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We have used baculovirus-expressed Rep68 that has been purified to homogeneity to reexamine the binding
properties of the Rep protein. We find that Rep68 is capable of binding to a linear DNA sequence that is
contained within a 25-bp sequence of the A stem of the adeno-associated virus (AAV) terminal repeat proximal
to the B and C palindromes. This has been shown conclusively by demonstrating that Rep68 could specifically
bind to a synthetic oligonucleotide containing the 25-bp region in the absence of the other sequences within the
terminal repeat. Rep78 was also capable of binding the A stem recognition element, as demonstrated by the fact
that a DNA affinity column containing the 25-bp sequence can be used to purify Rep78. The ability to recognize
the linear DNA sequence within the A stem provides a mechanism by which the Rep protein can be oriented
on the terminal repeat so that only the correct strand is cut at the terminal resolution site (¢rs site) during
terminal resolution. In addition, computer analysis suggests that sequences similar to the A stem element are
present within the three AAV promoter regions. Electrophoretic mobility shift experiments clearly demonstrate
that the p5 promoter contains a Rep binding sequence. DNase protection experiments indicate that the Rep
binding sequence within the p5 promoter is located between the YY1 initiator sequence and the TATA binding
site. This position immediately suggests a mechanism by which the Rep protein could act as a repressor or a
transactivator of p5 transcription by interacting with either YY1 or TBP. In addition, gel shift experiments
suggest that the p19 promoter also contains a Rep binding site. The presence of Rep binding sites upstream
of both promoters suggests that these sites may be involved in coordinate regulation of AAV transcription. In
addition, we have identified a heterologous Rep binding sequence within pBR322 DNA. A comparison of the
sequences within the A stem, p5, and pBR322 binding sites suggests that a repeating GAGC motif is at least
part of the Rep recognition sequence. In the accompanying report (D. M. McCarty, J. H. Ryan, S. Zolutukhin,
X. Zhou, and N. Muzyczka, J. Virol. 68:4998-5006, 1994), we examine the relative affinity of Rep to the A stem
site and the complete terminal repeat. Finally, we also have reexamined the ability of Rep68 and Rep78 to cut
at the #rs site in substrates that do not contain the B and C palindromes or any apparent secondary structure.
Although higher amounts of enzyme are necessary, &rs endonuclease activity can be detected on such substrates
with both Rep68 and Rep78. This finding suggests that the A stem recognition element and a functional trs site
are sufficient for site specific cutting at the trs site and provides a mechanism by which dimer molecules, which
are not expected to have hairpins, might be processed to monomer length during AAV DNA replication. It also
means that the AAV terminal repeat is a tripartite origin for DNA replication. For efficient function, three
elements of the terminal repeat are necessary: the frs site, the A stem-binding element, and the B and C
palindromes.

The rep gene of adeno-associated virus (AAV) codes for
four overlapping polypeptides referred to by their apparent
molecular sizes of 78, 68, 52, and 40 kDa (22, 34). We and
others have shown that the two larger Rep proteins, Rep78 and
Rep68, are the only AAV-specific gene products which are
required in vivo (6, 10) and in vitro (23) to carry out AAV
DNA replication. The Rep proteins of AAV contain several
activities required for the terminal resolution process by which
the virus maintains its genomic ends. These include binding to
the AAV terminal repeat (TR) (2, 12), a site-specific, strand-
specific endonuclease activity which cuts the terminal resolu-
tion site (&rs site) (13, 33), covalent attachment at the #rs site
(31), and an ATP-dependent DNA helicase activity (13, 14). In
addition, the same proteins function as positive and negative
regulators of AAV gene expression (3, 17, 19, 36). The ability
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of Rep to carry out these multiple functions has been difficult
to understand because, thus far, specific binding has been
detected only to the DNA of the palindromic TR sequence,
and only when it was folded into a hairpin configuration (Fig.
1a). Yet transactivation of the AAV promoters by Rep protein
does not require the presence of the TRs, suggesting that Rep
interacts with sequences other than the TRs (19). Further-
more, our models of terminal resolution and of AAV DNA
replication suggest that Rep should also specifically recognize
linear, nonhairpinned DNA (32).

The initial interaction between Rep and AAV DNA in a
viral infection is probably the recognition and binding of the
TR in the hairpin configuration as shown in Fig. 1. The bound
Rep protein then catalyzes a single-stranded cleavage at the trs
site, whereupon it is covalently joined to the newly generated
5’ end (31). This leaves the 3’ end available as a primer for the
synthesis of DNA complementary to the A, B, and C palin-
dromes. This asymmetric cleavage must be directed to the
bottom strand of the TR so that DNA synthesis ensues toward
the end of the molecule. The mechanism by which Rep
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FIG. 1. Schematic representation of the AAV TR and DNA sub-
strates for Rep binding. (a) Features of the AAV TR which are
thought to interact with Rep protein. The A, B, and C palindromes and
the D repeat are indicated. The boxed regions are areas which, by
mutation analysis, are implicated in Rep binding and site specific
endonuclease activity. Filled characters represent bases protected by
Rep from DNase I digestion (12, 32). (b) Sequences of the two
synthetic oligonucleotides, consisting of wild-type AAV sequences
except for the Xbal site at the right-hand end, which were annealed to
form the A stem substrate for Rep binding and #s activity. A third
synthetic oligonucleotide, which included the B and C internal palin-
dromes (B-C substrate), could be ligated to the A stem substrate to
form a structure identical to the complete AAV TR in the hairpinned
configuration. The A-25 substrate contained the 18-bp region which
was common to both the A stem and the fragment of pBR322 which
bound to Rep (Fig. 3). A-25 also included Bg/II linkers at each end
which extended the sequences identical to AAV to 25 bp.

recognizes the orientation of the TR has posed a problem.
Because the secondary structure of the TR is symmetric, the
Rep protein must recognize one or more primary sequence
elements in order to asymmetrically cut the correct strand at
the trs site.

