. *C-labeled protein molecular weight markers are indicated
in kilodaltons on the left (lane M).
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FIG. 5. SP1 antibody addition experiments with p19 fragments I and II. (A)
p19 fragment II was incubated without (lane 1) or with (lanes 2 to 6) a crude
HeLa nuclear extract (protein). An SP1-specific antibody (lane 3), an unlabeled
SP1 oligonucleotide (lane 4), or both antibody and oligonucleotide (lane 5) were
added where indicated. A non-SP1 antibody (Rep) was also used (lane 6) as a
control. The products were analyzed on a 4% polyacrylamide gel containing 0.5%
TBE and 5 mM MgCL,. The positions of SP1 and SP1-antibody (SP1+Ab) PDCs
are indicated on the left. (B) p19 fragment I was incubated without (—) or with
(+) a crude HeLa nuclear extract where indicated. The SP1 antibody or a control
(Rep) antibody was also added to p19 fragment I alone (lanes 5 and 6) or p19
fragment I PDCs (lanes 3 and 4). The reactions were analyzed on a 4% poly-
acrylamide gel containing 0.5X TBE.

tein from both p19 fragments I and II compared to reactions
without competitor (Fig. 4B; compare lanes 2 and 3 and lanes
4 and 5), suggesting that the 97- and 105-kDa proteins were
interacting with the SP1 elements in fragments I and II.

In addition to these proteins, a protein with an approximate
molecular mass of 48 kDa was observed cross-linked to frag-
ment I (Fig. 4A, lane 1). This interaction was specific for this
fragment, as it was not observed with fragment II (Fig. 4A, lane
2). Mutation of the CArG-140 element eliminated cross-link-
ing of the 48-kDa protein to fragment I (Fig. 4C; compare
lanes 2 and 3). We concluded that the 48-kDa protein specif-
ically interacted with the CArG-like element. This interaction
appeared to be independent of the SP1-130 interaction. Be-
cause the 48-kDa cross-linked protein presumably contained
approximately 20 bp of DNA, the actual molecular mass of the
protein was estimated to be approximately 34 kDa. Indeed,
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preliminary purification of this protein by affinity chromatog-
raphy results in the isolation of a 34-kDa protein (not shown).

An SP1 antibody alters the mobility of retarded p19 frag-
ments. To provide further evidence that SP1 was interacting
with the p19 promoter fragments, an antibody supershift ex-
periment was performed. As expected, incubation of labeled wt
p19 fragment II with a crude extract yielded labeled PDCs
(Fig. 5A, lane 2) that were reduced when an unlabeled SP1
competitor was added (Fig. SA, lane 4). Addition of SP1 an-
tibody to the reaction resulted in the formation of a slower-
migrating PDC (Fig. 5A, lane 3) that was not observed if a
control antibody was used (Fig. 5A, lane 6). Addition of an
unlabeled SP1 competitor to the reaction reduced both the
labeled PDC and the antibody containing complex (Fig. 5A,
lane 5).

In contrast, incubation of p19 fragment I with a crude extract
and SP1 antibody did not produce easily detectable super-
shifted complexes (Fig. 5B, lanes 2 and 3). There did, however,
appear to be a slight qualitative difference in PDCs A and B
that was not observed with a control antibody (Fig. 5B; com-
pare lanes 3 and 4), and a small amount of supershifted com-
plex was sometimes seen.

The CArG-140, SP1-130, and SP1-50 elements are necessary
for p19 promoter activity. To determine the role of each p19
interaction for promoter activity, we constructed a series of
substitution mutations within each of the potential SP1 sites at
—130, —110 (GGT), and —50 (Table 1). Additionally, substi-
tution mutants were made within the CArG-like element
(—140) and the two TATA sites (—30 and —35) (Fig. 1 and
Table 1). All of the mutants were constructed in plasmid
pIM45, which contains the wt AAV sequence but is missing the
TRs. With the exception of the two TATA mutants, each
mutant also contained a stop codon at the substitution site so
that it was incapable of making functional Rep78 or Rep68
(Table 1). To assess the effect of each mutant on p19 transcrip-
tion, the mutants were cotransfected with a plasmid, p19/40S,
that supplied wt Rep in trans (36). p19/40S contained a series
of third-position codon changes that did not alter the amino
acid composition of the Rep proteins but did allow for discrim-
ination between the p19 transcripts synthesized from the pro-
moter mutants and p19/40S (Fig. 6). Riboprobe hybridized to
the promoter mutant transcripts produced a protected frag-
ment of 175 bp, while p19/40S transcripts produced two frag-
ments of 86 and 69 bp (Fig. 6 and Fig. 7A and B). A riboprobe
to y-actin was used to normalize total RNA recovery (Fig. 7A),

