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We have used reciprocal competition binding experiments with mutant substrates and chemical modification
interference assays to precisely define the sequences within the adeno-associated virus (AAV) terminal repeat
(TR) that are involved in site-specific binding to the AAV Rep protein. Mutagenesis experiments were done with
a 43-bp oligonucleotide which contained the Rep binding element (RBE) within the A stem of the TR.
Experiments in which two adjacent base pairs of the RBE were substituted simultaneously with nucleotides
that produced transversions identified a 22-bp sequence (CAGTGAGCGAGCGAGCGCGCAG) in which sub-
stitutions measurably affected the binding affinity. Although the 22-bp RBE contains the GAGC motifs that
have been found in all known Rep binding sites, our results suggest that the GAGC motifs alone are not the
only sequences specifically recognized by Rep. The effects of substitutions within the 22-bp sequence were
relatively symmetrical, with nucleotides at the periphery of the RBE having the least effect on binding affinity
and those in the middle having the greatest effect. Dinucleotide mutations within 18 (GTGAGCGAGCGAGC
GCGQO) of the 22 bp were found to decrease the binding affinity by at least threefold. Dinucleotide mutations
within a 10-bp core sequence (GCGAGCGAGC) were found to decrease binding affinity by more than 10-fold.
Single-base substitutions within the 10-bp core sequence lowered the binding affinity by variable amounts (up
to fivefold). The results of the mutagenesis analysis suggested that the A-stem RBE contains only a single Rep
binding site rather than two or more independent sites. To confirm the results of the mutant analysis and to
determine the relative contribution of each base to binding, chemical modification experiments using dimethyl
sulfate and hydrazine were performed on both the linear A-stem sequence and the entire AAV TR in both the
flip and flop hairpinned configurations. Interference assays on the linear A stem identified the 18-bp sequence
described above as essential for binding. G, C, and T residues on both strands contributed to binding, and the
interference pattern correlated well with the results of the mutagenesis experiments. Interference assays with
complete hairpinned TR substrates also identified the 18-bp sequence as important for binding. However, the
interference patterns on the two strands within the RBE and the relative contributions of the individual bases
to binding were clearly different between the hairpinned substrates and the linear A-stem binding element.
Interference assays also allowed us to search for residues within the small internal palindromes of the TR (B
and C) that contribute to binding. The largest effect was seen by modification of two T residues within the
sequence CTTTG. This sequence was present in the same position relative to the terminal resolution site (frs)
in both the flip and flop orientations of the TR. In addition, the interference pattern suggested that the
remaining bases within the CTTTG motif as well as other bases within the B and C palindromes make contacts
with the Rep protein, albeit with lower affinities. Regardless of whether the TR was in the flip or flop
orientation, most of the contact points were clustered in the small internal palindrome furthest away from the
trs. We also determined the relative binding affinity of linear substrates containing a complete RBE with
hairpinned substrates and found that linear substrates bound Rep less efficiently. Our results were consistent
with our previous model that there are three distinct elements within the hairpinned AAV TR that contribute
to binding affinity or to efficient nicking at the #rs: the A-stem RBE, the secondary structure element which
consists of the B and C palindromes, and the #rs. The identification of the CTTTG motif within the B and C
palindromes suggested that the interaction of Rep with the secondary structure element is both sequence and
structure dependent. In addition, the interaction of the Rep protein with the invariant CTTTG motif suggested
a mechanism by which the Rep protein discriminates between hairpinned and linear AAV termini during the
terminal resolution process so that it preferentially nicks the hairpinned substrate.

The relatively small genome of adeno-associated virus
(AAV) codes for four nonstructural polypeptides referred to
by their apparent molecular sizes of 78, 68, 52, and 40 kDa (27,
33). These four related overlapping proteins are encoded by
the viral rep gene and contain multiple, sometimes redundant
functions necessary for the propagation of the virus. The two
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smaller proteins, Rep52 and Rep40, are thought to be involved
in the accumulation of single-stranded AAV DNA and virus
packaging (8) but are not required for the accumulation of
replicative intermediates (8, 25, 30). In addition, Rep52 has
some ability to repress heterologous promoters (16). The two
larger Rep proteins, Rep78 and Rep68, are essential in trans
for AAV DNA replication (12), for transactivation of the AAV
promoters (17, 20, 34), and for the repression of viral and
heterologous promoters (3, 11, 15, 16, 28, 34).

Our previous biochemical studies of Rep68 and Rep78 have
shown that these two proteins are ATP-dependent site-specific
and strand-specific endonucleases (14) that preferentially bind



VoL. 70, 1996

and cut the terminal resolution site (frs) in hairpinned AAV
terminal repeats (TRs) during the process of terminal resolu-
tion (14, 31, 32). During this process, the Rep protein is co-
valently attached to the 5’ end of the cut site via a tyrosine
residue (30). The enzyme also has an intrinsic DNA helicase
activity which may participate in unwinding the TR during
terminal resolution or in initiating the synthesis of new progeny
strands by strand displacement synthesis (14). In vitro replica-
tion studies have shown that either Rep68 or Rep78 is capable
of supporting AAV DNA replication (25). Finally, a recent
report by Wonderling et al. (36) demonstrates that the Rep
protein is capable of unwinding RNA-DNA hybrids.

To accomplish its role in DNA replication, the Rep enzyme
must be capable of discriminating between hairpinned and
linear AAV termini and preferentially cutting the hairpinned
substrate. It must also be capable of processing linear dimer
intermediates. Furthermore, the enzyme must be oriented on
the TR in such a way that the correct strand is cut at the trs. To
determine how this occurs, we have been mapping the essential
recognition elements within the TR for binding and #rs endo-
nuclease activity. Our analysis suggested that there were at
least three elements of the AAV TR that were important for
Rep function at the TR (Fig. 1a): the sequence at the #rs, the
secondary structure element composed of the B and C palin-
dromes, and a linear Rep-binding element (RBE) proximal to
the B and C palindromes within the A stem of the TR (22, 31).
Using homogeneously pure Rep68 and partially purified
Rep78, we identified the linear binding element within the A
stem as an approximately 25-bp sequence which could bind
Rep protein in the absence of the B and C palindromes and the
trs (22) (Fig. la). Degenerate RBEs were also found in
pBR322 and in the AAV p5 and p19 promoters (22).

