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Replication of the palindromic inverted terminal repeats (ITRs) of adeno-associated virus type 2 requires
several functions of the viral nonstructural Rep proteins. These include binding to the ITR, nicking of the
double-stranded replication intermediate at the terminal resolution site (trs), and then strand displacement
and synthesis from the nick. This report demonstrates the ability of both recombinant fusion maltose-binding
protein (MBP)-Rep68A produced in Escherichia coli and wild-type (wt) Rep68 to bind to a linear truncated
form of the ITR, A57 ITR, with similar affinity as to the wt hairpin ITR. A dissociation constant for
MBP-Rep68A of approximately 8 x 10~'° M was determined for the wt ITR and A57 ITR probes. Truncation
of A57 ITR to generate A28 ITR, which retains the GCTC repeat motif but not the trs, bound at least 10 times
less efficiently than AS7 ITR. Extension of A28 ITR with nonspecific sequence restored the ability of
MBP-Rep68A to bind to A28 ITR. Thus, high-affinity binding would appear to require stabilization by flanking
sequence as well as the intact GCTC repeat motif. Cleavage of the A57 ITR probe with Ddel, which truncates
the flanking sequence and was previously shown to inhibit binding by Rep68, also inhibited the binding of
MBP-Rep68A. The requirements for stable binding were further defined with a series of oligonucleotide probes
which spanned the region protected by MBP-Rep78 in DNase I footprinting. The binding activity of either
MBP-Rep68A or wt Rep68 to hairpin ITR or A57 ITR was indistinguishable. However, the binding activity of
MBP-Rep68A to DNA does not appear to correlate with trs endonuclease activity. The nicking and covalent
linkage of MBP-Rep68A to the nonhairpin AS7 ITR was approximately 100-fold less efficient than its linkage
to a hairpin-containing ITR. Therefore, although the hairpin portion of the ITR does not appear to play a role
in recognition and stabilization of MBP-Rep68A binding, its presence does affect the trs cleavage activity of the

protein.

Adeno-associated virus type 2 (AAV2) is a human parvovi-
rus which requires the presence of a helper virus to replicate
efficiently. This single-stranded DNA virus contains two open
reading frames (ORFs). The left ORF encodes the nonstruc-
tural Rep proteins, which are involved in regulation of repli-
cation and transcription in addition to the production of
single-stranded progeny genomes (6-8, 14, 32, 40, 42, 45-47).
Furthermore, two of the Rep proteins have been associated
with the preferential integration of AAV genomes into a
region of the q arm of human chromosome 19 (21-23, 41, 48).
The right ORF encodes the capsid proteins, VP1, VP2, and
VP3. These two ORFs are flanked by 145-nucleotide inverted
terminal repeats (ITRs) which can form hairpin structures that
serve as primers during replication (44). The two larger Rep
proteins transcribed from the p5 promoter, Rep68 and Rep78,
are referred to by their apparent masses as determined by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis. These proteins have been shown to bind to ITRs (1,
8, 16-18, 35-37, 44) and stimulate replication both in vivo (25,
26, 45) and in vitro (8, 15, 33). Furthermore, Rep68 and Rep78
have been shown to nick the duplex ITR in a site- and
strand-specific manner. This cleavage, which occurs at the
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terminal resolution site (trs), permits the replication of the
hairpin structure in a process referred to as terminal resolution
(42).

In addition to their role in replication, Rep68 and Rep78
have been shown in vivo to regulate the transcription of the
AAV p5, p19, and p40 promoters (2, 24, 27, 30, 46). The
pS-initiated Rep proteins can also inhibit the transcription of
heterologous promoters as well as cellular transformation by
papillomavirus or by adenovirus Ela plus an activated ras
oncogene (11-13, 20, 25, 26). Rep68 and Rep78 were recently
shown to bind to a region on human chromosome 19 that had
been identified as a preferred site for AAV DNA integration
(21-23, 48). Furthermore, Rep68 was shown to mediate an
interaction between the human integration locus and the ITR
of AAV, suggesting a role for this protein in the targeted
integration of AAV (48).

Previous literature has suggested that in order for Rep68 to
bind to the ITR, it had to be in a hairpin form (1, 16). Recent
work supports this idea by demonstrating that an ITR cleaved
with Ddel, which removes the cross arms of the ITR hairpin
and seven bases of the stem, would not bind Rep68 (43).
Therefore, the recent observations that Rep68 and Rep78 will
bind to a linear fragment from human chromosome 19 (48)
and a recombinant Rep68 can bind to a full-length ITR stem
(8) (see Fig. 1B) appear to be contradictory to the requirement
for a hairpin structure for binding. However, other studies by
Berns and colleagues have shown the importance of the
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FIG. 1. Sequences of probes. wt ITR (A) was made as previously
described (1). A57 ITR (B) is an annealed oligonucleotide pair of 57
bases in length corresponding to all of the A/A’ and part of the D/D’
region of wt ITR with a GATC 5’ overhang. Also shown are three
further truncations of the ITR, A28 ITR (C), A18 ITR (D), and ITR
T (E). Sequences are aligned to the GCTC imperfect repeats (hori-
zontal arrows). The trs is indicated with a vertical arrow. The Ddel
cleavage site in the stem of the wt ITR is indicated by an asterisk.

hairpin structure for origin function in vivo (4, 5, 29, 39).
Mutations which maintained the structure were shown to
retain origin activity.