814 872 1045 protected fragments
p19 l 19 1
promoter p ,—)
P nts N
—> 175
* X KK __E K
RP19 3]
86
872 941959
1, l — 69
p19/40S p1s[ Yt

SN2, Z— -

FIG. 6. Schematic of the p19 RNase protection assay. p19 transcripts from the p19 promoter mutants initiate at nt 872 and, when hybridized to the T3-transcribed
RP19 antisense RNA (AAV nt 1045 to 814), yield a 175-bp RNase-resistant fragment. Transcripts from the p19/40S template also initiate at nt 872; however, mutations
between nt 941 and 959 prevent complete hybridization to the RP19 antisense RNA, and subsequent RNase digestion of these hybrids results in 86- and 69-bp protected

fragments. See Materials and Methods for further details.
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FIG. 7. RNase protection analysis of p19 promoter mutations in the presence or absence of wt Rep. (A) A549 cells were transfected with 5 pg of the rep™* plasmid,
p19/40S (lanes 1-9), no reporter (—; lane 1), 5 pg of the wild-type pIM45 reporter plasmid (lane 2), or 5 g of a plasmid containing a mutation in one of the p19
promoter elements (CArG-140, SP1-130, GGT-110, both SP1-130 and GGT-110 [SP1/GGT], SP1-50, TATA-35, or TATA-30; lanes 3 to 9). The cells also were infected
with Ad at a multiplicity of infection of 5. Some of the p19 promoter mutants (5 pg) were also transfected in the absence of the rep™ plasmid p19/40S (lanes 10 to 14)
and infected with Ad. Forty hours posttransfection, RNA was isolated and measured by RNase protection. The positions of the 175-bp p19 and the 135-bp y-actin
protected fragments are indicated by arrows. (B) Analysis of p19 transcription from the p19/40S template. RNA from the experiment panel A (lanes 2 to 9) was analyzed
by RNase protection using the RP19 riboprobe; the 69- and 86-bp protected fragments are indicated on the right. (C) Ten percent of the transfected cells from the
experiment in panel A (lanes 1 to 14) were used to isolate and quantitate input plasmid DNA. Hirt DNA was digested with SacIl (TATA mutants) or Xhol (other
mutants), run on a 0.7% agarose gel, and blotted onto a nylon membrane. The blots were hybridized to a radiolabeled DNA fragment containing AAV nt 190 to 4487.
Indicated on the right are the positions of the pIM45 and p19/40S plasmids and the p19 mutant plasmids. Digestion of the p19/40S plasmid with Sacll yields a fragment
with a mobility similar to that of the SacII fragment of the TATA mutants, and therefore these fragments are not separated on this gel. The levels of the p19 TATA
mutant reporter plasmids were estimated from the plasmid levels in the other p19 mutant transfections by subtracting the average amount of p19/40S plasmid from
the total plasmid DNA. (D) Three independent experiments monitoring p19 promoter activity were normalized for levels of both total RNA (y-actin) and input plasmid
DNA. The average level of p19 transcript from the wt p19 promoter in pIM45 in the presence of p19/40S (+p19/40S) was arbitrarily set to 1. Then, the average levels
of p19 transcripts from the p19 promoter mutants in the presence (+) or absence (—) of p19/40S were calculated relative to the level for pIM45. The error bars indicate
the maximum deviation from the mean. (E) The ratios of p19 promoter activity from the p19 mutants CArG-140, SP1-130, GGT-110, and SP1-50 and the double mutant

SP1/GGT in the presence of p19/40S (Rep+) versus the absence of p19/40S (Rep—) were calculated and plotted.

and Hirt extraction of input plasmid DNA was used to nor-
malize transfection efficiency (Fig. 7C). The average of three
experiments was then normalized to the value for wt parental
plasmid, pIM45 (Fig. 7D).