The process of terminal resolution inverts the orientation of
the B and C palindromes relative to the trs site. These
structures, therefore, are unlikely to provide orientation sig-
nals for Rep during terminal resolution, even though they are
prominent asymmetric features of the TR. Consistent with this
view, sequence substitutions in the C palindrome which main-
tain the secondary structure retain the ability to replicate in
vivo, while those which do not allow the formation of the
T-shaped structure do not replicate (4, 18, 28). This supports a
role for the recognition of secondary structure and not primary
sequence in the cross arms of the TR (B and C palindromes).
Additional support for this interpretation comes from Rep
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binding studies in vitro, which demonstrate that both orienta-
tions are bound (2, 12). Finally, DNase protection assays reveal
that regardless of the orientation of the TR, the small internal
palindrome (B or C) further from the #rs site is more protected.
All of these considerations led us to search for a Rep-binding
element within the remaining TR sequences (A and D).

One possibility for a Rep binding site was the trs site which
links the A and D sequences. Mutations in this region demon-
strated that Rep does have some capacity to recognize this
sequence (32). When the #rs site (including 3 bp to the left of
the cleavage site) was moved 8 bp away from the cross arms of
the T, it was still cleaved by Rep in vitro, albeit inefficiently.
The altered sequence at the original #rs position was not
cleaved, suggesting specificity of the Rep protein for the
primary sequence at the trs site. Rep also recognized and cut
the trs site when this region of the TR was single stranded.
However, further analysis of this data suggested that the s site
was not the only specific sequence element within the TR that
interacts with Rep (32). When the #rs region was single
stranded, a significant fraction of the substrate was cut incor-
rectly at sites with little resemblance to sequences flanking the
correct trs site. When only the upper (frs ™) strand was present,
novel cleavage sites were revealed. The key point, however,
was that regardless of the sequence at the trs site, Rep bound
each of these substrates with approximately equal affinity. This
observation, coupled with the fact that the D sequence was
never protected led us to propose that there must be an
additional Rep binding site within the A palindrome (A stem)
of the TR (Fig. 1, putative binding element). Thus, our model
for Rep interactions with the TR involved recognition of three
elements. One was the secondary structure contributed by the
B and C palindromes. Another was the trs site which is
sequence and possibly position dependent. The last was a
putative binding element within the A stem which orients Rep
with respect to the s site.

In addition to the role of the rep gene products in replica-
tion, Rep68 and Rep78 are also required for the induction of
transcription from the AAV promoters (17, 36). Two lines of
evidence suggest that Rep-mediated transactivation also in-
volves binding to DNA sequences other than the TR in the
hairpin configuration. First, Rep protein is capable of transac-
tivating each of the three AAV promoters in the absence of the
TRs in cis (19). Under these conditions, full Rep induction of
the promoter at map unit 40 (p40) is dependent, in cis, upon
sequences associated with the promoters at map units 5 and 19
(pS and p19). Similarly, wild-type levels of p19 induction
require the p5 promoter in cis. However, the requirement for
the two upstream promoters for p40 induction is alleviated in
the presence of the TRs in cis. We have interpreted these
observations as evidence for the formation of a Rep-mediated
complex between the three promoters (19). The fact that the
TR, which is known to bind Rep, can substitute for the two
upstream promoters suggests that direct DNA binding has a
role in transactivation.

The second set of observations which implicates direct DNA
binding in Rep-mediated transactivation is the activities of
mutated Rep proteins. There are two separate regions of Rep
which are required for TR binding in vitro (20, 25, 37).
Mutations in either of these regions abolish Rep transactiva-
tion of the p19 and p40 promoters in vivo, in the absence of the
TRs in cis. Thus, the ability to directly bind DNA correlates
with the ability to transactivate.

Our previous studies of Rep binding were done with rela-
tively small amounts of partially purified enzyme. Recently, we
have purified Rep68 to homogeneity from a baculovirus ex-
pression system (23). With the availability of much larger
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amounts of purified enzyme, we have reexamined the ability of
Rep to bind to DNA. In this report, we demonstrate that both
the Rep78 and Rep68 proteins are capable of binding to
several linear duplex DNA sequences in addition to the
hairpinned TR. These include the predicted site within the A
stem, a related site within the p5 promoter, a sequence
associated with the p19 promoter, and a sequence in heterol-
ogous DNA. In addition, we demonstrate that substrates which
consist of only the A stem sequence of the TR can be nicked at
the #rs site (albeit less efficiently than the complete hairpinned
TR) and can be used as an affinity matrix for the purification of
Rep78. Some of these observations have also been reported
recently for a mutant Rep fusion protein containing the
maltose binding domain (7). In an accompanying report (21),
we compare the affinity of Rep binding to the TR hairpin
versus the A stem sequence and begin to characterize the
binding site.

MATERIALS AND METHODS

Rep protein purification. Rep68 and Rep78 proteins were
extracted from recombinant baculovirus-infected SF9 insect
cells as described previously (23). Rep68 protein was purified
to homogeneity by chromatography on phenyl-Sepharose, sin-
gle-stranded DNA (ssDNA)-cellulose, Mono S, and Mono Q
as previously described (14, 23). Except for the experiments
shown in Fig. 4, 5, and 8, the protein used in this study was the
Mono Q fraction of baculovirus-expressed Rep68. The protein
concentration was determined to be 0.22 mg/ml with the
Bradford reagent (Bio-Rad), using gamma globulin as the
standard. Typically, the specific activity of the Mono Q fraction
for DNA replication was approximately 7.5 X 10° U/mg, using
the assay of Ni et al. (23) for DNA replication. The half-life for
DNA replication activity was approximately 2 weeks when the
enzyme was stored at —80°C. However, binding activity, as
judged by gel shift assays, was reduced only twofold and then
remained constant for at least 3 months. The small loss in
binding activity was apparently due to aggregation and could
be reversed by mild treatment with detergent. Therefore, when
indicated in the figure legends, the Mono Q fraction was
treated with Tween 20 (polyoxyethylenesorbitan monolaurate)
prior to its use in binding assays. This was done by mixing the
enzyme with an equal volume of 1% Tween 20-0.3 M NaCl-
20% glycerol-50 mM HEPES (N-2-hydroxyethylpiperazine-
N’-2 ethanesulfonic acid)-NaOH (pH 7.9)-2.5 mM dithio-
threitol (DTT)-1.5 mM MgCl, and incubating the mixture for
2 h on ice.