Comparison of these sequences suggested that a repeating
GAGC motif contained within the 25-bp A-stem sequence was
important for recognition (22). This possibility was supported
by the fact that mutations within the GAGC motifs eliminated
binding to the linear A-stem sequence and reduced binding to
the complete hairpinned TR (23). In addition, the fact that
mutagenesis of some of the GAGC motifs did not change the
pattern or number of bound Rep species suggested that the
A-stem sequence contained only one Rep binding site. In con-
trast, mutations within the frs did not appear to significantly
affect Rep binding to the complete hairpinned TR or to sub-
strates that were missing the B and C palindromes (Fig. 1a)
(23, 31). The importance of the GAGC motifs also was sup-
ported by the fact that Owens and colleagues had earlier
mapped four G residues (Fig. 1a) within the GAGC repeat as
important for Rep binding to the hairpin TR by methylation
interference assays (26). Nevertheless, the p5 promoter bind-
ing site contained only one perfect GAGC motif, suggesting
that additional sequences in the A-stem binding element might
be important for binding (22). Moreover, binding to a frag-
ment truncated at the Ddel site in the A stem (Fig. 1a), which
contained most of the 25-bp binding element and all of the
GAGC motifs as well as the trs, was up to 125-fold less efficient
in binding to Rep than the complete hairpin TR (23). This
finding confirmed earlier comparisons between the complete
duplex, linear TR and the hairpinned TR by us and others (1,
13) and suggested that a portion of the B-C secondary struc-
ture element contributed to the binding affinity for the AAV
TR. We suggested that this difference in binding affinity was at
least in part responsible for the difference in site-specific nick-
ing activity at the #rs that we had seen between hairpinned
substrates containing the B and C palindromes and linear
substrates containing only the A-stem sequences and the #rs
(22, 31).
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FIG. 1. Mutational strategy for defining the RBE. (a) Sequence of the AAV
terminal repeat in the flip hairpin configuration. Boldface letters indicate bases
that were protected from DNase I (13) or copper phenanthralene (14a). In the
region of the Ddel site (vertical arrows), the underlined bases were not protected
from DNase I (13). Asterisks indicate the G residues identified by Owens et al.
(26) and Weitzman et al. (35) by methylation interference assay as necessary for
Rep binding. The A-stem and B-C substrates were used previously by us (22, 23)
to define sequences required for Rep binding. The bent line indicates the overlap
region in these two substrates that was used to ligate them to make the complete
hairpin TR substrate used in our previous studies. The boxed sequence indicates
the 25-bp sequence suggested by us to contain most if not all of the linear A-stem
RBE (23, 31). It includes the GAGC/GCTG repeats suggested by us (23) and by
Chiorini et al. (9, 10) and Weitzman et al. (35) as necessary for Rep binding. The
sequence within the box plus the additional 3 bp of A-stem sequence to the left
of the box constitutes the 28-bp sequence suggested by Chiorini et al. (10) to be
the minimal sequence that contains all of the bases required for specific base
contacts by Rep protein. For maximal binding affinity, Chiorini et al. (10) found
that the oligonucleotide containing the 28-bp sequence had to be extended with
heterologous sequence on the right to a total length of 46 bp. (b) Sequence of the
43-bp synthetic oligonucleotide substrate (A43) used in this study for competi-
tion gel shift assays to define the sequence of the A-stem RBE essential for
binding. Boxed region indicates the portion of the oligonucleotide that contains
a sequence identical to the wild-type A-stem sequence. Flanking boldface nucle-
otides outside the box are heterologous sequences. A series of oligonucleotide
A43 substrates that contained either 2-bp transversions (mutants 1 to 13) or
single-base transversions (mutants 1 to 10) was synthesized.

Weitzman et al. (35), independently, also identified the lin-
ear RBE in their studies of the human chromosome 19 target
sequence for AAV DNA integration and suggested that the
GAGC (or GCTC) repeat was necessary for binding. Muta-
tions within the G residues mapped by Owens et al. (26) elim-
inated binding to the chromosome 19 target site (35). How-
ever, the GAGC repeats themselves were not sufficient for
binding, suggesting that additional flanking sequences were
necessary. Chiorini et al. (9, 10) reported similar binding ac-
tivity for a mutant Rep68 fusion protein that contained the
maltose binding domain. Again, 18-bp oligonucleotides that
contained the tetrameric GAGC repeats bound Rep poorly.
This group concluded that a 28-bp sequence within the A stem
of the TR that included the imperfect GAGC tetrameric re-
peat was essential for binding but that high-affinity binding also
required flanking DNA of random sequence to stabilize bind-
ing by the Rep protein (10) (Fig. 1a). In addition, Chiorini et
al. (10) confirmed our reports (22, 31) that the Rep protein cut
the frs at significantly higher frequencies in the context of the
hairpinned TR than in a linear substrate and that sequences in
the vicinity of the #rs do not affect binding. However, they saw
no difference in binding between the complete hairpinned TR
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and linear substrates that contained only the A-stem sequences
and the #rs. Chiorini et al. (10) concluded that the B-C portion
of the hairpin made no contribution to binding affinity but
stimulated the #rs endonuclease activity. They suggested that
earlier reports of lower-affinity binding by A-stem substrates
were due either to the absence of a complete binding site or to
the lack of sufficient nonspecific flanking DNA (10).

The A-stem RBE is clearly central to the function of the
large Rep proteins. Its presence in the AAV TR (9, 10, 22, 23,
31), the p5 and p19 promoters (22), heterologous promoters
(2), and the chromosome 19 integration site (35) suggests that
the RBE is involved in viral DNA replication, transcription,
and proviral integration. In this study, we use two different
approaches, competition binding experiments with mutated
A-stem substrates and chemical modification interference as-
says, to define in detail the sequence within the A stem that is
necessary for sequence-specific binding by Rep68. In addition,
we use chemical modification interference assays to identify
sequences within the B and C palindromes that are necessary
for Rep binding. The most important sequence appears to be
a CTTTG motif that occurs in the same position with respect
to the #rs in both the flip and flop orientations of the TR. We
suggest that this motif and possibly other contact points found
within the B and C palindromes probably explain the differ-
ence in binding affinity and most if not all of the difference in
nicking activity that we see between the hairpinned and linear
TR substrates. In addition, the A-stem RBE and the CTTTG
motif together could explain how the Rep protein is oriented
on the TR with respect to the #rs. Finally, our results are
consistent with our previous model of a tripartite origin for
AAYV DNA replication that consists of the A-stem RBE, the B
and C palindromes, and the #rs.

MATERIALS AND METHODS

Rep protein purification. Rep68 was extracted from recombinant baculovirus-
infected SF9 cells and purified by chromatography as described previously (25).
Alternatively, Rep68 was purified by affinity chromatography as described pre-
viously for Rep78 (22). The protein concentration was determined to be 0.3 or
0.05 mg/ml, respectively, with the Bradford reagent (Bio-Rad), using gamma
globulin as the standard. Both types of preparations were homogeneously pure,
as judged by silver staining after sodium dodecyl sulfate-acrylamide gel electro-
phoresis. Binding activity was found to be stable when the enzyme was stored at
—80°C. To enhance the binding activity, the enzyme was treated, upon thawing,
with Tween 20 (polyoxyethylenesorbitan monolaurate). This was done by mixing
the enzyme with an equal volume of 1% Tween 20-0.03 M NaCl-20% glycer-
ol-50 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid)-
NaOH (pH 7.9)-2.5 mM dithiothreitol-1.5 mM MgCl, and incubating the mix-
ture for 2 h on ice prior to the binding assay.