Characterization of the mechanism of action of Rep68 and
Rep78 has been limited by the inability to produce these
proteins in large quantities. We have recently succeeded in
expressing Rep68A and Rep78 as fusion proteins with the
maltose-binding protein (MBP) in Escherichia coli and have
demonstrated that the recombinant MBP-Rep68A can per-
form all of the in vitro activities described for the wild-type
(wt) Rep protein (8). In this study, the DNA sequence and
structural requirements for MBP-Rep68A binding are charac-
terized. This report demonstrates that MBP-Rep68A is able to
bind to a linear truncated form of the ITR, A57 ITR, with
similar affinity as to wt hairpin ITR. Furthermore, binding to a
linear ITR is a function not only of MBP-Rep68A but of wt
Rep68 as well. Similar specific DNA binding activities were
obtained for MBP-Rep68A and Rep68. However, while the
hairpin is not required for Rep binding to the ITR, it does
appear to have a stimulatory effect on trs endonuclease activity
by Rep proteins in vitro.

MATERIALS AND METHODS

Probes. DNA probes are summarized in Fig. 1, 6, and 7A.
Oligonucleotide probes were synthesized with a model 392
DNA/RNA synthesizer (Applied Biosystems). The oligonucle-
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otides used to produce the A57 ITR were purified on denatur-
ing polyacrylamide gels. All other oligonucleotides were puri-
fied by NAP 25 gel filtration chromatography (Pharmacia).

5'-3?P-labeled wt ITR probe was produced by Xbal digestion
of pSub201 (38). Following calf intestinal alkaline phosphatase
treatment, the 5’ terminus was labeled with [y->2P]JATP (3,000
Ci/mmol) by polynucleotide kinase, and the labeled fragment
was released by Pvull digestion. The linear probe was then
converted to the wt ITR conformation by boiling, rapid
chilling, and filling in the 5’ overhang with Klenow fragment
and cold deoxynucleoside triphosphates. The unlabeled com-
plementary strand released by Xba-Pvull digestion cannot be
extended by this treatment. Therefore, the wt 5'-labeled ITR
can be separated from the shorter complementary strand by
electrophoresis on a 6% Tris-borate-EDTA acrylamide gel,
excised from the gel and eluted into 1X Tris-EDTA buffer.

3'-labeled wt ITR was prepared by boiling and quickly
cooling an unlabeled Xbal-Pvull fragment and then filling in
the 5’ overhang with Klenow fragment and [a-3 P]dCI'P To
obtain 3'-labeled ITR probe of the same specific activity as A57
ITR, unlabeled dCTP was added to the labeling cocktail to
compensate for the greater number of cytosine residues in the
3'-labeled probe.

The A ITR probes were made by 5' end labeling either
oligonucleotide and annealing with the unlabeled complemen-
tary oligonucleotide. A57 ITR was 3’ end labeled by filling in
the 5’ overhang created by the BamHI restriction site included
in the oligonucleotides. Ddel truncation of AS57 ITR was
generated by cleavage of 5’-end-labeled A57 ITR probe with
Ddel restriction enzyme and shown to be greater than 90%
cleaved by analysis on a denaturing acrylamide gel.

Preparation of wt Rep68 from transfected 293 cells. The
preparation of wt Rep68 has been described previously (37).
Briefly, a plasmid expressing Rep68 from the human immuno-
deficiency virus long terminal repeat (pSK9) was transfected
into human 293 cells, and the cells were harvested 48 h later;
600 mM NaCl nuclear extracts were prepared as described
previously (37). As negative controls, similar nuclear extracts
were made from 293 cells transfected with a plasmid encoding
a nonfunctional truncation mutant form of Rep68 (Repam238)
(37) or pBR322.

MBP-Rep68A and MBP-Rep78. The construction, expres-
sion, and purification of these proteins have been described
previously (8). Briefly, PCR was used to amplify the Rep68
ORF from AAV nucleotides 327 to 1882. This fragment was
then cloned into plasmid pPR997 (New England Biolabs). The
full-length Rep78 gene (nucleotides 327 to 2186) was cloned
into the same vector to produce MBP-Rep78. The fusion
proteins were purified by amylose affinity chromatography.
The eluted MBP-Rep68A and MBP-Rep78 protein fractions
were found to consist of 90% full-length molecules and contain
a minor fraction of prematurely truncated MBP-Rep68A and
MBP-Rep78, as determined by Coomassie blue staining. The
prematurely truncated fragments were shown to lack signifi-
cant DNA binding activity by their separation from the full-
length molecules, using ITR-derived DNA affinity column
chromatography (data not shown).