For comparison of trs endonuclease activity on A stem and
TR substrates, the ssDNA-cellulose fraction of Rep68 was
used. This fraction had a specific activity for DNA replication
that was slightly lower than that of the Mono Q fraction but
was found to be stable indefinitely at —80°C. It was also
contaminated with trace amounts of a nonspecific endonucle-
ase activity that became apparent at high enzyme concentra-
tions. The Rep68 ssDNA fraction used had a protein concen-
tration of 0.32 mg/ml and was greater than 95% pure (23).
Rep78 trs endonuclease assays were also done with the ssDNA
fraction for the same reason but were significantly less pure
(see Fig. 5).

For the purification of baculovirus-expressed Rep78 (23), a
P-11 phosphocellulose column (Whatman) was substituted for
the phenyl-Sepharose chromatography step used for Rep68 in
order to avoid the low-salt conditions which induce aggrega-
tion of Rep78 (data not shown). The 1 M NaCl Rep78 nuclear
extract was dialyzed against buffer F (0.1 M NaCl, 50 mM Tris
HCI [pH 7.5], 20% glycerol, 0.1 mM EDTA, 0.05% Nonidet
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P-40, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride, 0.05
ng of leupeptin per ml, 0.7 pg of pepstatin per ml). The extract
was then loaded onto a P-11 column which was preequilibrated
with buffer F. The column was washed with buffer F and eluted
with a 0.1 to 0.5 M NaCl gradient in buffer F. Rep78 protein
was detected by immunoblotting as previously described (11,
13), and the Rep78-containing fractions (32 ml) were pooled
and dialyzed against buffer F. The protein concentration of the
pooled phosphocellulose fraction was 1.25 mg/ml with a spe-
cific activity for AAV DNA replication of 9.3 X 10® U/mg of
protein, using the assay of Ni et al. (23) for DNA replication.
The dialyzed phosphocellulose pool was loaded onto an
ssDNA-cellulose column, which was preequilibrated with
buffer F, and eluted with a 0.1 to 1.0 M NaCl gradient in buffer
F. Rep-containing fractions (14 ml) were detected by immu-
noblotting, pooled, and dialyzed against 0.1 M NaCl in buffer
R (0.25 mM Tris-HCI [pH 7.5}, 20% glycerol, 2 mM MgCl,, 0.1
mM EDTA, 0.05% Nonidet P-40, 1 mM DTT, 0.1 mM
phenylmethylsulfonyl fluoride, 0.5 pg of leupeptin per ml, 0.7
ng of pepstatin A per ml). The protein concentration of the
dialysate was 0.275 mg/ml with a specific activity for AAV
DNA replication of 9.7 X 10* U/mg. The ssDNA fraction was
stable indefinitely at —80°C.

DNA affinity chromatography. Gel-purified A-25 oligonucle-
otides (Fig. 1) were annealed and ligated into concatamers.
The ligated DNA (450 pg in 200 .l of water) was mixed with
a slurry of cyanogen bromide-Sepharose 4B (Pharmacia) (3 g
[dry weight] prewashed in 1 mM HCI) in 10 mM potassium
phosphate buffer (pH 8.0). The coupling reaction mixture was
incubated for 16 h at room temperature with slow rocking. The
coupled DNA-Sepharose was washed with water (100 ml), and
the unreacted cyanogen bromide was inactivated by incubation
with 1 M ethanolamine for 3 h at room temperature. Finally,
the DNA affinity column was equilibrated with 0.1 M NaCl in
buffer R. For purification of Rep78, the Rep78 ssDNA-
cellulose fraction described above was brought to a final
concentration of 20 pg/ml with sonicated salmon sperm DNA
and applied to the A-25 column in 0.1 M NaCl in buffer R at
a flow rate of 1.5 to 5 ml/h. The column was washed with 5
column volumes of buffer R minus MgCl, and eluted with a
linear gradient of 0.1 to 1 M NaCl in buffer R minus MgCl,.
The total Rep-containing volume was 1.2 ml with a protein
concentration of 0.03 mg/ml. The specific activity of the pooled
fraction for AAV DNA replication was 1.9 X 10° U/ml. Like
the Mono Q fraction of Rep68, the affinity-purified Rep78 had
a short half-life (less than 2 weeks) at —80°C.

Electrophoretic mobility shift (EMS) assays. The standard
Rep binding reaction mixture contained, in a volume of 10 pl,
10 mM HEPES-NaOH (pH 7.9), 8 mM MgCl,, 40 mM KCl,
8% glycerol, 0.2 mM DTT, 1 pg of poly(dI-dC), 0.02 to 0.1
pmol of the indicated substrate containing TR sequences, and
2 to 250 ng of Rep protein. The amounts of Rep protein and
specific substrate DNA are indicated for each experiment in
the figure legends. The reaction mixtures were incubated at
room temperature for 20 to 30 minutes and loaded onto 4%
polyacrylamide gels (29:1 acrylamide/bis-acrylamide weight
ratio) containing 0.5X TBE buffer (45 mM Tris, 89 mM boric
acid, 1 mM EDTA). The gels were electrophoresed at room
temperature in 0.5X TBE buffer for 2 h at 9 V/cm.

The binding reactions with the pS and p19 promoter sub-
strates were performed in a volume of 20 pl containing 20 mM
HEPES (pH 7.9), 5 mM MgCl,, 50 mM NaCl, and 1 pg of
poly(dI-dC). Probes for the p5 and p19 promoter binding
assays were generated by PCR to amplify sequences from
either plasmid pIM45 (19) or a plasmid with a deletion
between the p5 and pl9 promoters, p5-19. In addition, the
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BgllI-BamHI fragment from p5-19 was 3’ labeled and used as
a probe in some experiments. Plasmid p5-19 was made from
pIM45 by oligonucleotide-directed mutagenesis (15), using a
primer which replaced sequences from AAV nucleotides 320
to 671 with an Xhol restriction site (oligonucleotide sequence,
5'-CGCAGCCGCCCTCGAGTCAGAGAATT-3’). The PCR
mixtures contained, in a volume of 75 pl, 50 mM KCl, 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 2 U of Tag DNA polymerase (Promega
Biotec). The reactions were cycled 27 times through 45 s at
94°C, 45 s at 59°C, and 30 s at 72°C. The probes were
subsequently gel purified. The primers used for PCR amplifi-
cation of probes were 20 bases long and are identified in
Results by the position of their 5’ nucleotide.