DNA substrates. (i) A43 substrate. Synthetic oligonucleotides were purified
and annealed as described previously (23). The substrates built from the A43
oligonucleotides are shown in Fig. 1b. For each substrate, the concentrations of
the gel-purified A-stem strands were determined by A,4, and then equal
amounts of the two strands were annealed. An aliquot of each double-stranded
annealed product was labeled at its 5’ ends with [y->>P]ATP and T4 polynucle-
otide kinase and electrophoresed on a polyacrylamide gel to determine the
extent of annealing. The remainder of the annealed product was then used as the
unlabeled competitor. The labeled wild-type substrate was made by phosphory-
lating the 5’ ends of a known quantity of the double-stranded wild-type A43
substrate with [y->?P]JATP and T4 polynucleotide kinase.

(ii) A-D substrate. The A-D substrate for the chemical modification interfer-
ence assay was synthesized by PCR, using the XbalI-Bg/II fragment from plasmid
PTRps-3D (Fig. 2a). This fragment consists of an AAV TR in the flop orienta-
tion flanked by two D-sequence elements and was designated the 2D linear
substrate. The TR sequences in the 2D linear substrate are identical to the TR
sequences that are present at the internal position of an AAV dimer replicative-
form DNA molecule. Two primers were used for PCR synthesis of the A-D
substrate: 5'-ATATCTTTGCCCGGGCG-3' and 5'-ATGGCCCACAACCAAG
ATCT-3'. The first primer was partially complementary to the C palindrome of
the TR; the second one was complementary to the plasmid sequence next to the
D repeat (Fig. 2a). The PCR was run for 25 cycles of denaturing at 94°C for 1
min, annealing at 59°C for 1 min, and extension at 72°C for 1 min, using Taq
polymerase. The 98-bp PCR product included the C'/C palindrome and all of the
A and D sequences of the AAV TR. The bottom strand of the PCR-generated

J. VIROL.
a flip
BAB o -
) U. A p &
2D linear substrate Y
Hpall
Xbal -, o A Bgl Il -
5-a D A CCBB A D % boil, chill,
37D A CCBB A D SV40po|y(A)° separate strands
PCR
Hpall
o A N A b 3
D A A
BVB
A-D substrate
flop
b flip
<
-
<
=
g =
D - D
h .i;-_- -
A
g ==
e —
A' E-—-‘
- o
--;E &
- c
S8
B ia_ j—
_ == -
- P =S=8
c . _== — -
= s _
&=
c _ ==
— ==
=
-=
- —
—E» A
-
88
_-“ ~__\
- - — NS
A o —— \§‘ <
T — ==
_—— -
— ~ -
B4 =
- D
_:-' :!.
—= — <=
&= 5 W
— = = =a
- R ==
D' -

FIG. 2. Hairpinned and linear substrates for competitive Rep binding assays.
(a) Diagram for the synthesis of the linear substrate that contains the A and D
sequences as well as 5 to 7 bp of the C palindrome (A-D substrate) and for the
synthesis of the hairpinned flip and flop TR substrates. In both cases, the starting
substrate is the Xbal-Bg/II fragment from plasmid pTRpg-3D (2D linear sub-
strate). See Materials and Methods for details. (b) The flip and flop substrates
isolated by acrylamide gel electrophoresis were subjected to DNA sequence
analysis by chemical modification to confirm that each substrate was exclusively
flip or flop. This was done to exclude the possibility that either substrate was
contaminated with the starting linear Xbal-Bg/II fragment from plasmid pTR -
3D. See Materials and Methods for details.

substrate was labeled after digestion of the PCR product with Hpall (a site
within the C'/C palindrome) by filling in the 3’ end with the Klenow fragment of
DNA polymerase I, using [a->?P]dCTP. The top strand was labeled with dGTP,
[«-*?P]dATP, and Klenow enzyme after digestion with Bg/II. The final substrate
included seven residues of the C/C’ palindrome attached to a complete A-D stem
and was called the A-D substrate (Fig. 2a). The A-D substrate for the compe-
tition binding assay was made in the same way except that the PCR product was
cut with Smal instead of Hpall. This version of the A-D substrate contained only
five residues of the C/C’ palindrome.

(iii) Flip and flop hairpinned substrates. The Xbal-Bg/II fragment of
pTRps-3D (Fig. 2a) was labeled by Klenow DNA polymerase in the presence of
[«-*2P]dATP (to label flip) or [a-**P]dCTP (to label flop). The labeled fragments
were then denatured by boiling, quickly chilled, and separated on a 4% nonde-
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naturing acrylamide gel in 1X Tris-borate-EDTA at 7.5 V/cm for 8 h. Under
these conditions, the three possible products migrated in the following order:
flip, flop, renatured double-stranded linear. Following electrophoresis, the flip
and flop bands were eluted from the gel.

To ensure that equal molar amounts of unlabeled competitor DNA were used
in the competition assay between flip and flop hairpin, 2D linear, A43, and A-D
substrates, the concentration of each substrate was determined by A,q,. The
concentrations were confirmed by comparing the intensities of ethidium bromide
staining of aliquots of each substrate. Finally, an aliquot of each substrate was 3’
labeled with [a->?P][dCTP and Klenow polymerase to determine whether
equimolar amounts of substrates contained equivalent numbers of 3" ends. The
latter test was omitted for the A43 substrate.

Plasmids. Plasmid pTRg was constructed as follows. The 1,270-bp adenovi-
rus type 5 BglII fragment was inserted into the unique BglII site of the previously
described vector dI3-94 (24). The resulting plasmid was then partially digested
with Bg/II and completely digested with PstI, and a 1,440-bp fragment which
contained the left AAV TR and the adenovirus stuffer fragment was isolated. In
a separate series of reactions, a 50-bp synthetic fragment coding for the simian
virus 40 (SV40) early polyadenylation signal and containing BamHI- and Bgl/II-
compatible ends was ligated to di3-94 BglII linear DNA. The ligation mixture was
then cut with PstI to isolate the 225-bp fragment which consisted of the left TR
from di3-94 joined through a Bg/II-BamHI junction to the synthetic poly(A)
fragment. The 225-bp fragment and the 1,440-bp fragment were then ligated to
each other, and a 1,640-bp fragment was isolated from the ligation mixture after
it was digested with PstI. The resulting 1,640-bp fragment was then inserted into
the PstI site of pBR322 and called pTRgg.