Immunoblotting. Western immunoblot analyses of wt Rep68
and MBP-Rep68A were performed as described elsewhere
(24). Briefly, serial dilutions of Rep68-containing 293 cell
nuclear extracts or amylose column-purified MBP-Rep68A
samples were electrophoresed on a 12.5% polyacrylamide gel
containing 0.1% SDS. The proteins were electroblotted (Mul-
tiphor II Nova Blot electrophoretic transfer apparatus; Phar-
macia LKB Biotechnology, Piscataway, N.J.) onto polyvinyli-
dene difluoride membranes (Millipore Corp., Bedford, Mass.).
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The primary antibody was a rabbit antibody (anti-Rep78.93)
raised against a truncated Rep78 expressed in E. coli (47). The
secondary antibody was biotinylated goat anti-rabbit immuno-
globulin G. The blots were then treated with streptavidin-
alkaline phosphatase and incubated with a chemiluminescent
alkaline phosphatase substrate (PhotoBlot chemiluminescent
system for protein detection; Life Technologies Inc., Gaithers-
burg, Md.) and exposed to X-ray film. Protein concentrations
in the original samples were determined by using the bicincho-
ninic acid protein assay reagent (Pierce, Rockford, Ill.) accord-
ing to the manufacturer’s instructions. The amount of Rep68
protein contained in each sample was measured by densitom-
etry of the full-length Rep protein band.

Electrophoretic mobility shift assays (EMSAs). DNA-pro-
tein complexes were detected by their reduced mobility on
nondenaturing polyacrylamide gels. The assays were per-
formed as previously described (9, 10), with the modifications
described by Jacob et al. (19). Briefly, radiolabeled probes
were incubated with protein fractions at 30°C for 15 min in 25
pl. The reaction mixture contained 10 mM Tris-Cl (pH 7.5), 1
mM EDTA, 10 mM B-mercaptoethanol, 0.1% Triton X-100,
4% glycerol, and 0.5 pg of poly(dI-dC) when indicated.

Specific activity determination. The specific activities of
MBP-Rep68A and wt Rep68 produced from 293 cells trans-
fected with pSK9 were determined as follows. The amount of
shift complex formed in Fig. 2A for MBP-Rep68A and wt
Rep68 was determined by Phosphorlmager (Molecular Dy-
namics) analysis using a 5'-end-labeled probe. The shift bands
produced by MBP-Rep68A per 100 ng of protein were fourfold
greater than the complexes formed by 170 ng of wt Rep68-
containing cell extract. The ratio of DNA to protein was shown
in other experiments to be within the linear range, and this
difference in binding activity was determined at several DNA/
protein ratios (Fig. 4C). Thus, MBP-Rep68A had approxi-
mately seven times as much gel shifting activity per microgram
of total protein as the 293 nuclear extract did. However,
quantitation of the full-length Rep68 proteins contained in the
two extracts by densitometry of a Western blot (Fig. 3, lanes 3
to 5 and 7 to 9) indicated that MBP-RepA contained 8 to 16
times more Rep68 protein molecules per microgram of total
protein. Therefore, the specific DNA binding activities of the
Rep68 proteins in the preparations of MBP-Rep68A and pSK9
extracts were within twofold of each other.

Dissociation constant determination. The K, was deter-
mined by measuring the amount of DNA-MBP-Rep68A com-
plex formation as a function of increasing DNA concentration,
using a PhosphorImager. One hundred nanograms of amylose-
purified MBP-Rep68A was incubated in an EMSA with in-
creasing amounts of 5’-end-labeled wt ITR or A57 ITR (60 to
400 fmol). The specific activity of each probe was determined
by separating the labeled probe from free 32P-nucleoside
triphosphate by gel filtration followed by quantitation via
liquid scintillation counting. wt ITR and A57 ITR grobes were
found to have the same specific activity of 2 X 10° cpm/pmol.
For the purpose of conversion from PhosphorImager units
(PIUs) to counts per minute, standards were included on each
gel. The conversion factors are 46 PIU/cpm of probe for A57
ITR and 38 PIU/cpm of probe for wt ITR. The difference in
PIU for the two probes is the result of different exposure times
on the PhosphorImager for the experiments. Eadie-Hofstee
analysis of the data (bound versus bound/free) resulted in a
straight line (slope = —1.8 X 10° PIU for A57 ITR and —1.87
X 10° PIU for wt ITR) and thus a single value for the slope,
—K,, where K, is the dissociation constant (Fig. 4). As a
confirmation of the value obtained by this method, a second
determination was made by the method outlined by Meister-
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ernst et al. (31). The two methods generated K, values in the
same range.

DNase I footprinting. The substrates used for DNase I
protection experiments consisted of the synthetic oligonucleo-
tide A57 ITR, which contains the AD’ or A’D sequence of the
ITR shown in Fig. 1B. The oligonucleotides were individually
5’ end labeled and annealed as described above. The condi-
tions for DNase I footprinting were as described previously
(16), with the following modifications. About 5 X 10* cpm of
probe was used with 0.5 g of poly(dI-dC) and 2 g of protein.
The digestion time was decreased to 30 s. The reactions were
terminated in 2 volumes of stop buffer (10 mM Tris-Cl [pH
7.9], 10 mM NaCl, 0.5% SDS, 0.2 mg of yeast tRNA per ml, 2
mg of proteinase K per ml). The samples were extracted by
phenol-chloroform and ethanol precipitated. The products
were then resuspended in 80% formamide loading buffer,
denatured by heating to 95°C for 5 min, and then fractionated
on a 6% polyacrylamide-8 M urea sequencing gel.