trs assays. Assays for frs endonuclease activity were per-
formed under the same reaction conditions as the EMS assays
described above for the TR substrates except that ATP was
added to a final concentration of 0.5 mM and the reaction
mixtures were incubated for 2 h at 37°C. The reaction mixtures
contained a substrate concentration of 1 pmol/ml in a final
volume of 10 p.l and either 17 to 275 ng of the ssDNA fraction
of Rep78 or 20 to 320 ng of the ssDNA fraction of Rep68.
These trs endonuclease assay conditions were different in
several respects from those used previously (13), the major
differences being the use of a fourfold-higher substrate con-
centration, the absence of bovine serum albumin, and a higher
Rep concentration. The reactions were stopped by the addition
of 10 pl of 0.6 M sodium acetate-20 mM EDTA-1% sodium
dodecyl sulfate (SDS) and precipitated with 2.5 volumes of
ethanol. The precipitates were dissolved in formamide loading
buffer, incubated for 10 min at 68°C, and electrophoresed on
an 8% acrylamide-7 M urea sequencing gel.

DNase I footprinting assays. The footprinting assays using
plasmid DNA were based on the methods used by Gralla (8).
The Rep binding reaction mixtures were exactly as detailed
above and contained 50 or 100 pg of Rep Mono Q fraction per
ml. Following the binding step, the reaction mixtures were
incubated for 3 min at 37°C. Each reaction mixture was then
mixed with 5 pl (prewarmed to 37°C) of 20 mM HEPES-
NaOH (pH 7.9)-8 mM MgCl,~4 mM CaCl,-2 U of DNase I
(Worthington) per ml and incubated for 1 min at 37°C. The
DNase digestion was stopped by the addition of 50 ul of a
solution containing 0.6 M sodium acetate, 20 mM EDTA, and
1% SDS, and the final volume was brought to 100 wl with H,O.
The reaction was then extracted with phenol and chloroform
(1:1) and precipitated with 2.5 volumes of ethanol. The
precipitate was dissolved in 10 pl of 50 mM Tris-HCl (pH
7.2)-10 mM MgCl, to which was added 1 pl of 250 pmol of
32p_end-labeled primer per ml. The DNA was heated for 4 min
at 95°C and then annealed at 55°C for 15 min. After a brief
centrifugation at room temperature, primer extension was
carried out by the addition of 5 pl of 1 mM (each) dATP,
dCTP, dGTP, and dTTP, 2.0 mM DTT, 100 pg of bovine
serum albumin per ml, and 500 U Sequenase version 2.0 T7
DNA polymerase (United States Biochemical) per ml. Reac-
tion mixtures were incubated for 30 min at 37°C, precipitated
with ethanol, and electrophoresed on 6% acrylamide—7 M urea
sequencing gels.

DNase I footprinting of the TR in the hairpin configuration
was done in a reaction identical to the binding and DNase I
digestion assays described above except that the reaction
mixture contained, per milliliter, approximately 0.5 pmol of
either 5'- or 3’'-end-labeled Xbal fragment of NE DNA (28)
and 12.0 or 24.0 pg of Rep68 Mono Q fraction. The DNase I
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digestion products were analyzed on an 8% acrylamide-7 M
urea sequencing gel.

For DNase I footprinting of the p5 promoter, Rep was
bound to the labeled DNA in a 50-pl reaction mixture
containing 25 mM HEPES (pH 7.9), 5 mM MgCl,, 50 mM
NaCl, 2% glycerol, and 20 pg of poly(dI-dC) per ml. After 20
min at room temperature, 50 pl of a solution containing 10
mM MgCl, and 5 mM CaCl, was added to the reaction
mixture, and it was placed on ice for 5 min. One microliter of
DNase I (100 U/ml) was added, and incubation was continued
on ice for 2 min. The reaction was stopped by the addition of
90 pl of 20 mM EDTA-1% SDS-0.2 M NaCl-1.1 mg of carrier
tRNA per ml and then extracted with phenol and chloroform
(1:1) and precipitated with ethanol. The DNase digestion
products were analyzed on a sequencing gel.

RESULTS

Discrete Rep binding sites within the TR A palindrome. As
mentioned earlier, previous studies have demonstrated the
binding of Rep protein only to the AAV TR in the hairpin
configuration. To detect Rep binding to specific sequences in
the absence of secondary structure, we assayed for Rep-DNA
interactions on a plasmid, pSM620 (27), which contained the
entire AAV genome cloned into pBR322. The TR sequences,
in the context of this plasmid, were in linear duplex form rather
than a hairpin or cruciform configuration (38). Rep68 binding
was detected by the DNase protection assay of Gralla (8). The
putative Rep68-DNA complex was treated with DNase I, and
the protected region was visualized by primer extension. The
primer that was used was oriented leftward from the unique
region of the viral genome just upstream from the p5 promoter
(AAYV nucleotides 237 to 218).

The Rep68 Mono Q fraction strongly protected three small
regions within the A palindrome of the AAV TR (Fig. 2). The
first included AAV nucleotides 93 to 96, and the second
included nucleotides 101 to 104. Each of these protected
regions comprised the tetrameric sequence GAGC. An addi-
tional copy of GAGC separated the two regions. The third
area of protection extended from nucleotides 119 to 122
(TGGC), which were 2 bp to the left of the #rs site (nucleotide
124). We referred to these as regions 1, 2, and 3, from left to
right (Fig. 2). We also observed a more extended, though
weaker, protection over most of the A palindrome. There was
no evidence for protection of the B or C palindrome.