To construct pTRgg-3D, 293 cells were cotransfected with pTRgg and pIM45
(20) and infected with adenovirus type 5 £5149 at a multiplicity of infection of 10.
At 36 h posttransfection, Hirt DNA was isolated and digested with Dpnl. A DNA
adapter that consisted of the AAV TR sequence from the #s to the end of the
D sequence (nucleotides 125 to 145) and an Xbal sticky end was synthesized. The
adapter was ligated to the Hirt DNA. The products of the ligation reaction were
separated on a 1% agarose gel, and the DNA band corresponding to the mono-
mer duplex form was eluted and purified. The 5" ends of this fragment were
kinase treated, and the DNA was cloned into the Xbal site of plasmid pBS(+)
(Stratagene). Several independent clones were sequenced; one was found that
contained the right AAV TR from pTRgg joined to the synthetic D sequence on
one side and the SV40 poly(A) site on the other and contained an intact #rs at the
ligation junction. This plasmid was p418wt. The Bg/II-PstI partial digest fragment
from pTRgg which contains the left AAV TR and the adenovirus stuffer frag-
ment was then ligated to the Bg/II-Xbal fragment from p418wt which contains
the SV40 poly(A) site and the 2D TR sequence. The ligation products were
digested with PstI and Xbal and cloned into the polylinker site of plasmid
pBS(+) that had been digested with PstI and Xbal. The resulting plasmid,
pTRgs-3D, contains, from left to right: the left AAV TR, the adenovirus stuffer
fragment, the SV40 poly(A) site, and the right AAV TR joined to an additional
D sequence. The XbaI-Bg/II fragment containing the right AAV TR is illustrated
in Fig. 2a.

EMS competition assay. The electrophoretic mobility shift (EMS) assay was
performed as described earlier (23). Binding conditions were chosen so that 10%
or less of the starting substrate was bound. To determine the ratio of dissociation
constants (K;s) of the wild-type and mutant A43 substrates, we used a compe-
tition binding analysis at high substrate concentrations (Fig. 3). For example, the
EMS assay shown in Fig. 3A illustrates the binding of 0.75 pmol of Rep68 to 0.25
pmol of labeled wild-type A43 substrate in the absence of competitor or in the
presence of either unlabeled wild-type A43 substrate or unlabeled mutant A43
substrate. The bound and free DNA fractions in each experiment were measured
by excising gel slices of each lane that encompassed all of the protein-DNA
complexes and the free species, respectively, and then counting each gel slice
with a scintillation counter. The fraction of bound wild-type A43 substrate was
then plotted as a function of picomoles of cold competitor (Fig. 3B). The ratio
of the K;s of the wild-type and mutant RBEs was calculated by dividing the
amount of homologous wild-type competitor by the amount of heterologous
mutant competitor that was required to reduce the fraction of labeled wild-type
A43 substrate bound to 50% of the starting value in the absence of any com-
petitor.

Chemical modification interference assay. Chemical modifications of the A-D
substrate and the flip and flop hairpinned substrates were performed as de-
scribed previously (7), with slight modifications. For the G reaction, about 107
cpm of labeled A-D substrate was dissolved in 10 pl of Tris-EDTA (TE) buffer
and diluted with 200 pl of dimethyl sulfate (DMS) reaction buffer (50 mM
sodium cacodylate [pH 8.0]-1 mM EDTA [pH 8.0]). After addition of 1 wl of
DMS, the reaction was allowed to proceed at room temperature for 5 min and
then quenched by adding 40 pl of 1.5 M sodium acetate (pH 7.0), 1 mM
2-mercaptoethanol, 1 pl of tRNA (10 mg/ml), and 600 wl of 100% ethanol. The
DNA was precipitated twice with ethanol, rinsed, dried, and dissolved in TE. For
the C+T reaction, the same amount of DNA substrate dissolved in 25 pl of H,O
was mixed with 15 pl of hydrazine, and the reaction was carried out at room
temperature. After 30 min of incubation, the reaction was stopped by the addi-
tion of 160 pl of hydrazine stop buffer (0.3 M sodium acetate [pH 7.0], 0.1 mM
EDTA, 25 pg of tRNA per ml) and precipitated with 700 wl of ethanol. The
DNA was purified as described above and dissolved in TE. The DMS- and
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FIG. 3. Competition binding assay used to define the RBE in the A stem. (A)
Example of the competition binding assay. For the EMS assay, the standard
10-pl reaction mixture contained 0.75 pmol of Rep68, 0.25 pmol of >?P-labeled
A43 wild-type (WT) substrate, and 0 to 4 pmol of unlabeled homologous (WT A
stem) or heterologous (A stem mutant #7) competitor DNA. Mutant 7 con-
tained a dinucleotide GC-to-TA transversion at the position shown in Fig. 1b.
(B) The fraction of bound labeled substrate was plotted as a function of the
amount of competitor DNA added. Squares, homologous wild-type competitor;
triangles, mutant 7 competitor.

hydrazine-modified DNA substrates were then used in a standard binding reac-
tion with Rep68 as described previously (23). Time course reactions were done
to determine the time required to bind and shift approximately 50% of the
starting substrate, and an incubation time of 15 min was chosen. The bound and
unbound fractions were separated on a 4% nondenaturing polyacrylamide gel for
1.5 h at 12.5 V/cm. After electrophoresis, the gel was autoradiographed and the
bands corresponding to free and bound DNA were eluted by electroelution onto
DEAE paper, eluted, extracted with phenol-chloroform, precipitated with eth-
anol, rinsed, and dried. The DNA was then subjected to piperidine cleavage (19),
purified, and dissolved in water. Samples containing equal amounts of radioac-
tivity were then separated on an 8% sequencing gel. A reference sequence ladder
was generated by treating an aliquot of the labeled DNA substrate with formic
acid and piperidine. The exposed autoradiographs were processed on a densi-
tometer (UltroScan; LKB), and arbitrary intensity values were derived for each
band of the sequencing gel.

RESULTS

Defining the A-stem RBE. As mentioned earlier, previous
studies have demonstrated the ability of Rep protein to bind a
subsequence of the A palindrome in the absence of secondary
structure (9, 10, 22, 23). To define the A-stem binding element
precisely, we performed competition binding assays between
wild-type and mutant A-stem substrates. The wild-type sub-
strate was a synthetic 43-bp double-stranded DNA molecule
(Fig. 1b, A43) that contained 30 bp of A stem flanked by 8 and
5 bp of heterologous DNA on the B-C and #rs proximal sides,
respectively. On the B-C proximal side, the 30 bp of A-stem
sequence contained all of the sequences shown to be protected
from DNase I digestion by Im and Muzyczka (13) as well as an
additional 2 bp that had not been protected. In addition, the
A-stem substrate was longer on both sides than the maximum
region of DNase I protection seen by Chiorini et al. (10) and
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contained all but 3 of the 28 bp that these workers suggested
contained the RBE. These 3 bp on the B-C proximal side were
substituted with heterologous DNA. The wild-type substrate
also contained 4 bp on the B-C proximal side within the Ddel
site that had been shown by Chiorini et al. (10) to be necessary
for maximum binding but that had not been present in previ-
ous linear A-stem substrates used by us, either in the synthetic
A-stem substrate (22, 23) or in the Ddel fragment (13, 31)
(compare Fig. 1a and b). The wild-type A-stem binding sub-
strate, therefore, contained all of the A sequences that had
been implicated in binding Rep (9, 10, 13, 22, 23, 31) and
contained sufficient flanking heterologous DNA as suggested
by Chiorini et al. (10). We then constructed a series of 13
mutants in which two consecutive base pairs were substituted
with nucleotides that produced transversions (Fig. 1b). For
example, in mutant 1, the dinucleotide CT was substituted with
AG.