Covalent linkage trs endonuclease assay. Activity was as-
sayed by performing the trs endonuclease assay with 3’-labeled
probes as previously described (8, 17, 18), with the following
modifications. After incubation of 100 ng of MBP-Rep68A
with either wt ITR or A57 ITR (50 or 500 fmol, respectively),
the reactions were terminated by the addition of 1 volume of
2X sample buffer (120 mM Tris-HCI [pH 6.8], 10% SDS, 2%
dithiothreitol, 40% sucrose), and the samples were heated to
95°C for 5 min. The 3'-radiolabeled probe covalently bound to
MBP-Rep68A was separated from the free probe by electro-
phoresis on an SDS-10% polyacrylamide gel.

RESULTS

MBP-Rep68A and wt Rep68 bind to A57 ITR. Previous work
has shown that the recombinant MBP-Rep68A is able to bind
to a linear form of the AAV ITR (8). A57 ITR is the entire
AAV ITR A/A’ duplex region plus 10 bp of sequence down-
stream of the trs (D/D’) (Fig. 1B). When MBP-Rep68A and
293 cell nuclear extracts containing wt Rep68 were incubated
with the A57 ITR probe, a cluster of three reduced mobility
bands was detected (Fig. 2A, lanes 2 and 3, respectively). In
contrast, these bands are not obtained with a non-DNA-
binding truncation mutant of Rep68, Repam?238 (lane 4), or in
the presence of a 10-fold excess of unlabeled competitor (lanes
5 and 6). The difference in mobility of the MBP-Rep68A and
the wt Rep68-DNA complexes is the result of a difference in
the molecular masses of the two proteins (106 and 68 kDa,
respectively). Some additional bands that are not produced
with MBP-Rep68A are present when the A57 ITR is incubated
with 293 cell nuclear extract containing wt Rep68. However,
these bands are produced when the Repam238 mutant is used
and are thought to be the result of cellular proteins present in
the 293 nuclear extract.

Therefore, the ability of either MBP-Rep68A or wt Rep68 to
bind to the ITR does not require the presence of the hairpin
cross arm (B/B’ C/C'). Furthermore, binding to a A57 ITR is a
function not only of MBP-Rep68A but of wt Rep68 as well, and
no binding is detected with the MBP moiety fused to LacZ
(data not shown).

The ability of Rep68 to bind to a linear form of the ITR, A57
ITR, directly contradicts several previous observations (1, 16,
43). To resolve these discrepancies, we truncated the A57 ITR
at the Ddel site, which was previously shown to inhibit binding
to the wt ITR (43). Truncation at this position significantly
reduced binding of MBP-Rep68A compared with the full-
length A57 ITR probe (Fig. 2B, lanes 1 and 2). Competition
experiments indicated that the Ddel-truncated fragment bound
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FIG. 2. Both wt Rep68 and recombinant MBP-Rep68A bind to A57
ITR. (A) Approximately 10,000 cpm of 5’-end-labeled A57 ITR probe
was incubated with either 100 ng of MBP-Rep68A or 170 ng of wt
Rep68 nuclear extract protein or Repam?238 nuclear extract protein.
The positions of the free probe and bound protein-DNA complexes
are indicated at the left. Rep68-DNA complexes were detected only
with MBP-Rep68A and wt Rep68 produced from plasmid pSK9 (pSK9
Rep 68; lanes 2 and 3, respectively). No specific binding was detected
by the negative controls (probe only [lane 1], MBP-LacZ [data not
shown], and a truncated amber mutation, Repam238 [lane 4]). The
MBP-Rep68A and wt Rep68 shift bands could be competed for by the
addition of a 10-fold excess of unlabeled A28 ITR competitor (lanes 5
and 6). (B) 5’-end-labeled A57 ITR probe was cut with Ddel and
shown to be greater than 90% digested by separation on a denaturing
gel. One hundred nanograms of MBP-Rep68A was incubated with
approximately 0.1 ng of either Ddel (lane 1) or A57 ITR probe (lane
2) under standard EMSA conditions. The reaction mixtures were
incubated at room temperature, and the gel was run at room temper-
ature as reported previously (43). For competition, a 5-, 10-, or 15-fold
excess of unlabeled duplex oligonucleotides was added to the reaction
mixture with labeled A57 ITR probe (lanes 3 to 8).
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FIG. 3. Western blot comparison of wt Rep68- and MBP-Rep68A-
containing extracts. The amounts of Rep68 protein contained in
pSK9-transfected 293 cell nuclear extract and amylose column-purified
MBP-Rep68A were compared by immunoblotting using anti-Rep78.93
antibody (47). Three negative controls were included: 4 pg of nuclear
extract protein from 293 cells transfected with pBR322 (lane 1) or
pHIVRepam (Repam238; lane 2) and 4 pg of amylose column-
purified MBP-LacZ produced in E. coli (lane 6). Lanes 3 to 5
contained 4, 2, and 1 pg, respectively, of pSK9 Rep68 nuclear extract.
Lanes 7 to 9 contained 250, 125, and 62 ng, respectively, of amylose
column-purified MBP-Rep68A. The positions of pSK9-produced wt
Rep68 (Rep68) and MBP-Rep68A are indicated at the right.

MBP-Rep68A at least 10 times less efficiently than the full-
length A57 ITR (lanes 3 to 8). This result is in agreement with
the other report of Rep68 binding activity (43). However,
binding is observed on the full-length A57 ITR (lane 2), which
indicates the importance of this region in the formation of a
stable complex and not necessarily the requirement of a
hairpin conformation for stable binding as previously sug-
gested.