This pattern was qualitatively different from previously
observed footprints on the AAV TR (2, 12). In the earlier
studies, the TR in the hairpin configuration had been used as
the substrate, and this consistently resulted in complete pro-
tection of most of the A palindrome and parts of the B or C
palindrome, depending on the orientation of the TR (Fig. 1).
Our assay also differed from earlier binding studies in the
source of the Rep protein, which had been isolated from
AAV-infected HeLa cells in previous experiments. To deter-
mine whether this footprint was a characteristic of the insect
cell-expressed Rep, we used the Rep68 Mono Q fraction in
DNase protection assays with the TR in the hairpin configu-
ration. The DNA substrate was the same as had been used in
previous studies, the NE Xbal fragment (12), and was labeled
at either the 5’ or 3’ end. The pattern of DNase protection with
this substrate in the presence of the baculovirus-expressed
Rep68 was the same as that seen previously with Rep68
obtained from Hela cells (data not shown). This finding
suggested that the highly localized footprint observed in the
plasmid protection assay was related to the conformation of
the DNA substrate and not the source of the enzyme. These
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FIG. 2. DNase 1 footprint analysis of the AAV TR region in
supercoiled plasmid DNA. Plasmid pSM620 (27) (0.5 p.g), containing
the entire AAV genome, was bound to the indicated amount of
purified Rep68 protein (Mono Q fraction) and digested with DNase I.
Regions of protection were visualized by primer extension with the
AAV coding strand as the template and a primer complementary to
nucleotides 237 to 218. AAV nucleotide positions are indicated on the
left, and structural features of the TR are shown on the right.
Protected regions are highlighted by bars on the right and are labeled
1, 2, and 3. The four reactions included plasmid with Rep in the
absence of DNase treatment [(—) DNase], treatment of naked plasmid
[(-) Rep], and two concentrations of Rep protein followed by DNase
treatment (0.5 and 1.0 ng Rep).

observations also suggested that Rep protein could recognize
and bind to linear duplex DNA sequence and that the recog-
nition element for binding was within the A palindrome of the
TR.

Rep binds specifically to a subsequence of the A palindrome
in the AAV TR. To test the idea that Rep could bind to the A
palindrome in the absence of secondary structure, we did EMS
assays with a synthetic double-stranded substrate that con-
tained most of the A sequence (including the #rs site) and most
of the D sequence (Fig. 1, A stem substrate). Because it did not
contain the B and C sequences, the A stem substrate could not
adopt a hairpinned or cruciform-like structure. Nevertheless,
the A stem substrate was clearly capable of binding to Rep68
(Fig. 3a, lanes 3 and 4) under the same conditions as the
complete hairpinned TR (Fig. 3a, lanes 1 and 2). In this
experiment, the TR and the A stem were not normalized for
either concentration or specific activity, and so the intensity of
the A stem-protein complex reflects the use of higher concen-
trations of this substrate and possibly its higher specific activity.
In addition, an Hpall digest of pBR322 was included as a
control in this experiment to confirm that the Rep binding
reaction was sequence specific (Fig. 3a, lanes 5 and 6). Indeed,
most of the pBR322 Hpall fragments were not bound by
Rep68. However, one of the fragments, Hpall B, clearly shifted
in the presence of Rep protein. A comparison of the sequences
of AAV and pBR322 revealed a 16-0f-18 base match between
the AAV A palindrome and the Hpall B fragment of pBR322.
The sequence alignment is shown at the bottom of Fig. 3 and
in Table 1 (AAV nucleotides 88 to 105, pBR322 nucleotides
2376 to 2359). This fortuitous similarity immediately suggested
that this subsequence was sufficient for Rep binding. To test
this possibility, we synthesized oligonucleotides which con-
tained 25 bp of the AAV sequence centered on the region
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TR A stem pBR322 A-25
Rep: - + - + - + -+

4 5 6 1 2
GTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCA ACTCCATCACTAGGGGTT

1.2 .3

A stem:

pBR322: 2376- TCAGTGAGCGAGGAAGCG -2359

FIG. 3. EMS assays for Rep binding. Four different DNAs were
used to test Rep substrate binding as described in Materials and
Methods. Each is shown in the presence (+) or absence (—) of Rep
protein. The TR lanes contained 0.014 pmol of 3’-labeled terminal
Xbal fragment from NE DNA (12). The pBR322 lanes contained 0.4
nmol of an Hpall digest of pBR322. The EMS assay for the A-25
substrate is from a separate experiment which was done with 1.5 pmol
of the substrate. All experiments were done with 110 ng of Rep68. An
alignment of the top strands of the A stem and A-25 substrates with the
relevant region of pBR322 is shown below.

which was common to pBR322 and the A stem (Fig. 1, A-25
substrate). The ends of the duplex oligonucleotide formed
Bglll linkers which were filled in for the EMS assays. The
experiment in Fig. 3b demonstrated that this oligonucleotide
was also efficiently bound by the baculovirus Rep68 protein.
These 25 bp apparently were sufficient for stable Rep binding.
We note that the 25-bp sequence is virtually identical to the
putative binding element predicted by Snyder et al. on the basis
of indirect data (Fig. 1) (32). In addition, the A-25 substrate
contained two of the regions identified in the DNase protec-
tion experiment (Fig. 2, regions 1 and 2).

Affinity purification of Rep78. We reasoned that if Rep
could bind specifically to the A-25 oligonucleotide, it should be
possible to use the oligonucleotide to construct an affinity
column for the purification of the Rep protein. To test this
idea, the oligonucleotide containing the 25-bp Rep binding
sequence was ligated into concatemers and coupled to a
cyanogen bromide-activated Sepharose matrix. The starting
material for purification was a 1.0 M nuclear extract from
insect cells infected with a recombinant baculovirus expressing
wild-type Rep78 protein. The extract was first fractionated by
phosphocellulose and ssDNA-cellulose chromatography as de-
scribed in Materials and Methods. The ssDNA-cellulose frac-
tion was then applied to the DNA affinity matrix in the
presence of 0.2 M NaCl and 2.0 mM MgCl, and eluted with a
gradient of 0.2 to 0.6 M NaCl (Fig. 4). The affinity column
fractions were assayed by immunoblotting, and the Rep-
containing fractions were also assayed for trs endonuclease
activity (Fig. 4a and b, respectively).