To determine the ratio of the K s of the wild-type and
mutant substrates, each mutant substrate was compared with
the wild-type substrate as a competitor for binding to homo-
geneously pure Rep68. This was done by using EMS assays to
measure the amounts of wild-type and mutant competitors that
were required to achieve a 50% reduction in the fraction of
bound *?P-labeled wild-type substrate under relatively high
substrate concentrations. Under these conditions, most if not
all of the enzyme is bound to substrate, and the ratio of wild-
type to mutant competitor required to achieve some arbitrary
level of competition is equal to the ratio of the K s. Figure 3
illustrates the competition binding experiment that was done
for mutant 7, a GC-to-TA transversion. The ratio of the wild-
type K, to mutant K, for mutant 7 was calculated from these
data to be 0.067. A ratio of 1 would have indicated no differ-
ence in the dissociation constants; in this case, the wild-type
substrate had a 15-fold-higher affinity for Rep than the mutant.
Each mutant was individually compared with the wild type, and
the ratios of the K s obtained were plotted as a function of the
A-stem sequence that was mutated (Fig. 4). The data indicated
that the A-stem RBE consists of a 22-bp sequence, CAGTGA
GCGAGCGAGCGCGCAG. Each mutation within this 22-bp
sequence increased the K, for Rep by at least twofold. Muta-
tions within an internal 18-bp sequence, GTGAGCGAGC
GAGCGCGC, decreased binding affinity by at least threefold.
Finally, mutations within a 10-bp core sequence, GCGAGC-
GAGC, produced at least a 10-fold change in binding affinity.
The symmetry of the effect of these mutations over the 22-bp
region suggested that the 22-bp sequence contained a single
Rep binding site. If there had been two or more discrete Rep
binding sites, we would have expected to find a region within
the 22-bp sequence that had relatively little effect on the K,,.

In our previous studies of Rep binding to the A stem, we had
used either the A-stem Ddel fragment (13, 31) or a synthetic
A-stem substrate (22, 23) (Fig. 1a). As suggested by Chiorini et
al. (10) and the results in Fig. 4, both of these substrates were
missing the 2 bp at the far left end of the 22-bp RBE. The
results in Fig. 4 predicted that there would be about a twofold
difference in K, between the A-stem substrate (or Ddel frag-
ment) that we had used previously (13, 22, 23, 31) and the A43
substrate. To test this, we compared the A-stem substrate with
A43 by competition mobility shift assays. The results confirmed
that the A-stem substrate had a twofold-lower affinity for Rep
than A43 (data not shown).

To define the contribution of each base within the A-stem
core region, we synthesized a series of single-base-pair muta-
tions within the 10-bp core region in which each mutant con-
tained a substitution that produced a transversion (Fig. 1b).
The effects of these single-base-pair mutations were measured
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FIG. 4. Ratio of the wild-type K, to mutant K, for the dinucleotide trans-
version mutants within the RBE. For each dinucleotide transversion mutant
(mutants 1 to 13 in Fig. 1b), a competition binding assay of the type shown in Fig.
2 was used to determine the ratio of wild-type A43 to mutant A43 substrate
required to achieve a 50% reduction in the fraction of bound substrate. A ratio
of 1 indicates no change in the Rep binding affinity. The 22-bp sequence that
showed measurable changes in binding affinity is shown below the graph as a
boxed sequence in the flip orientation of the hairpinned AAV TR. Boldface
letters in the sequence are the bases previously shown to be protected from
DNase I (13) or copper phenanthralene (14a).

by competition binding gel shift experiments as described
above, and the ratio of the wild-type to mutant K,s was plotted
as a function of the mutated base (Fig. 5). Unlike the 2-bp
mutations, the effects of the single-base-pair mutations were
not symmetrical. The two AT base pairs had no measurable
effect on binding, and the remaining base pairs produced
changes in the K, that varied over a sixfold range. The differ-
ence in K, produced by the single-base-transversion mutants

WILD TYPE/ MUTANT

G € 6 A G C G A G C

FIG. 5. Ratio of the wild-type K, to mutant K, for the single-nucleotide
transversion mutants within the 10-bp core region of the RBE. For each single-
nucleotide-transversion mutant (mutants 1 to 10 in Fig. 1b), a competition
binding assay of the type shown in Fig. 2 was used to determine the ratio of
wild-type A43 to mutant A43 substrate required to achieve a 50% reduction in
the fraction of bound substrate. A ratio of 1 indicates no change in the Rep
binding affinity.
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0
GCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCC ATC ACTAGGGG

GCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCC ATC ACTAGGGG
CGGAGTCACTCGCTCGCTCGCGCGTC TCTCCCTCACCGGTTGAGGTAGTGATCCCC

GGAGTCACTCGCTCGCTCGCGCGTCTCTCCCTCACCGGTTGACCTAGTGATCCCC

FIG. 6. DMS and hydrazine interference assays using the linear A-D substrate. (a) The A-D substrate (Fig. 2a) was labeled with 3?P on the strand containing the
trs (bottom strand) or its complement (top strand), modified with either DMS (G lanes) or hydrazine (C+T lanes), and bound to Rep. Following cleavage at modified
residues, equal amounts of the bound (+) and unbound (—) fractions were compared. Bars at the side of each panel mark the regions where interference was seen.
(b to d) Graphical representation of the DMS and hydrazine interference assay using the A-D substrate. In panel c, arbitrary numerical values for each residue were
derived by laser densitometry scanning of the autoradiogram and plotted for each residue of the top or bottom strand. Shaded bars represent the amount of bound
DNA substrate; clear bars indicate unbound substrate. Panels b and d represent the ratios of unbound to bound substrate (U/B) for modifications in the top and bottom
strands of the A-D substrate, respectively. A ratio close to 1 (horizontal line) indicates that modification of the particular base had little or no effect on Rep binding affinity.

did not always accurately predict the effect of the 2-bp substi-
tutions shown in Fig. 4. The predicted values differed from the
actual values measured in the dinucleotide substitution exper-
iment over a 1.5- to 6-fold range. We were not certain what
these discrepancies meant. At the lower end, these differences
may reflect errors in our measurements; at the high end, they
may suggest that mutation of multiple base pairs can produce
compensatory or synergistic effects on binding affinity within
some regions of the core sequence.