Determination of the DNA binding activities of MBP-
Rep68A and wt Rep68. To compare the DNA binding activities
of MBP-Rep68A and wt Rep68, the ITR binding activity was
normalized to the amount of Rep68 protein as determined by
Western analysis. MBP-Rep68A bound approximately seven
times more DNA per microgram of total protein than wt
Rep68 (Fig. 2A, lanes 2 and 3) when values were corrected for
the amount of protein used in each lane. The DNA/protein
ratio was shown in other experiments to be within the linear
range of detection. This difference in binding activity was
determined at several DNA/protein ratios and is shown again
in Fig. 4A and B. Western blot analysis with anti-Rep antisera
showed that MBP-Rep68A contained approximately 8 to 16
times more full-length Rep68 than 293 cell extracts did (Fig. 3,
lanes 3 to 5 and 7 to 9). Therefore, the specific activity of the
Rep68 proteins in the preparations of MBP-Rep68A and pSK9
extracts are within twofold of each other, indicating that
MBP-Rep68A and wt Rep68 have a similar abilities to bind the
AAV ITR.

Since comparable binding activities to A57 ITR were ob-
tained for wt Rep68 and MBP-Rep68A, the relative affinities of
these protein preparations for hairpin ITR, A57 ITR, or a
further truncation of AS7 ITR, A28 ITR (Fig. 1), were com-
pared. The binding affinities of wt Rep68 and MBP-Rep68A
were very similar for the wt ITR and A57 ITR probes (Fig. 4A
and B, lanes 1 to 5 and 6 to 10, respectively) but were
significantly reduced upon further truncation of the A57 ITR
probe to A28 ITR (lanes 11 to 15).

The data presented in Fig. 4A and B were obtained at a
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FIG. 4. wt Rep68 and MBP-Rep68A bind to wt ITR and AITR with similar affinities. The relative binding affinities of recombinant
MBP-Rep68A (A) and wt Rep68 (B) were compared for three probes, wt ITR, A57 ITR, and A28 ITR. Increasing amounts of probe (10, 20, 30,
40, and 50 fmol) were added to a constant amount of protein (100 ng). Lanes 1 to 5 in both panels contain wt ITR as the probe; lanes 6 to 10 contain
AS57 ITR; lanes 11 to 15 contain A28 ITR. (C) To determine the K, for the different protein-DNA complexes, the amount of bound and free probe
was measured over a range of amounts from 60 to 400 fmol with a constant amount of protein. Bound (B) and free (F) probe bands were
quantitated with a PhosphorImager (Molecular Dynamics), and the data were used to determine the dissociation constants for each of the probes
with MBP-Rep68A. The dots at the right were used to develop a standard curve for converting from PIU to counts per minute. Graphs with plots
of bound versus free probes (A57 ITR or wt ITR) presented in PIU (D) and bound versus bound/free (B/F) (Eadie-Hofstee plot; E) are shown.

relatively low Rep/probe ratio; hence, the amount of complex
that could be formed was limited despite the addition of
increasing amounts of probe (e.g., lanes 6 to 10). While these
results demonstrate the similar affinities of MBP-Rep68A and
wt Rep68 for both the wt ITR and A57 ITR probes, the data do
not allow for more precise K, determinations. The binding
experiments were therefore repeated over a higher Rep/probe
ratio. Figure 4C shows that as a fixed amount of Rep is titrated
with increasing amounts of A57 ITR probe, the amount of
complex formed increases. Similar results were obtained with
both wt Rep and MBP-Rep68A.

The affinities of wt Rep68 and MBP-Rep68A for wt ITR and
A57 ITR were determined by measuring the amount of bound
and free probe over a range of protein/DNA ratios (see
Materials and Methods), and a curve was fitted to these values
(Fig. 4D). K, values for MBP-Rep68A of approximately 8 X
107%and 9 X 1071 M for A57 ITR and wt ITR, respectively,
were determined by using an Eadie-Hofstee plot (Fig. 4E). The
difference in the y intercepts (Fig. 4D) may result from small
variations in the amount of protein added to the reaction
mixtures. This is in agreement with the shift in the curve in Fig.
4D.
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Binding affinity of MBP-Rep68A for a (GCTC), imperfect
repeat motif is increased by nonspecific flanking sequence.
MBP-Rep68A and wt Rep68 bind to A57 ITR with equivalent
affinities. Further truncation of A57 ITR to A28 ITR or
cleavage with Ddel resulted in a significant decrease in binding
affinity (Fig. 4A and B, lanes 11 to 15; Fig. 2B, lane 1). To
determine the basis for the reduced binding affinity, DNase I
protection analysis was performed with MBP-Rep78 and A57
ITR (Fig. 5). On the trs-containing strand of A57 ITR,
protection extends over a 24-nucleotide sequence that is
centered over an imperfect (GCTC), repeat (lanes 5 to 7).
Truncation with Ddel cleaves within this protected region [5'
(C/T)GAG] and further supports the importance of this region
in complex formation. Protection of the non-trs-containing
strand covers the complement of the GCTC repeat motif, but
a total of 32 nucleotides are protected and the repeats are
found at the 5’ end of the protected region (lanes 13 to 15). No
protection was found on the trs region of either strand. To
determine the minimal DNA sequence that would support the
stable binding of MBP-Rep68A, several duplex oligonucleotide
probes spanning the GCTC repeat region were tested for
binding activity and for the ability to compete with A57 ITR for
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FIG. 5. DNase I footprinting of A57 ITR with MBP-Rep78 protects a GCTC repeat in the A/A’ region of the ITR. The region of contact
between Rep protein and DNA was identified by using a DNase I protection assay. The coding (trs-containing) (A) or noncoding (B) strand of
the 5'-end-labeled A57 ITR was incubated with 2 ug of MBP-Rep78 followed by increasing amounts of DNase I (lanes 5 to 7 and 13 to 15). As
a control, A57 ITR was incubated with DNase I only (lanes 2 to 4 and 19 to 21) or with MBP-LacZ (lanes 8 to 10 and 16 to 18). Lanes 1, 11, 12,
and 22 are G+A ladders. (C) Schematic representation of the protected regions on the coding and noncoding strands, with horizontal lines over
the protected regions on the coding and noncoding strands. The GCTC repeat motif is indicated by four horizontal arrows. The trs is indicated
by a vertical arrow.
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BOUND  COMPETE