Three of the mutants, CArG-140, SP1-130, and SP1-50, were
found to have a significant effect on p19 transcription, approx-
imately two- to threefold each. This result was consistent with
the DNase I protection assays and EMSAs described above,
which demonstrated that these sites were bound by SP1 or a
48-kDa protein and suggested that these three positions were
necessary for p19 promoter activity. Disruption of either of the
two TATA elements had no significant effect on p19 activity,
suggesting that these two elements were redundant. Addition-
ally, mutation of the GGT element at —110 also appeared to
have no effect on p19 promoter activity, either by itself or in
combination with a mutation in the nearby SP1-130 element
(Fig. 7D).

Conceivably, one or more of the SP1 sites or the CArG-like
element were responsible for mediating activation of the p19
promoter by Rep78/68. To see if this was the case, the level of
p19 activity in the absence of the complementing p19/40S plas-

mid was measured (Fig. 7A) and the ratio of p19 activity in the
presence and absence of Rep78/68 was calculated (Fig. 7E).
We reasoned that if a particular sequence element was in-
volved in Rep-mediated activation of p19, then mutation of
that element would reduce the effect of Rep on p19 promoter
activity. Thus, a ratio closer to 1 would indicate that the mu-
tated element was more likely to be involved in Rep-mediated
p19 transactivation, and a ratio of exactly 1 would indicate that
the mutated element was the only sequence responsible for the
Rep response.

All of the mutants displayed more p19 activity in the pres-
ence of Rep78/68 than they did in absence of the p19/40S
plasmid, suggesting that no one element was uniquely respon-
sible for Rep activation. The CArG-140 mutant and SP1-50
mutant showed relatively modest increases in the presence of
Rep, three- and fourfold, respectively. This finding suggested
that the contribution of these elements to p19 promoter activ-
ity was more dependent on the presence of Rep. In contrast,
the SP1-130 and GGT-110 sites appeared to have a more
normal response to Rep (i.e., both were activated 10- to 20-
fold), suggesting that mutation of these two elements did not
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FIG. 8. Direct interaction between Rep78/68 and the cellular factor SP1. (A)
One-fifth of a nuclear extract from A549 cells that were mock transfected (lane
1) or transfected with 5 ug of pPCMVRep78/68 (lane 2) was electrophoresed on
an SDS-10% polyacrylamide gel. In addition, a Sepharose-coupled antibody that
recognizes only Rep78/68 (23) was added to the remainder of the mock-trans-
fected (lane 3) or pPCMVRep78/68-transfected (lane 4) extracts. Proteins bound
to the antibody-Sepharose beads were boiled in 2X SDS loading buffer and
electrophoresed on the same SDS-gel. Following electrophoresis, immunoblot-
ting was performed with an antibody specific for human SP1. The position of SP1
is indicated by an arrow. (B) p19 fragment II was incubated with purified Rep68
(lane 1, 23 ng of Rep), purified SP1 (lane 2, 0.7 footprinting units [Promegal]), or
both SP1 and Rep68 (lane 3). The reaction mixtures were electrophoresed on a
5% acrylamide gel containing 0.5X TBE. SP1-p19 PDCs are indicated by a
vertical line, and a Rep-SP1-dependent PDC is indicated by an arrow.

significantly affect Rep transactivation. We note, however, that
this kind of analysis does not provide information about the
relative contribution of each element to p19 promoter activity
in the absence of Rep78/68. Thus, it is possible that the SP1-
130 element contributes the most to basal p19 transcription.

Each of the mutants discussed above synthesized a truncated
Rep protein which might have a dominant negative effect on
p19 transactivation and could confuse the interpretation of the
results. To rule out this possibility, we examined the effects of
all the mutants and the wt pIM45 plasmid on transcription
from the p19/40S plasmid. No effect was seen in trans on p19
transcription from the p19/40S plasmid (Fig. 7B).