Effects of chemical modifications on Rep binding to a linear
A-stem substrate. The competition analysis described above
used substrates containing transversions on both strands of the
RBE sequence. Therefore, it could not distinguish which res-
idue on which strand of the DNA helix was actually a contact
point for the bound Rep molecule. To overcome this limita-
tion, we did interference binding assays using chemically mod-
ified substrates. Two types of chemical modifications were
used, methylation of guanine residues at the N-7 position with
DMS and modification of thymine and cytosine residues with
hydrazine. The substrate used for this experiment contained all
of the A and D sequences and 7 bp of the C palindrome. (Fig.
2a, A-D substrate; see Materials and Methods.) The chemical

modifications were done under conditions that produced on
average one modified base per substrate molecule. Bound and
unbound substrate molecules were separated by EMS assay
(not shown) and treated with piperidine to cleave at the mod-
ified bases. The cleavage sites within the bound and unbound
substrates were then compared on a DNA sequencing gel (Fig.
6a). To get a quantitative measure of the effect of each base on
binding, the autoradiogram of Fig. 6 was subjected to optical
densitometry and the relative intensity of each band was plot-
ted in arbitrary units for both the bound and unbound sub-
strates (Fig. 6¢). The ratio of unbound to bound band inten-
sities for each base was then calculated and plotted as a
function of the DNA sequence for both the rs-containing
strand (Fig. 6d) and the complementary strand (Fig. 6b). An
unbound-to-bound ratio of 1 indicated that a particular base
modification had no effect on Rep binding. Ratios greater than
1 suggested that the particular base in question was overrep-
resented in the unbound fraction and, therefore, made a spe-
cific contact with the Rep protein. To get an approximate
estimate of the variation in this kind of analysis, we examined
the unbound-to-bound ratio in the D sequence, which all pre-
vious data had shown was not involved in Rep binding (10, 13,
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23, 31). In the case of Fig. 6, we concluded that a ratio of 1.5
or greater was likely to indicate that a particular base was
involved in Rep binding. Using this standard, we concluded
that the 18-base sequence GCGCGCTCGCTCGCTCAC was
recognized by the Rep protein on the trs-containing strand
and the 17-base sequence TGAGCGAGCGAGCGCGC was
bound on the complementary strand. These 17- and 18-bp
sequences are essentially identical to the 18-bp sequence iden-
tified by the dinucleotide mutagenesis analysis described
above. We anticipated that the interference assays would be
less sensitive than the dinucleotide mutagenesis analysis be-
cause they were measuring on average the effect of single-base
modifications on only one strand rather than the effect of four
base changes distributed on both strands. Thus, there was an
excellent correspondence between the results of the interfer-
ence assays and the mutagenesis experiments (compare Fig. 4
and 6b to d; see also Fig. 9).

The DMS treatment used in these experiments was not
sufficient to produce significant methylation of A residues.
Thus, we could not determine whether A residues in either
strand were involved in Rep binding. However, with the pos-
sible exception of one G residue on the frs-containing strand,
all of the remaining bases (G, C, and T) within the 18-bp
region clearly contributed to Rep binding. The four G residues
on the trs-containing strand that were identified earlier by
methylation interference in a study by Owens et al. (26) (Fig.
1a) are within the 18-bp region identified in this study. Finally,
we note that a single G residue (underlined) on the #rs-minus
strand (within the sequence GGCCAA) near the #rs position
also appeared to be involved in binding.

Effects of chemical modifications on Rep binding to the
complete hairpinned TR. We and others had shown that #rs
endonuclease activity was higher on complete hairpinned sub-
strates than on molecules that were missing the B and C pal-
indromes (10, 23, 31). This finding implied that some contact
occurred between the bound Rep protein and a portion of the
B and C palindromes. Furthermore, our DNase I protection
assays (13) (Fig. 1a) and the methylation interference experi-
ments of Ashktorab and Srivastava (1) suggested that most of
the contacts occurred within the small internal palindrome that
was furthest away from the frs regardless of whether this was
the B or C palindrome. Since these two palindromes are
flipped during AAV DNA replication to produce two different
sequence configurations, the Rep protein was believed to rec-
ognize only the secondary structure within the B-C region and
not a particular DNA sequence (4, 18, 22). To see if we could
detect specific bases within the B-C region that make contact
with the Rep protein and to see if the contacts in the A-stem
binding element are different in the presence of the B and C
hairpins, we performed chemical modification interference ex-
periments with both the flip and flop orientations of the hair-
pinned TR. The two orientations of the hairpin were isolated
from a plasmid which contains the complete TR sequence plus
an additional D sequence (Fig. 2a). Upon boiling and chilling,
the hairpinned flip and flop orientations were separated from
each other and from nonhairpinned starting material by gel
electrophoresis (not shown). Both the flip and flop hairpinned
substrates were then sequenced to confirm that each substrate
was not contaminated with the starting linear duplex DNA and
contained only a hairpinned species. In addition, the sequence
confirmed that each substrate contained the correct orienta-
tion (Fig. 2b). Each substrate was then treated with DMS and
hydrazine as described above to produce on average a single
modification per molecule and then bound to Rep protein.
Bound and unbound species were isolated and compared to
identify possible Rep contact points (Fig. 7).

J. VIROL.

As expected, modifications in the A-stem RBE interfered
with Rep binding to both the flip and flop substrates (Fig. 7b).
Essentially the same 18- to 20-base region that was seen with
the linear A-stem substrates described above (A43 and A-D
substrates) was involved in binding Rep in both the flip and
flop orientations (Fig. 7b; summarized in Fig. 9). However, the
shape of the interference pattern appeared to be different
between the linear A-stem RBE and the same sequence in the
context of the hairpinned substrate (compare Fig. 7b and 6b to
d). In addition, the contribution of the frs-containing strand to
binding appeared to be lower in the hairpinned substrates than
in the linear A-D substrate. Finally, comparison of the flip and
flop orientations (Fig. 7b) suggested that there might be some
differences in the contributions of specific bases in the two
orientations, particularly bases in the #rs-minus strand.

Surprisingly, examination of the sequences in the B and C
palindromes also revealed specific bases that were involved in
Rep binding. This finding suggested that the secondary struc-
ture of the B-C region was not the only feature recognized by
Rep. Particularly prominent was the contribution of the
CTTTG motif that is present at the tip of the palindrome
furthest away from the #rs site. This motif and particularly the
two underlined T residues clearly affected Rep binding in both
the flip and flop substrates. The CTTTG motif was interesting
in that it is one of only two sequence motifs in the B and C
palindromes that are identical in sequence and in position with
respect to the #rs site in both the flip and flop orientations. In
addition, other bases within the B and C palindromes also
appeared to interfere with binding, albeit to a lesser extent.
These bases were not the same in the two orientations. How-
ever, in both kinds of substrates, all of the bases interacting
with Rep were clustered in or near the small internal palin-
drome that was furthest away from the #rs, that is, the B pal-
indrome in the flip orientation and the C palindrome in the
flop orientation (Fig. 7c and 9).

