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Determination of Adeno-Associated Virus Rep68 and Rep78
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To further define the canonical binding site for the P5-promoted Rep proteins of the adeno-associated virus,
a modified random oligonucleotide selection procedure was performed, using purified recombinant Rep
protein. These results may explain the effects of Rep on cellular gene expression.

The P5-promoted Rep proteins of adeno-associated virus
(AAV), Rep68 and Rep78, have been shown to regulate
AAV replication (3–5, 14), transcription (13), and integra-
tion (11, 12, 18). Each of these diverse activities requires
binding of these Rep proteins to tandem repeats of a GAGC
motif. Although binding of Rep to the inverted terminal repeat
(ITR) structure was previously thought to be absolutely de-
pendent on the presence of a hairpin conformation (1, 10),
we have recently shown that Rep can bind to a number of
linear DNA substrates with an affinity similar to that of the
wild-type (wt) ITR fragment (7). This finding may explain the
effect of Rep on expression of heterologous promoters and its
cytostatic effects when overexpressed. It is, therefore, impor-
tant to define a consensus binding site and to determine the
contribution of the individual bases at the sites of Rep-DNA
interaction.
To define the Rep-DNA interactions, a modified random

oligonucleotide selection procedure was performed, using pu-
rified MBP-Rep68D and MBP-Rep78. Electrophoretic mobil-
ity shift assays (EMSA) were used to isolate oligonucleotide
probes containing Rep binding sites from a pool of randomly
generated oligonucleotides containing over 1012 sequence
combinations. With this technique, a canonical binding site was
identified.
The technique of random selection has many advantages

compared with base-by-base mutagenesis studies of wt ele-
ments for defining binding sequence requirements (17). The
sequence combinations generated allow the determination of a
statistically significant canonical binding site. The short oligo-
nucleotides are easily cloned into bacterial vectors and se-
quenced. Iteration of the selection procedure yields oligonu-
cleotides with higher-affinity binding sites (17). The procedure
used for the random selection is similar to one previously
described (9) and is outlined in Fig. 1.
The random probes were chemically synthesized and consist

of a core of 20 random bases flanked by two constant regions
(Fig. 2C). A double-stranded probe was generated by anneal-
ing a primer to one of the constant regions and extending it
with the Klenow fragment of DNA polymerase and radiola-
beled nucleotides. MBP-Rep68D is incubated with the pool of
oligonucleotide probes under conditions which favor binding
of Rep to its specific substrate (6, 7). Probes containing the

Rep binding site were separated from nonbinding oligonucle-
otides by EMSA (7). The random probes were recovered and
purified from the shift complex and amplified by using Taq
polymerase and PCR (cycling conditions [35 cycles]: 958C for
30 s, 508C for 30 s, 728C for 30 s). Aliquots were either selected
again to enrich for higher-affinity fragments or cloned into
plasmid vectors and sequenced. The band produced by incu-
bating MBP-Rep68D with the random oligonucleotide probes
(Fig. 3, lane 3) was only present in reaction mixtures containing
MBP-Rep68D (Fig. 3, lane 1). Furthermore, the addition of wt
ITR (Fig. 2A) could inhibit the formation of the shift band,
demonstrating the specificity of the complex (Fig. 3, lane 2).
Similar results were obtained with MBP-Rep78.
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FIG. 1. Random selection procedure. The random probe was chemically
synthesized and made double stranded by annealing and extending an oligonu-
cleotide primer. The purified probe was then incubated with recombinant MBP-
Rep68D or MBP-Rep78, and the complexed DNA was separated from the free
DNA by EMSA. The complexed DNA was then isolated from the gel and
purified. For cloning, the selected random probes were amplified with Taq
polymerase by using PCR and oligonucleotide primers which were complemen-
tary to the constant regions and which contain (UAC)4 tails complementary to
the CloneAmp vector.
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Of the 1.4 3 108 cpm of probe (4 3 107 cpm/pmol) incu-
bated with 4 pmol of MBP-Rep78 and separated in the first
round of EMSA, less than 1% of the probe was bound by
Rep and recovered from the gel. These fragments were
then incubated a second time with 1 pmol of Rep and EMSA
fractionated a second time to enrich for the fragments con-
taining higher-affinity Rep binding sites. Approximately 5%
of this material was bound by Rep and recovered from
the gel. The fragments isolated from the second round of
selection were amplified by PCR. The amplified probes were
either relabeled and reselected as described above or cloned,
using the CloneAmp system (Bethesda Research Laborato-
ries), and sequenced. This pool of clones is referred to as 78X2.
Thirty-two fragments were sequenced, and their random bases
were aligned by using a common GAGC motif present in each
fragment (Fig. 4A). The position of this element within the
probes varied, indicating that the conserved flanking sequence
played a less critical role than the random region in the for-
mation of the shift complex.
Log probability ratios, or LOD scores, were calculated for