A significant fraction of the Rep78 bound to the A-25
column (Fig. 4a). When the bound fraction was eluted from
the column, it contained #s endonuclease activity (Fig. 4b).
Furthermore, a comparison of the affinity-purified Rep78 with
the ssDNA fraction by SDS-acrylamide gel electrophoresis
indicated that a significant purification had been achieved (Fig.
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TABLE 1. Known and putative Rep68 binding sites
. a AAV Rep
Site context Sequence nucleotides binding
A stem (A-25) CTCAGTGAGCGAGCGAGCGCGCAGA 87-111 +
pBR322 gTCAGTGAGCGAGgaAGCGgaagag 2377-2353° +
pS aagcccGAGtGAGCacGCagGgtcet 260-284 +
p19 tcCAGTGgGCGtGgactaatatgGA 814-838 +€
cTCAcgGAGCGtaaacGgttGgtGg 864888 +<
p40 aTaAGTGAGCccaaacGgGtGCgeg 1824-1848 ND4
acggGTGcGCGAGtcAGttgecgcag 1838-1862 ND
Unknown agaAGgGAGaGAGCtActtCcacat 568-592 ND
aggccgGAGCGAGtGAcattcggGA 3593-3617 ND
HIV long terminal repeat CctAGTtAGCCcAGaGAGCtCcCAGY 29-53¢ ND

¢ Nucleotides indicated in uppercase are an exact match with the A stem 25-bp sequence.

® From the pBR322 sequence.

© A DNA fragment containing both of these sites is bound by Rep68; it is not known which site is bound.

4 ND, not determined.
¢ From the HIV-1 sequence; adapted from references 24 and 26.

5). In addition to Rep78, the affinity-purified fraction con-
tained only two other prominent bands, of approximately 215
and 35 kDa. The identities of these copurifying proteins were
not determined. The specific activity of the affinity-purified
Rep78 fraction was approximately 1.9 X 10° U/mg (data not
shown), as determined by the replication assay of Ni et al. (23).
This was approximately 20% of the highest specific activity that
we have achieved thus far for Rep68 and represented a twofold
purification over the ssDNA fraction.

a bt.g
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FIG. 4. Purification of Rep78 by an A-25 DNA affinity column. (a)
Aliquots of fractions eluted from an A-25 DNA affinity column, as well
as the starting ssDNA-cellulose fraction (SS DNA) and the
flowthrough fraction (FT), were immunoblotted with an anti-52/40
Rep monoclonal antibody (11). The column was eluted with a 0.1to 1.0
M NaCl gradient as described in Materials and Methods. (b) #rs
endonuclease assay of the affinity-purified Rep78. The substrate is the
266-nucleotide terminal Xbal fragment of NE DNA; the expected Rep
cleavage product is a 73-nucleotide (Nucl.) fragment as indicated. The
molecular weight marker (M) is an Hpall digest of pBR322. Assays
include a negative control [(—) Rep], untreated fraction 7 (A-25 peak),
and pooled and concentrated Rep-containing fractions (A-25 pool).

The large amount of Rep in the flowthrough fractions (Fig.
4a, FT lane) was typical. Incomplete binding was apparently
not due to simple overloading of the affinity column (data not
shown). In the accompanying report (21), we demonstrate in
more detail that we were unable to find substrate and enzyme
concentrations at which all of the Rep protein is bound to the
A stem sequence.

The use of the A-25 affinity column for Rep78 purification
demonstrates that Rep78, as well as Rep68, can bind to the
A-25 sequence. The fact that a significant purification of
Rep78 was achieved by affinity chromatography, and the fact
that Rep did not bind to nonspecific double-stranded DNA
columns (data not shown), confirms that binding to the A stem

1 M Nucl.

200- H

14-

FIG. 5. Purification of Rep78. Nuclei from SF9 cells infected with
recombinant baculovirus expressing Rep78 were extracted with 1 M
NaCl, and the extracts were fractionated by conventional and affinity
chromatography. Aliquots from each step of the Rep78 purification
were electrophoresed on an SDS-7 to 14% gradient acrylamide gel
and visualized by silver stain. The crude extract (1 M Nucl.), phospho-
cellulose fraction (P-11), ssDNA-cellulose fraction (SS DNA), and
A-25 DNA affinity fraction (A-25 Seph.) are shown. The molecular
masses (in kilodaltons) and positions of molecular weight markers are
indicated on the left.
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FIG. 6. Rep68 protein binds to the AAV p5 and p19 promoters. (a)
A 170-bp 5'-end-labeled DNA fragment (AAV nucleotides 136 to 305)
containing the p5 promoter was synthesized by PCR using the primers
indicated in panel c. Approximately 0.013 pmol of the fragment was
incubated with Tween 20-treated Rep68 and electrophoresed on a 4%
acrylamide gel. See Materials and Methods for additional details.
Reactions with (+) and without (—) Rep protein are indicated. The
Rep-p5 complex is visible as the upper band in lane 1. Competition
(Comp) from a 300-fold excess of the A-25 oligonucleotide substrate
(Sub) (Fig. 1) eliminated binding to the p5 fragment in lane 2. (b) The
560-bp Bglll-BamHI fragment illustrated in panel ¢ was isolated from
plasmid p5-19, labeled at its 3’ end, and used as a probe for Tween
20-treated Rep68 binding as described in Materials and Methods and
Results (lanes 1 and 2). In addition, portions of the Bgl/II-BamHI
fragment containing only the p5 or p19 promoter were isolated by Xhol
digestion and used as probes, either separately (lanes 3 and 4, p5
promoter; lanes 5 and 6, p19 promoter) or as an equimolar mixture
(lanes 7 and 8). (c) The Bg/ll-BamHI fragment in plasmid p5-19
containing AAV nucleotides 136 to 1045. Xhol indicates the position
of the deletion between nucleotides 320 and 671 and the Xkol linker
insertion. The bent arrows indicate the positions of the p5 (left) and
p19 (right) mRNA start sites at nucleotides 287 and 873, respectively.
The arrows below the line indicate the positions of primers used for
generating probes by PCR for the EMS assay in panel a (136 and 305)
and for the DNase protection assay in Fig. 7 (136 and 906).

element is sequence specific. Finally, the affinity column may
be useful for the purification of Rep78 and Rep-associated
cellular proteins.

Rep binds to sequences within the AAV pS and p19 promot-
ers. As mentioned earlier, Rep protein had been shown to
regulate the three promoters of AAV in a complex manner (3,
17, 19, 36). It was therefore possible that additional Rep
binding sites could be found associated with one or more the
promoters. We first used the sequences of the Rep binding site
within the A stem and the pBR322 site as a consensus to
compare with the remainder of the AAV genome. The se-
quences displaying the greatest degree of similarity to the
consensus were located in the regions of the three AAV
promoters (Table 1). The largest such related sequence was
located between the TATA site and the initiation site of the p5
promoter (AAV nucleotides 266 to 279).