Differential binding affinities of the hairpinned TR and lin-
ear A-stem substrates for Rep. We have pointed out before
(23) that during AAV DNA replication, the Rep protein
should theoretically encounter three kinds of substrates that
contain an RBE. The first is a hairpinned end in the flip or flop
configuration. This kind of substrate must be resolved to an
open duplex end for net DNA synthesis to occur. The second
kind of substrate is an end that has already been resolved. In
principle, there should be a mechanism for discriminating
against this substrate because nicking linear ends would waste
time and energy during DNA replication. In fact, we and oth-
ers have shown that linear substrates that are not capable of
forming the secondary structure element are nicked ineffi-
ciently in vitro at the #rs (10, 22, 31) and replicate poorly in vivo
(6, 18, 29). Finally, Rep is also likely to encounter a third
substrate which consists of a linear TR flanked by two D
sequences, which we refer to as a 2D linear substrate. 2D linear
substrates are found in the middle of dimer replicative inter-
mediates which are commonly formed during AAV DNA syn-
thesis. An example of this kind of substrate is the linear Xbal-
Bgl1I fragment from pTRgz3D (Fig. 2a). To see if there was a
difference in binding affinity for these three kinds of substrates,
we compared the A43, A-D, flop, flip, and 2D linear substrates
by competition gel shift assay for the ability to compete for
binding with flop hairpin DNA (Fig. 8). Essentially no differ-
ence was seen in binding affinities of flop and flip hairpins
(data not shown). A-D and A43 DNA, both of which contain a
complete RBE but are incapable of forming a secondary struc-
ture element, competed to approximately the same extent with
homologous flop DNA. The four- to fivefold difference be-
tween A-D and A43 DNA may be due to the fact that the A-D
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FIG. 7. DMS and hydrazine interference assays using the flip and flop hair-
pinned substrates. (a) The flip and flop hairpinned substrates (Fig. 2a) were
labeled with 3P, modified with either DMS (G lanes) or hydrazine (C+T lanes),
and bound to Rep. Following cleavage at modified residues, equal amounts of
the bound (+) and unbound (—) fractions were compared. Bars at the side of
each panel mark the regions where interference was seen. (b) Graphical repre-
sentation of the DMS and hydrazine interference assay within the A-stem regions
of the flip and flop substrates. The graph shows the ratios of unbound to bound
substrate for modifications in the top or bottom strand of the flip (top graph) or
flop (bottom graph) substrate. A ratio close to 1 (horizontal line) indicates that
modification of the particular base had little or no effect on Rep binding affinity.
(c) Ratios of unbound to bound substrate for modifications within the B and C
sequences of the flip (top graph) and flop (bottom graph) hairpinned substrates.
A comparison of the flip and flop sequences is shown in the middle.

substrate contains 5 bp of the C palindrome, which contains
two additional contact residues for Rep protein (Fig. 7 and 9).
Both A43 and A-D DNA had significantly (approximately 170-
fold for the A-D substrate) lower affinity for Rep than the flop
hairpin. This finding was consistent with our previous studies
using substrates similar to A-D DNA (13, 23, 31). Finally, the
2D linear substrate also had a lower affinity for the Rep protein
than the flop hairpin, but the difference was considerably less,
approximately 10-fold when a correction was made for the fact
that the 2D substrate has two RBEs.

DISCUSSION

Mapping the A-stem RBE. We have used two approaches to
map in detail the bases within the A stem that affect Rep
binding affinity, competition gel shift assays and chemical mod-
ification interference assays. These two approaches comple-
ment each other. The reciprocal competition analysis provides
information about whether a particular set of base pairs con-
tribute to binding affinity. The chemical modification interfer-
ence assay can identify critical base residues on either DNA
strand and their relative effects on binding. Both methods are
base specific; that is, nonspecific contacts with the sugar or
phosphate backbone of the substrate are not likely to be af-
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fected. It is worth noting that chemical modifications of nucle-
otide residues produce base moieties that are of a different
type than transversion mutations. However, the results ob-
tained from these two methods closely match in regard to the
bases that are shown to be involved in binding by the Rep
protein. Analysis of the A43 2-bp-substitution mutants identi-
fied an unusually long 22-bp recognition sequence (plus or
minus one base at either end) that was necessary for optimum
binding (Fig. 9a). Chemical modification experiments of the
A-D substrate, which were expected to be inherently less sen-
sitive because only one base is modified, identified an 18-bp
sequence that is a subset of the larger 22-bp sequence (Fig. 9a).

Analysis of the 2-bp-transversion mutants and chemical
modification interference assays both suggested that the RBE
was a single recognition site. Had there been two independent
sites within the 22-bp sequence, we would have expected to see
regions that had relatively little effect on binding flanked by
regions that had a larger effect. Instead, the effects of the 2-bp
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FIG. 8. Competition binding assay comparing linear and hairpinned sub-
strates. For the EMS assay, the standard 10-pl reaction mixture contained 0.075
pmol of Rep68, 0.05 pmol of 32P-labeled flop hairpinned substrate, and 0 to 14
pmol of unlabeled homologous flop substrate (squares) or heterologous com-
petitor DNA (A-D substrate [circles], 2D linear substrate [triangles], or A43
substrate [diamonds]). The fraction of bound labeled substrate was plotted as a
function of the amount of competitor DNA added. Competition with unlabeled
flip hairpin substrate produced a competition curve identical to the flop curve
(not shown). Only a portion of the competition curve is shown; competition with
the A43 substrate reached 62% at 14 pmol of competitor. From this, it was
extrapolated that 50% competition would require 21 pmol of A43 competitor
DNA.

mutations across the RBE were symmetrical across the se-
quence, with mutations at the center having greater effects on
binding affinity than mutations at the ends of the RBE (Fig. 4).
This was seen as well in the chemical modification interference
assays using the A-D substrate. The ratio of unbound to bound
substrate found in these experiments (Fig. 6b to d) was directly
proportional to the relative contribution of each residue to
binding affinity by Rep protein. The differences between G
modifications and C and T modifications did not necessarily
show the relative importance of purines versus pyrimidines but
rather could reflect the different character of the modifications
caused by DMS or hydrazine. However, when G residues alone
were examined, it seemed clear that G residues in the middle
of the RBE had a greater effect on binding affinity than those
at the periphery. For the most part, the same was true when C
residues were compared with other C residues, and the pattern
of interference within the string of G’s, as well as C’s, closely
matched the results for the 2-bp-transversion mutants (Fig. 4
and 6b to d).