1 ATC IFGCGCT CGCTCGCTGACT +++ ++
2 ACGCTCGCTCGCTCA - ND
3 TCGCGCTCGCTCGCTCA ++ ++
4 CGCGCTCGCTCGCTQACT ++ ++
H CGCTCGCTCGCTq] - ND
6 CTCTGCGCGCTCGCTCGCTCACTGAGGCC ++4 Eaes
5
————p
AGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCIGCGCGCTCGCTCGCTCACTGAGGCC

D' A

FIG. 6. Minimum binding site determination for MBP-Rep68A. To
determine the minimum DNA sequence required for binding, several
probes which spanned the protected area found by DNase I footprint-
ing were synthesized. Only the trs-containing strands are shown. The
GCTC imperfect repeat region in each probe is outlined by a box. The
trs is indicated by a vertical arrow.

binding (Fig. 6). Only the trs-containing strand sequences are
shown. All of the oligonucleotide probes tested had signifi-
cantly weaker binding activity compared with A57 ITR. Oligo-
nucleotide probes that contained both the repeats and flanking
sequences were able to bind MBP-Rep68A as well as compete
for MBP-Rep68A. Binding activity was proportional to the
length of flanking sequence contained in the probe: the fewer
the number of flanking nucleotides, the weaker the binding
activity. Oligonucleotides 1 and 6, which contained at least 3 bp
of flanking sequence on both sides of the imperfect (GCTC),
repeat, had the strongest binding activity. As the number of
flanking nucleotides was reduced, activity was decreased.
Truncation of the repeat motif (Fig. 6, 2, and 5) resulted in a
total loss of binding activity.

These results support the DNase I protection assay results,
which showed protection extending beyond the immediate
GCTC repeat region. To determine the extent of flanking
sequence needed to obtain comparable binding activity to wt
ITR, A57 ITR was further truncated to A46 ITR (Fig. 7A). No
loss of binding activity was observed with this probe (data not
shown). To investigate the possibility that interaction with the
trs was required for stable MBP-Rep68A binding, a thymine-
to-guanine transversion was made at the trs of A46M ITR (Fig.
7A). Although trs endonuclease activity was abolished (data
not shown), binding of MBP-Rep68A was not affected (Fig. 7B,
lanes 7 to 10). This finding is in agreement with recent
published observations (43). Binding activity of a A28 ITR
probe extended toward the trs with additional base pairs of
random sequence (A46R ITR) (Fig. 7A) restored the binding
activity to the level obtained with A57 ITR (Fig. 7B, lanes 12 to
15). Thus, the increased binding affinity of MBP-Rep68A for
A57 ITR compared with A28 ITR is the result of nonspecific
sequence stabilization of the complex by flanking DNA se-
quences.