SP1 directly interacts with Rep 78/68 and facilitates Rep
interaction with the p19 promoter. It seemed likely that the
SP1 interaction at position —50 was necessary for mediating
Rep activation of p19; however, it was not apparent how SP1
mediates Rep induction of the p19 promoter. It was possible
that Rep interacts with p19-bound SP1 and stimulates p19
activity without direct DNA contact. Alternatively, SP1 could
stabilize a direct interaction between Rep and p19 DNA. In
either case, Rep would have to be capable of making direct
contacts with SP1. To determine if SP1 and Rep78/68 could
interact with each other, an immunoprecipitation experiment
was performed with a monoclonal antibody that recognizes
Rep78/68. Nuclear extracts were made from cells that were
mock transfected or transfected with pCMVRep78/68. Both
extracts contained approximately the same levels of cellular
SP1 (Fig. 8A, lanes 1 and 2). When these extracts were incu-
bated with the anti-78/68 antibody, the precipitate from the
extract that contained Rep78/68 also contained SP1 (Fig. 8A,
lane 4). This was not true of the mock-transfected extract,
which suggested that Rep78 or Rep68 could form a protein
complex with at least a portion of the intracellular SP1 in vivo.
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To determine whether this interaction could occur when SP1
was bound to a p19 promoter fragment, we examined whether
Rep could supershift a p19-SP1 PDC. We established earlier in
this report that SP1 binds well to pl19 fragment II, and as
expected, incubation of this probe with purified SP1 resulted in
the formation of several PDCs (Fig. 8B, lane 2). Purified
Rep68 alone had no detectable binding activity in this exper-
iment (Fig. 8B, lane 1), consistent with its low affinity for p19
(38) (see below). However, if Rep was added to a binding
reaction containing SP1, a new distinct set of PDCs was ob-
served (Fig. 8B, lane 3). This result suggested that Rep could
interact with SP1 when it is bound to the SP1 site at —50.

Relative affinity of Rep68 to p5, p19, p40, and the TR. We
previously demonstrated that purified Rep68 interacts with a
linear 22-bp sequence within the TR and the pS5 promoter (38).
Additionally, there appeared to be weaker interactions with
the p19 and p40 promoter regions, and RBE-like sequences
were found in both of these promoters (Fig. 1). To determine
the relative affinity of Rep68 to the TR and the p5, p19, and
p40 promoters, we did competition EMSAs as described pre-
viously (39). Unlabeled oligonucleotides containing the pS5,
p19, p40, and TR RBEs were used to compete the binding of
Rep68 to a linear TR RBE substrate. The K, of the p5 pro-
moter was found to be approximately 20-fold higher than that
of the linear RBE within the TR (Fig. 9). The relative K;s of
the p19 and p40 promoters were determined by comparison to
pS due to the weakness of the p19 and p40 interactions and
were then extrapolated to the TR RBE. Rep68 was found to
have approximately 160- and 80-fold-lower affinity for the p19
and p40 promoters, respectively, than the linear TR RBE sub-
strate.

DISCUSSION

To understand the mechanism by which AAV Rep proteins
regulate transcription from the p19 promoter, we character-
ized the cellular factors and proximal sequence elements that