the aligned fragments. Using chi-square analysis, a nucleotide(s)
was assigned to each position in the consensus sequence if
P was ,0.05 and the LOD score at that position was 3 or
greater. Alignment of all 32 clones gave a consensus of GAGC
Ga(g/c)gGgg(g/c), with bases in uppercase boldface type indi-
cating statistically significant events (Fig. 4B). While this se-
quence is similar to the AAV ITR or AAVS1 sequences which
contain multiple tandem repeats of GAGC, the consensus de-
veloped with random probes after two rounds of selection
contained only one full repeat followed by a number of gua-

nine (G) residues. To test the ability of runs of G residues to
stabilize the binding of Rep78 to DNA, a probe which con-
tained GAGC GGGGGCG in place of the block of 20 random
bases was constructed (Fig. 2D). This sequence was identified
in clone 5-5 and resembles the consensus binding site of the
early growth response gene, EGR-1 [GCG(G/T)GGGCG] (8).
The probe is therefore referred to as 5-5/EGR. The EMSA
results indicate that MBP-Rep78 could form a stable interac-
tion with this sequence (Fig. 5, lane 2). However, competition
experiments using labeled D57 ITR (Fig. 2B) and unlabeled
D57 ITR or 5-5/EGR (Fig. 2D) indicate that the affinity was
approximately 5- to 10-fold lower for 5-5/EGR than for wt D57
ITR (Fig. 5, lanes 6 to 8 and 3 to 5, respectively). No compe-
tition was observed with a GC-rich probe for the a-pal binding
site (9) (Fig. 5, lanes 9 to 11), demonstrating the specificity of
the competition.
To identify the higher-affinity sites contained in the pool of

selected fragments, a third round of selection was performed
with PCR-amplified fragments from the second selection. Ap-
proximately 20% of this material was recovered and selected
again in the fourth and final round. Nearly 50% of this input
material was in the shift complex. The final pool of probes was
then amplified by Taq polymerase, cloned, and sequenced and
is referred to as 78X4. To compare the consensus binding sites
for MBP-Rep68D and MBP-Rep78, the random selection pro-
cedure was performed with MBP-Rep68D instead of MBP-
Rep78 as described above, and this resulting pool of fragments
is referred to as 68X4.
Using either Rep68 or Rep78, the four rounds of selection

FIG. 2. Sequence of probes. (A) wt ITR was made as previously described
(7). (B) D57 ITR is an annealed oligonucleotide pair, 57 bases in length, corre-
sponding to all of the A/A9 region and part of the D/D9 region of wt ITR with a
GATC 59 overhang. (C) The random probe was chemically synthesized and
consists of a core of 20 random bases (N) flanked on one side by a 20-bp region
and on the other by a 21-bp conserved region, both of which are used for
annealing primers for amplification and cloning. (D) Probe 5-5/EGR contains
the core Rep binding site identified in clone 5-5 flanked by the conserved regions
of the random probe. Sequences of the wt ITR and D57 ITR are aligned to the
GAGC repeat motifs (horizontal arrows).