To determine whether the A stem-related sequence in the
pS5 promoter was a functional Rep binding site, we tested a
p5-containing DNA fragment, consisting of sequences from
AAY nucleotides 136 to 305, for binding to the Rep68 Mono
Q fraction. We generated the probe for this experiment by
PCR amplification from plasmid pIM45 (19) (Fig. 6c). The
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binding of Rep68 to this fragment was demonstrated in the
assay shown in Fig. 6a, lane 1. The protein-DNA complex was
inhibited by an excess of unlabeled A stem substrate (Fig. 6a,
lane 2), suggesting that the p5 and A stem sites were function-
ally related. This was the first observation of Rep binding in the
context of an AAV promoter.

We next wanted to test for Rep binding to the p19 promoter.
We had proposed previously (19) that Rep induction of the
p19 and p40 promoters involved the formation of a complex
between the p5 promoter and the other promoters in cis. We
therefore tested the ability of the p19 promoter to bind Rep,
either by itself or linked to the p5 promoter. In this experi-
ment, restriction fragments of the deletion plasmid p5-19 were
used as probes (Fig. 6¢). Plasmid p5-19 (see Materials and
Methods) contained a deletion of AAV nucleotides 321 to 670,
thus bringing the p5 and p19 promoters closer together. In
addition, an Xhol linker was inserted at the site of the deletion
so that binding could be assayed with the two promoters in cis
or on separate fragments. The 560-bp Bgl/lI-BamHI fragment
isolated from the plasmid was 3’ labeled and contained both
promoters (Fig. 6¢c). The p5S and p19 mRNA start sites (at
nucleotides 287 and 873, respectively) were 242 bp apart in this
fragment. Digestion of the BgllI-BamHI fragment with Xhol
produced a 195-bp p5-containing probe and a 375-bp p19-
containing probe.

The BgllI-BamHI fragment (Fig. 6b, lanes 1 and 2) bound
Rep as expected since it contained the p5 binding site. The
level of binding to this probe, in which the two promoters were
linked, was not significantly greater than the binding to the
probe containing only the pS promoter (Fig. 6b; compare lanes
2 and 6). There was, however, a low level of binding to the p19
probe alone (Fig. 6b, lanes 3 and 4). Binding to the p19
fragment was specific because it was inhibited by the A stem
fragment but not a heterologous fragment (data not shown).
When the separate p5- and p19-containing fragments were
mixed in equimolar concentrations, the bound product was
approximately equal to that of the p5-containing fragment
(Fig. 6b, lanes 7 and 8). We concluded that both the p19 and
the p5 promoters could separately bind the Rep protein, but it
was not clear whether binding to fragments containing both
promoters was cooperative.

The precise sequence involved in Rep68 binding to the p5
promoter was mapped by DNase protection analysis (Fig. 7).
The probe was a DNA fragment generated by PCR amplifica-
tion of plasmid p5-19. The left and right primers corresponded
to AAV nucleotide positions 136 and 906, respectively (Fig.
6¢), and the probe was labeled with 3?P at the 5’ end of the
primer at nucleotide 136. The bound Rep68 protein protected
at least 26 bp of DNA, beginning at the proximal end of the p5
TATA site and extending to the p5 transcript initiation site. A
region of partial protection may have extended beyond the
initiation site. The region which was clearly protected was
centered on the sequence which resembled the A stem Rep
binding site (Fig. 7 and Table 1).

trs endonuclease activity with TR or A stem substrates. The
Rep68 and Rep78 proteins had been shown to catalyze the
single-stranded endonucleolytic cleavage of the #rs site when a
TR in the hairpin configuration was used as substrate. The A
stem oligonucleotide contained both the Rep binding sequence
and the #rs site. To determine whether this was sufficient for
binding and #rs cleavage (or whether sequences within the B
and C palindromes were required), we compared the #s
endonuclease activities of both Rep78 and Rep68 on the TR
and A stem substrates. For this experiment, we used the
ssDNA-cellulose fractions of baculovirus-expressed Rep78 and
Rep68. As mentioned earlier (Materials and Methods), these
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FIG. 7. DNase I footprint of Rep bound to p5 promoter. A DNA
fragment from plasmid p5-19 was amplified by PCR using primers at
nucleotide positions 136 and 907 (see Fig. 6c and Materials and
Methods). The amplified fragment was labeled with 32P at the 5’ end
of the nucleotide 136 position. The probe was incubated with Tween
20-treated Rep68 protein and then digested with DNase I. The
digestion products were electrophoresed on a 6% acrylamide sequenc-
ing gel. The protected region is indicated by a solid line at the right.
The broken line, beginning at the indicated p5 mRNA start site,
represents a region of partial protection. The box labeled A spans the
sequence related to the A stem Rep binding site. The DNA sequence
of the p5 region is shown below. The protected region, the A stem
homology, and the p5 promoter are indicated as above. The positions
of the TATA site and a YY1 transcription factor binding site (31, 30,
34) are also indicated.

fractions were relatively stable for DNA replication and trs
activity upon storage, whereas more highly purified prepara-
tions rapidly lost catalytic activity while retaining binding
activity.

Each substrate was incubated with increasing amounts of
either Rep78 or Rep68 (Fig. 8). As expected, both Rep68 and
Rep78 were capable of cutting the s site in the complete
hairpinned TR substrate to produce the expected 22-base
product. We also detected #rs endonuclease activity on the A
stem substrate with both Rep78 and Rep68. We estimated that
the level of #rs endonuclease activity with the A stem substrate
was approximately 5- to 10-fold lower than that of the com-
plete TR. Nevertheless, it was clear that a substrate that was
missing the B and C palindromes but retained the Rep binding
element and the #rs site could be correctly cut by both Rep68
and Rep78.