0.4
TR . p5
e p19 + p40

fraction bound

0 -
5

0 1 2 3 4
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FIG. 9. The relative Ks of p5, p19, and p40 substrates compared to the TR
RBE (A-stem) substrate. An oligonucleotide containing the TR RBE was 5'-end
labeled, and 0.025 pmol was used as the binding substrate for 60 ng of Rep68.
Unlabeled TR, p5, p19, and p40 substrates were used as competitors for binding
to the labeled TR RBE substrate and added at 0.025, 0.25, 1.25, 2.5 and 5 pmol
per reaction. Following electrophoresis and autoradiography, bands correspond-
ing to bound and free labeled substrate were cut from the gel and counts per
minute was measured in a scintillation counter. The fraction bound was calcu-
lated and plotted as a function of picomoles of competitor.
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are required for p19 promoter activity. In a previous study, we
used deletion analysis to identify four 30-bp regions (Fig. 1)
that were necessary for p19 activity in the presence of Rep
protein (38). Several putative transcription factor binding ele-
ments, including two TATA boxes, two SP1 sites, a GGT box,
and a CArG-like element, were identified in these regions. In
this study, we used substitution mutants and a variety of bio-
chemical techniques to assess the role of these putative tran-
scription elements in controlling p19 transcription. We con-
cluded that (in addition to one or both of the TATA sites) at
least three of these elements, the SP1 site at —50 relative to the
start of transcription, a second SP1 site at —130, and the
CArG-like element at —140, were important for p19 activity.
Additionally, we show that the p19 promoter was capable of a
weak interaction with purified Rep68. This interaction may be
directed by two potential RBEs (Fig. 1) that were identified by
sequence homology (38).

SP1-50 site. DNase I footprinting analysis demonstrated
that the putative SP1 element at —50 relative to the start of
transcription was protected from DNase I cleavage. EMSAs
using mutant substrates, specific oligonucleotide competitors,
and SP1 antibodies, in addition to UV cross-linking experi-
ments, clearly demonstrated that SP1 interacts with the SP1-50
element in the p19 promoter.

The SP1-50 interaction was necessary for p19 activity in both
the absence and the presence of Rep78/68 and was one of two
sites (the other being the CArG element) that was particularly
sensitive to Rep induction of p19 transcription. Because the
SP1-50 site overlaps a putative RBE, it was difficult to com-
pletely exclude the possibility that the phenotype of the SP1-50
mutant was due to altered Rep binding rather than altered SP1
binding. However, several lines of evidence suggested that SP1
binding at the —50 site is essential for both basal p19 promoter
activity and Rep transactivation of p19. First, Rep bound to
p19 DNA with approximately 160-fold-lower affinity than to
the TR RBE, and relatively high concentrations of purified
Rep were required to detect a stable Rep-p19 complex (38)
(Fig. 8). Second, we have been unable to demonstrate that
purified Rep protects either the region containing the SP1-50
site or the region containing the site of transcript initiation
from DNase digestion (not shown). In contrast, both purified
and crude forms of SP1 bound readily to the SP1-50 site. Third,
analysis of mutants in the two TATA boxes within the p19
promoter, including the one which overlaps the putative RBE,
suggested that both TATA boxes were functional (see below).
Finally, SP1 and Rep could form a stable complex in vivo as
demonstrated by immunoprecipitation. Furthermore, SP1
binding to the —50 site facilitated Rep interaction with the p19
promoter, presumably through protein-protein contacts. These
results suggested that Rep by itself does not bind to the p19
promoter under physiological conditions and that the complex
formed between Rep, SP1, and p19 DNA is required for Rep
transactivation of the p19 promoter.

SP1-130. SP1 (or an SP1-like protein) also appeared to bind
to the element at —130, although not as strongly as the —50
site. Both DNase I protection and gel shift experiments sug-
gested that this site was bound more weakly than the site at
—50. Cross-linking experiments (Fig. 4) demonstrated an in-
teraction between the —130 site and a protein similar in size to
human SP1 (6), and oligonucleotide competition experiments
and gel shift experiments using a substrate with a mutant —130
site (Fig. 3 and 4) also supported an interaction between SP1
and the —130 site. However, antibody supershift experiments
did not conclusively confirm the presence of SP1. This may
have been due to the presence of other proteins bound near or
at the —130 site which interfered with antibody recognition, or
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it may have been due to the presence of a different protein
bound to the —130 site. Two reports have identified SP1-
related genes with binding characteristics similar to those of
SP1. One gene, SPR2 (28) or SP3 (18), encodes a protein with
a predicted molecular mass of approximately 100 kDa (SP1 is
approximately 97 kDa) and is expressed in a variety of cell
types, including HeLa cells. Thus, it is possible that this SPR3/
SP2 protein is responsible for the interactions that we observed
with the p19 SP1-130 element.