Binding affinity of MBP-Rep68A to DNA is not proportional
to trs endonuclease activity. The data presented above dem-
onstrate that MBP-Rep68A and wt Rep68 are able to bind to
GCTC imperfect repeats within linear duplex substrates in the
A/A' region of the ITR with an affinity similar to that of the
hairpin ITR. Since the hairpin structure is required for DNA
replication (4, 5, 28, 29, 39), the effect of the hairpin sequence
on trs endonuclease activity was examined. The amount of 5’
covalently attached MBP-Rep68A-DNA that results from the
ATP, Mg”*-dependent endonuclease activity was measured by
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FIG. 7. MBP-Rep68 binding is stabilized by nonspecific flanking
sequence, and trs is not required for stable binding. (A) Three
oligonucleotide probes were made to address the differences in binding
affinity between A57 ITR and A28 ITR. A46M ITR is identical to the
wt sequence except for a point mutation at the trs site (T-to-G
substitution; highlighted and underlined). A46R ITR is the same probe
as A28 ITR except that it is extended with random DNA to be the same
length as A46 ITR. The GCTC repeats are indicated with horizontal
arrows. The trs is indicated for the A46 ITR and A46M ITR probes,
and its potential site in the A46R ITR probe is indicated by a vertical
arrow. (B) Lanes 1, 6, and 11 contain no protein. All other lanes
contain a constant amount of MBP-Rep68A and increasing amounts
(10, 20, 30, and 40 fmol) of A46 ITR (lanes 2 to 5), A46M ITR (lanes
7 to 10), and A46R ITR (lanes 12 to 15) probes. All three probes
bound MBP-Rep68A with the same affinity, indicating that the in-
crease in binding affinity is the result of increased probe length and not
specific protein-DNA interactions.
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FIG. 8. Covalent linkage of MBP-Rep68A to wt ITR and A57 ITR.
The standard trs endonuclease assays were performed as described by
Im and Muzyczka (17), with the following modifications. After the
incubation of 100 ng of protein with 50 fmol of 3’-labeled wt ITR in trs
buffer, SDS sample buffer was added, the sample was heated, and the
probe covalently bound to MPB-Rep68A was separated from the free
probe by electrophoresis on an SDS-10% polyacrylamide gel. (A) To
confirm the specificity of the trs endonuclease assay, the dependence
of wt ITR retarded mobility on ATP, MgCl,, and MPB-Rep68A was
examined. Formation of the ITR-MPB-Rep68A retarded complex is
dependent on ATP, MgCl,, and MBP-Rep68A. (B) By comparing the
amounts of free probe versus that covalently linked to the MBP-Rep
protein, the efficiency with which the two probes were cleaved was
determined. The probes used in this experiment were 3’ labeled to the
same specific activity of 2 X 10° cpm/pmol. Lane 1 contains wt ITR as
a substrate for MBP-Rep68A, and lane 2 contains A57 ITR. The
covalently linked DNA-MBP-Rep68A complex (linked) and free DNA
probe (free) are indicated by arrows at the left. Since the covalent
linkage occurred at a greatly reduced efficiency on the A57 ITR probe
compared with the wt ITR probe, 500 fmol of A57 ITR probe was used
in this experiment, compared with 50 fmol of the wt ITR probe.

the formation of a lower-mobility band on an SDS-polyacryl-
amide gel upon incubation of MBP-Rep68A with 3’-radiola-
beled ITR in a trs endonuclease assay (Fig. 8A). The substrate
was 3’ end labeled so that the label would be present on the
fragment which was covalently linked to MBP-Rep68A. The
reduced mobility of this complex compared with the unbound
fragment would allow for determination of the efficiency of
linkage.

The results of this experiment (Fig. 8B) indicate that hairpin
ITR is cleaved at least 100 times more efficiently than A57 ITR.
Because of the inefficiency of linkage to the A57 ITR probe, 10
times the molar amount of probe was added to the reaction
mixture compared with the amount of wt ITR probe. Thus,
while the hairpin portion of the ITR does not play a role in
binding of Rep to the ITR, its presence does stimulate trs
endonuclease activity.

Previously, DNase I protection by Rep68 has been reported
in the B/B’ palindromic region of the ITR (16). It is possible
that interaction with this portion of the ITR could act to
stimulate the covalent linkage of Rep68 to the DNA substrate.
However, addition in trans of increasing amounts of a synthetic
hairpin cross arm (Fig. 1E), which was shown to be folded into
the hairpin structure by digestion with Smal, had no effect on
the amount of covalently bound MBP-Rep68A detected. Fur-
thermore, addition of the hairpin cross arm to an EMSA had
no effect on binding and itself could not bind Rep68 (data not
shown).

DISCUSSION

Rep68 is a critical protein in the life cycle of AAV. Previous
work has shown that a recombinant version of this protein
produced in E. coli can catalyze all of the known in vitro
activities associated with wt Rep68 (8). This report demon-
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strates that an additional function of wt Rep68 is its ability to
bind to a linear form of the ITR, A57 ITR, with the same
affinity as to wt hairpin ITR. MBP-Rep68A and wt Rep68 also
appear to have similar specific DNA binding activities. A
dissociation constant of approximately 8 X 107!° M was
determined for the wt ITR and A57 ITR probes with MBP-
Rep68A. However, a truncated version of A57 ITR, A28 ITR,
bound 10 times less efficiently than the full-length fragment.
Truncation of A57 ITR with Ddel also inhibited binding, which
is in agreement with previously published data (43). Footprint-
ing analysis indicated that the Ddel truncation cuts within the
protected region. This observation may explain why truncation
with Ddel resulted in an inhibition of binding activity and
indicates the importance of this region in the formation of a
stable complex. Extension of A28 ITR with random sequence
restored the ability of MBP-Rep68A to bind to A28 ITR. Thus,
the increase in binding would appear to be the result of
nonspecific sequence stabilization of MBP-Rep68A binding. It
is not clear whether extension of the Ddel-truncated A57 ITR
with random sequence would have the same stabilizing effect
or if that sequence is important for stable binding. Mutation of
the trs had no effect on binding, which is in agreement with
other published data (43).