Additional cleavage sites were detected with both enzymes
at the highest enzyme concentrations. It was not clear whether
this was due to contaminating nuclease activity that was
present in these fractions or incorrect cutting by Rep protein.
In addition, the highest concentrations of Rep appeared to be
inhibitory. Finally, in the case of Rep68, we estimated that the
enzyme-to-substrate ratio was 16:1 to 260:1 over the range of
enzyme concentrations that was tested. This was significantly
higher than the approximately 7:1 ratio that we have used
previously to detect trs endonuclease activity (13).
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FIG. 8. Comparison of trs endonuclease activity with TR and A
stem substrates. Each substrate (0.02 pmol) was incubated in volume
of 10 pl in the presence of 0.5 mM ATP and twofold dilutions of the
ssDNA-cellulose fractions of Rep78 (17 to 275 ng) or Rep68 (20 to 320
ng). See Materials and Methods for additional details. Specific cutting
of either substrate at the #rs site generates the indicated 22-nucleotide
product.

DISCUSSION

We have identified a linear Rep binding sequence which is
within the A stem region of the AAV terminal repeat. Al-
though we had predicted the existence of this binding element,
our previous analyses had detected Rep binding only to the
complete TR in the hairpin configuration (12, 32). These
studies now confirm the location of the predicted binding
element (32). Our present observation of Rep binding to the
TR in the context of a supercoiled plasmid indicates that Rep
can recognize the A stem portion of the TR in a linear duplex
conformation without making contacts with the B and C
palindromes. This is conclusively demonstrated through bind-
ing experiments using the A stem in the absence of the B and
C palindromes as the substrate. Further, the isolated A stem is
a substrate for cleavage at the #rs site by either Rep68 or Rep78
protein, although at a lower frequency than the complete TR.
We note that similar observations have been made recently for
a mutant Rep fusion protein containing the maltose binding
domain (7). These observations, along with our previous work
(32), clearly demonstrate that the AAV TR is a tripartite origin
for DNA replication which requires three elements for efficient
function: the #rs site, the A stem-binding element, and the B
and C palindromes. We have also found that Rep protein binds
to a site within the AAV p5 promoter which resembles in
sequence the A stem binding site (Table 1). An additional
sequence capable of binding Rep was found in the p19
promoter, but this sequence, because of its lower affinity, has
not yet been precisely mapped. Finally, a sequence capable of
binding Rep was found in heterologous pBR322 DNA.

The identification of this linear Rep binding sequence solves
several of the problems that we have encountered in under-
standing the multiple roles of Rep protein. First, Rep must
recognize the AAV TR in the hairpin configuration and cleave
asymmetrically on the appropriate strand during the process of
terminal resolution. Because of the symmetry of the TR, it was
not clear how Rep was oriented correctly to cut only one strand
at the trs site. The A stem recognition sequence, which is
intrinsically asymmetric, potentially solves this problem, and
this was our primary reason for predicting its existence (32).
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Binding to the A stem sequence could position the Rep protein
correctly to cut the appropriate strand at the #rs site.

Second, AAV DNA replication gives rise to dimer molecules
containing a single TR between two copies of the genome (9,
35). These are processed to monomer molecules during DNA
replication. The TR at the junction of the dimer is not likely to
contain secondary structure. Our observation that Rep can
bind to a TR in the linear state and recognize and cleave the trs
site (albeit poorly) provides a pathway for the resolution of
these dimers into monomer-length progeny.

Third, Rep has a central role in AAV gene regulation,
behaving as a transactivator of AAV transcription when a
helper virus is present (17, 19). The ability of Rep to bind a site
within the p5 promoter may be part of the mechanism for
Rep-mediated transactivation or repression. Interestingly, we
find that the region of pS which is protected by bound Rep
protein is between a known binding site for the transcription
factor YY1 and the TATA site (5, 29, 30, 34). Thus, the
position of the Rep binding site suggests that Rep might make
contacts with YY1 or the TATA-binding protein. YY1 has
been demonstrated to mediate positive and negative regulation
of the AAV p5 promoter in the presence and absence,
respectively, of adenovirus E1A (5, 29, 30). The presence of
the Rep binding site within the p5 promoter suggests that Rep,
YY1, and the E1A protein might cooperate in the regulation of
the p5 promoter.

Fourth, we showed previously that Rep transactivation of
the AAV p19 and p40 promoters, in the absence of the TRs,
depends on the presence of both the p5 and p19 promoters in
cis. We suggested that Rep binds to all three promoters and
forms a Rep-mediated complex between the three promoters
by DNA looping. The fact that we have now demonstrated Rep
binding to both the pS and p19 promoters supports this idea.
Furthermore, computer analysis of the p40 promoter revealed
that it also contains two sequences that may bind Rep,
although we have not yet tested this possibility (Table 1). If,
indeed, Rep binds to all three AAV promoters, this would
provide a simple mechanism by which Rep could coordinately
transactivate the three promoters.

Finally, a number of laboratories have demonstrated that
Rep negatively regulates the expression of heterologous gene
expression (1, 16, 24, 26). An example of this is the inhibition
of human immunodeficiency virus (HIV) infection by AAV (1,
24, 26). This effect may be due to interference with the HIV
Tat protein interaction with the HIV long terminal repeat.
Sczakiel and colleagues (24, 26) have identified a similarity
between the HIV long terminal repeat and the A stem region
that binds Rep (24, 26) (Table 1). The ability of Rep to bind to
this sequence, therefore, would provide a direct mechanism for
the inhibition of HIV gene expression.

The fortuitous observation that a fragment of pBR322 would
bind to Rep protein suggested that an 18-bp sequence which is
similar (89% identical) to that of the A stem is sufficient for
Rep binding. Comparison of the 25-bp A stem binding se-
quence, the probable pBR322 binding sequence, and the p5
binding sequence (Table 1) suggests that one or more copies of
a common GAGC sequence (or a related tetramer) may be
essential for binding. The DNase I protection pattern of Rep68
protein bound to the TR in a supercoiled plasmid also suggests
that the tandemly repeated GAGC sequence is at least part of
the recognition element for binding. Two of the four GAGC
(or GCGC) tetramers were protected from DNase I digestion
in this assay, which might suggest that the GAGC motifs are
multiple independent Rep sites. In the accompanying report
(21), we demonstrate by mutational analysis that this is prob-
ably not the case and provide additional information about the
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binding sequence. We also compare the relative affinity of Rep
to the A stem binding sequence and the complete TR. The
further characterization of these Rep binding sequences, and
other potential Rep binding sites within the AAV genome, will
clearly be important for our understanding of the role of the
Rep proteins in transcriptional regulation and in DNA repli-
cation.
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