While the identity of the protein that interacts with the
SP1-130 element was not conclusively demonstrated, the ele-
ment and its associated transcription factor appeared to be
required for maximal p19 activity. Unlike the SP1-50 site, the
—130 element appeared to be relatively independent of Rep
activity, and we concluded that it was more likely to contribute
to p19 promoter activity by increasing the basal rate of tran-
scription.

CArG-140. The third element which appeared to have a
strong effect on p19 promoter activity was a CArG-like site at
position —140. This element was found to interact with a pro-
tein that was present in crude HeLa cell extracts and had an
approximate molecular mass of 34 kDa. Although the CArG-
like element was near the SP1-130 site, EMSA and UV cross-
linking experiments suggested that the protein that interacts
with this site is independent of the SP1 promoter element. The
CArG element was not part of an SRE site, as competition
experiments with an authentic SRE site were not successful.
Because we are unaware of a 34-kDa transcription factor that
can bind to a CArG-like sequence, we tentatively concluded
that this protein is a novel transcription factor and have called
it cCAAP. Analysis of transcription factor binding sites (5), in
particular CArG elements, has not provided any additional
information about the identity of cAAP. In addition to the
oligonucleotide experiments using SP1 and SRE, several com-
petitive EMSAs using oligonucleotides corresponding to a va-
riety of other transcription factor elements, including YY1
(50), major late transcription factor (9), ATF (14), EF1A (7),
and RBE (38), were unable to disrupt the cAAP interaction
(data not shown). Furthermore, we have determined that the
CArG-140 element alone (i.e., the sequence CCAGAAATGG
shown in Fig. 1) cannot compete for cAAP binding to p19
promoter DNA; 5 to 6 additional bp 5’ of the CArG element
are required for this interaction (data not shown).

A substitution mutant within the CArG site demonstrated
that it contributes to p19 promoter activity and, like the SP1-50
element, mediates Rep activation of the p19 promoter. Al-
though we have not yet determined whether Rep and cAAP
interact, we would speculate that cAAP facilitates Rep trans-
activation through protein interactions, like the SP1-50 inter-
actions.

Redundant TATA sites. Mutation of either of the two TATA
sites in the p19 promoter (—30 or —35) had no effect on p19
promoter activity. This result confirmed the previous results of
Chejanovsky and Carter (10), who also demonstrated that ei-
ther TATA site could be mutated without affecting p19 activ-
ity, and suggested that the two TATA sites are redundant. In
contrast, we previously reported that deletion of nt 840 to 869
(dI810 [Fig. 1]), which included the TATA site at —30, com-
pletely abolished pl9 promoter activity (36). The apparent
discrepancy may be due to the fact that the deletion positioned
the remaining —35 TATA site only 8 bp from the start of
transcription initiation. Alternatively, it may reflect the need
for the putative RBE at the site of transcription initiation (Fig.
1). The latter seems unlikely because it is difficult to see how
Rep binding at the transcription initiation site would do any-
thing but inhibit p19 activity. Nevertheless, we have not yet



VoL. 71, 1997

tested mutants in the putative Rep binding site at nt 864 to 888
to rule out this possibility.

With the exception of dI840, our results in this study are
consistent with the deletion analysis of the p19 promoter that
we reported previously (36). The cAAP binding site and the
SP1-130 site (Fig. 1) would account for the phenotypes of dI720
(deletion of nt 720 to 749) and dI750 (nt 750 to 779). Similarly,
the SP1-50 site would account for the phenotype of d/810 (nt
810 to 839).

Mechanism of Rep transactivation of p19. In addition to the
proximal pl9 promoter elements that we identified in this
study, we previously observed that Rep78/68 interactions with
either the pS RBE or the TR RBE are required for both p19
and p40 transactivation (43). We proposed that Rep78/68 that
is bound to these RBEs interacts directly with p19-bound cel-
lular transcription factors to achieve Rep transactivation of
p19. The formation of these complexes would result in the
looping out of the intervening DNA, similar to those described
for other transcriptional enhancer elements (35). The evidence
presented here that Rep can make direct protein contacts with
SP1 support the idea of a p5-Rep-SP1-p19 complex that could
account for Rep transactivation of the p19 promoter.
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