To further define the MBP-Rep68A binding site, we con-
structed a series of oligonucleotide probes which spanned the
region protected by MBP-Rep78 in a DNase I footprinting
experiment. Two 18-bp probes which contained the imperfect
(GCTC), repeat motif were found to be sufficient for the
binding. While these data show that Rep68 is able to bind to
nonhairpin derivatives of the ITR and identify some of the
features required for binding of Rep68 to DNA, this ability of
Rep68 to bind to linear DNA does not appear to correlate with
trs endonuclease activity. The covalent linkage of Rep68 to the
non-hairpin-containing ITR, A57 ITR, is approximately 100-
fold less efficient than linkage to a hairpin-containing ITR.
This effect of the hairpin portion of the ITR was observed only
when the hairpin was part of the probe, not when it was
supplied in trans. This difference was confirmed by the stan-
dard trs endonuclease assay (8). Thus, while the hairpin
portion of the ITR does not appear to play a role in the
stabilization of Rep68 binding, its presence is required for
efficient trs endonuclease activity. The features of the hairpin
structure that enhance cleavage activity are not clear. The
presence of the hairpin structure may force the DNA into a
conformation that is more favorable for cleavage. However,
previous work showed that digestion of the hairpin structure
with the restriction enzyme Smal, which removed most of the
C/C' duplex, had little or no effect on trs endonuclease activity
by Rep68 (43). Since trs endonuclease activity is thought to be
central for the replication of AAV DNA, these data could
indicate the importance of structure in this region for efficient
trs endonuclease activity.

The data presented in this report indicate that a hairpin
conformation is not required for binding of wt Rep68 or
MBP-Rep68A to the ITR. Footprinting experiments indicate
that the Ddel site is protected, and therefore truncation at the
Ddel site would remove a portion of the binding site and
inhibit binding. Studies in the other reports of Rep68 not
binding to linear DNA used linear wt ITR as either a probe or
a competitor. This fragment is a more complex substrate, and
lack of binding is not as easily interpretable. The linear ITR
contains two binding sites for Rep68 in close proximity and
may not bind Rep68 because of interference between these
sites. An alternate hypothesis is that the palindromes which are
normally in a fully hairpin conformation in the wt ITR are now
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in a linear conformation. This may create a partial hairpin
structure that is inhibitory for Rep68 binding.

Our observation that Rep can bind to linear DNA clarifies
some of the effects that pS-initiated Rep proteins have on the
expression of heterologous promoters and the apparent cyto-
static effects of overexpression of the Rep proteins. These
effects may be due to direct Rep-DNA interaction within gene
regulatory elements. It has been recently reported that a
sequence with homology to the GCTC repeat motif is present
in the long terminal repeat promoter of human immunodefi-
ciency virus type 1 and may be involved in the inhibition of this
virus by the Rep proteins (34). The binding of Rep68 and
Rep78 to cellular promoters could have a negative effect on
gene expression such as occurs with the p5 and p19 promoter
of AAV2 (2, 3, 24, 27). Binding of p5 Rep proteins could also
have a positive effect and stimulate the expression of silenced
genes in the cell or overexpression of genes involved in down
regulation of the cell. Such stimulatory effects of Rep have
been reported for the p40 promoter of AAV2 (30, 46).

The results of methylation interference indicated that the
guanine residues in the GCTC repeats of the AAV integration
locus, AAVS], are involved in binding (48). However, what is
not known is the importance of the individual bases within the
repeats or the contribution of the flanking sequence in forming
a stable Rep-DNA complex. This information is necessary for
defining a consensus sequence for Rep68 and identifying genes
that could be regulated by Rep.

The observation that binding of MBP-Rep68A is distinct
from trs endonuclease activity is important when one considers
the life cycle of the virus. During a lytic infection, trs endonu-
clease activity has to be efficient to complete the replication of
the large number of viral particles forming in the cell. The
inefficient trs endonuclease activity on nonhairpin or defective
ITRs maybe a way of ensuring that only full-length genomes
are replicated. Nicking of the DNA during the process of
rescue may need to occur only once and therefore can afford to
be inefficient. Furthermore, cleavage of the viral and cellular
promoters which are Rep responsive is not necessary for its
transcriptional regulatory effects.

The ability of Rep68 to stably bind to a GCTC repeat
sequence present in both the AAV ITR and the integration
locus without the necessity of an adjacent palindromic hairpin
structure allows for speculation that such binding may play an
essential role in the process of targeted AAV integration (8,
48). The presence of stable Rep binding sites at both loci
suggest that Rep-Rep interaction may align the preintegration
site locus with the AAV ITR. It is unclear if other GCTC
repeat sequences identified at other loci are capable of partic-
ipating as alternate AAYV integration sites. The data presented
in this report showing that the hairpin is not required for
binding of Rep68 and the identification of the binding site
should facilitate the understanding of the positive and negative
effects of pS-promoted Rep proteins on the expression of
heterologous promoters.
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ADDENDUM

A recent publication has confirmed our earlier observation
that Rep68 is able to bind to a linear truncated form of the
ITR. McCarty et al. (30a) report that binding to a linear
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truncated ITR stem is 125-fold lower than to wt ITR, which is
contrast to our observations of similar affinities. The data
presented in our report demonstrate that probes which do not
extend beyond the Ddel site in the stem of the ITR and are less
than 46 nucleotides in length do not bind Rep68 compared
with the full-length stem. While the A-stem probe used by
McCarty et al. is of sufficient length to allow stable binding, it
does not extend beyond the Ddel site and therefore is a poor
substrate for Rep68 binding compared with the wt ITR.
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