FIG. 3. EMSA of random oligonucleotide probe. A tight cluster of bands was
produced by incubating 1 pmol of MBP-Rep68D with the random oligonucleo-
tide probes (lane 3). No shift bands were detected in the absence of protein (lane
1). Formation of the lower-mobility complex could be reduced by the addition of
wt ITR (lane 2), demonstrating the specificity of the complex.
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resulted in a number of clones containing multiple GAGC
repeats. A thymidine-to-cytosine (T-to-C) transition was very
common in the 59-most GAGC repeat motif for both 68X4 and
78X4 but was not as frequently observed in the adjacent re-
peats. As was seen in the consensus sequence developed for
the 78X2 fragments, a number of clones contained repeats of
G residues after the tandem GAGC repeats. Sequences of

41 clones from the 78X4 pool (Fig. 6) and those of 46 clones
from the 68X4 pool (Fig. 7) were aligned, and consensus se-
quences of (A/G)vbGAGCGAGC n(A/C)G and (G/A)nn(T/C)G
AG(C/T)GAGCGAG(c/a)(g/a)V, respectively, were identified.
These consensus sequences more closely resemble the binding
sites identified in the AAV ITR and the AAVS1 sequence (7,
16, 19).
The data presented in this paper suggest that while a pre-

ferred site for Rep binding contains tandem repeats of GAGC,
stable binding with a lower affinity can be detected with one
GAGC motif, provided it is followed by a run of G residues. In
addition, a common substitution within the repeats was a T-
to-C transition. In the 68X4 pool of fragments, T was as com-
mon as C in the first repeat and almost as common as C in the
59 GAGC element of the 78X4 pool. This T-to-C substitution
is also present in the first repeat in the P5 promoter of AAV,
which has been shown to bind Rep (15). The binding of Rep to
a fragment containing an EGR-1 consensus sequence is in-
triguing and warrants further investigation to determine if Rep
can effect the expression of EGR-1-responsive genes. The
GAGC repeat motif is also similar to the binding site of the
Drosophila transcription factor Zeste [(C/T)GAG(C/T)G] (2),
suggesting that Rep may affect expression of genes regulated
by the human homolog of this protein. The identification of a
consensus binding site for Rep68 and Rep78, as well as accept-
able substitutions within the binding sequence, will help to
facilitate the understanding of the effects of Rep68 and Rep78
on the expression of heterologous promoters and their re-
ported cytostatic effects.

FIG. 4. (A) Sequence alignments of all 32 78X2 affinity-selected oligonucle-
otides. (B) Consensus sequence and LOD score. Positions of the aligned frag-
ments from panel A are shown, with the frequency of the occurrences of the four
bases at each position and the LOD scores for each position. Statistically signif-
icant bases are shown above the bars. An LOD score of 3 indicates that the
probability of the distribution of the bases at that position occurring by chance is
1 in 1,000. A consensus binding site is also shown. ■, G; o, A; p, C; u, T.

FIG. 5. The binding affinities of recombinant MBP-Rep78 were compared
for three probes, D57 ITR, 5-5/EGR, and a-pal. Approximately 50,000 cpm of
59-end-labeled D57 ITR was incubated with 100 ng of MBP-Rep78 in the pres-
ence of a 5-, 10-, or 15-fold excess of cold competitors: D57 ITR (lanes 3 to 5),
5-5/EGR (lanes 6 to 8), or a-pal (lanes 9 to 11). The binding affinities of
MBP-Rep78 for D57 ITR and 5-5/EGR were also directly compared by incubat-
ing MBP-Rep78 with either D57 ITR or 5-5/EGR, which had been 59-end labeled
to the same specific activity (lanes 1 and 2, respectively).
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FIG. 6. (A) Sequence alignments of the 46 68X4 affinity-selected oligonucle-
otides are shown. (B) 68X4 consensus sequence and LOD scores for the aligned
fragments in panel 6A are shown, with the sum of the number of occurrences of
the four bases at each position and the LOD scores for each position. ■, G; o,
A; p, C; u, T.

FIG. 7. (A) Sequence alignments of the 41 78X4 affinity-selected oligonucle-
otides are shown. (B) 78X4 consensus sequence and LOD scores for the aligned
fragments in panel A are shown, with the sum of the number of occurrences of
the four bases at each position and the LOD scores for each position. ■, G; o,
A; p, C; u, T.
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