The 22-bp RBE sequence mapped in this study is consistent
with most of the previous work from our laboratory and others
(10, 22, 23, 26, 31, 35). The 22-bp sequence is virtually identical
in sequence and position to the site predicted by us (31) on the
basis of mutations within other regions of the A stem as well as
our previous DNase I protection studies (Fig. 9a) (13). In the
DNase I protection studies (13), 21 of the 22 bp of the RBE
were clearly protected; the remaining base pair, a CG that was
closest to the B and C palindromes, might also have been
protected but could not be clearly scored. The 22-bp RBE also
contains the sites of the 5- and 7-bp substitution mutants that
reduced binding affinity in our previous studies (23), and it is
consistent with the 28-bp sequence suggested by the work of
Chiorini et al. (10). Owens et al. (26) had identified four G
residues by methylation interference assays on the frs-contain-
ing strand (Fig. 9a) that appeared to be involved in Rep bind-
ing, and Weitzman et al. (35) identified the same four G
residues in their analysis of the chromosome 19 target site for
AAY integration. Our results confirm their observations. Ash-
ktorab and Srivastava (1) had identified a set of three G resi-
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FIG. 9. Summary of information about sequences within the TR that affect
Rep binding affinity. (a) The complete hairpinned AAV TR is shown in the flip
orientation; only the B and C sequences of the flop orientation are shown.
Nucleotides protected from DNase I (13) cleavage are shown in boldface. The
solid line box within the A stem indicates the 18-bp sequence that was shown to
affect binding affinity by mutagenesis and by DMS and hydrazine interference in
this study. The dotted-line extensions indicate two additional bases at either end
whose mutagenesis affected the binding affinity by approximately twofold; the
22-bp sequence bounded by the dotted lines is likely to be the minimum RBE,
plus or minus one base at each end. The left end of the solid box is the Ddel
cleavage site. The solid lines below the box show the regions of DMS and
hydrazine interference for the top and bottom strands of the A-stem binding
element for the A-D substrate (A stem) and the flip and flop substrates. Asterisks
indicate the G residues previously identified by Owens et al. (26) and Weitzman
et al. (35) by DMS interference assays with the AAV TR and the chromosome
19 RBE, respectively. The 22-bp RBE defined in this study contains the GAGC
or GCTC repeats identified earlier in the studies by Weitzman et al. (35),
McCarty et al. (22, 23), and Chiorini et al. (9, 10). It is also the sequence
predicted earlier by Snyder et al. (31) to contain the RBE on the basis of different
arguments and is consistent with the 28-bp sequence suggested by Chiorini et al.
(10), which contained 1 and 5 additional bp on the right and left, respectively.
Within the secondary structure element, the box indicates the CTTTG element
that is identical with respect to both position and sequence in both orientations.
Bases which contribute to Rep binding affinity by interference assays are indi-
cated by solid dots. The strongest contribution to binding appeared to come from
the two circled T residues. The three open dots in the flop orientation indicate
residues that were found to contribute little if anything to binding in the study by
Ashktorab and Srivastava (1). Consistent with the previous suggestions by Im and
Muzyczka (13) and Ashktorab and Srivastava (1), the residues within the B and
C palindromes that are involved in Rep binding are clustered within the palin-
drome that is further from the terminal resolution site (B in the flip substrate and
C in the flop substrate). Arrows indicate the positions of Smal cleavage in the
two orientations. Consistent with the results of this study, cleavage of the flip
hairpinned substrate with Smal does not affect binding or #s endonuclease
activity (13, 31). Also consistent with this study, mutations within the #rs region
outside the RBE do not appear to affect Rep binding affinity (10, 23, 31). (b)
Comparison of the 22-bp RBE within the A stem of the TR with the other known
RBEs in pBR322 and the AAV p5 promoter (22) and in human chromosome 19
(35). The boxed region indicates the 18-bp sequence consistent with the inter-
ference data in this study; the shaded sequence indicates the 10-bp core region
which has the greatest effect on binding affinity by mutagenesis and interference
analysis.

dues by methylation interference within the B palindrome of
the flop hairpin that did not appear to be involved in Rep
binding, and this finding was confirmed by our results (Fig. 9a).
Chiorini et al. (10) demonstrated that fragments truncated at
the Ddel site, which would have 2 bp missing from the left end
(B-C proximal) of the RBE, had reduced binding affinity.
These 2 bp were missing in the Ddel fragment and the filled-in
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synthetic A-stem substrate that we had used previously for
binding studies (Fig. 1) (13, 22, 23, 31). Consistent with the
observation of Chiorini et al. (10), we found that when these 2
bp were mutagenized, there was approximately a twofold drop
in binding affinity (Fig. 4). Direct comparison by competition
gel shift assay of our previously used A-stem substrate with the
A43 substrate used in this study confirmed that there was a
twofold difference in the binding affinities of these two sub-
strates (data not shown). Finally, the RBE sequence shows
strong similarity to three other sequences that have been
shown to bind to Rep protein. The 22-bp sequence has a
19-0f-22-base identity to the chromosome 19 integration site
(35) and is identical at 15 and 11 positions to the pBR322 site
and the p5 promoter site, respectively (22) (Fig. 9b).

The 22-bp RBE sequence contains a set of four imperfect
GAGC motifs which we and others (1, 10, 22, 23, 35) had
speculated might be the important feature of this element for
Rep binding. Our analysis suggests that the sequence recog-
nized by Rep may be more complex and may be affected by
other nearby sequences. First, the central 10 bp of the RBE,
which appeared to have the most pronounced effect on binding
when we analyzed the 2-bp-transversion mutants, consisted of
a portion of the GAGC motifs, GCGAGCGAGC (Fig. 4 and
9b). Furthermore, it was clear that bases outside the GAGC
motifs have an effect on binding. This would explain in part
why an oligonucleotide that consists only of the GAGC motifs
is not sufficient to bind Rep protein (35) or binds poorly (10).
Chiorini et al. (10) have suggested that additional nonspecific
contacts are necessary in addition to the GAGC motifs for Rep
binding. Our results did not exclude this possibility but did
demonstrate that additional specific base contacts that do not
involve the GAGC repeats are necessary for optimum Rep
binding. In addition, the results of the chemical interference
assay using the A-D substrate suggested that the center of the
interaction curve of the bottom strand appeared to be shifted
leftward toward the BC palindromes, which could reflect dif-
ferential binding of Rep to the two DNA strands (Fig. 6 to d).
Differential binding to the two strands appeared to be even
more pronounced in the hairpinned substrates (Fig. 7b). There
were also several indications that there was some flexibility in
sequence recognition by the Rep protein. For example, exam-
ination of the chemical interference pattern on the #rs-contain-
ing strand of the A-D substrate (Fig. 6d) indicated that the two
T residues in the 10-bp core region of the RBE contributed
significantly to binding affinity. Modification of either T pro-
duced approximately a fourfold difference in the ratio of un-
bound to bound substrate. In contrast, when the AT base pairs
containing these two T residues were individually substituted
with CG residues, no effect was seen on binding affinity (Fig.
5). This result suggested that the AT-to-CG transversion mu-
tations produced compensatory interactions on one or both
strands. Finally, the A-D substrate and the hairpinned sub-
strates exhibited different patterns of interference (compare
Fig. 6b to d and 7b), and there were a number of differences as
well between the two hairpinned substrates, flip and flop (Fig.
7b). These differences may be due to the specific and slightly
different base contacts made by Rep protein within the B and
C palindromes of the flip and flop hairpins (Fig. 7c and 9a) and
to the fact that none of these contact sites are available in the
A-D substrate.

Specific base contacts in the B and C palindromes. From
previous work, it could be argued that contacts between the
Rep protein and the B and C palindrome sequences were not
likely to be base specific. The argument was that since Rep is
capable of binding and resolving two orientations of the B and
C palindromes, flip and flop, and the sequences of these two
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orientations are not the same (4), it is more likely that Rep
protein recognizes the secondary structure of the B and C
palindromes rather than a specific base sequence. Berns and
his colleagues (18) were the first to propose this idea and test
it directly. When they substituted either an 8-bp or a 12-bp
symmetrical linker for a 9-bp Smal fragment from the C pal-
indrome (Fig. 9a), the ability of the mutant to replicate in vivo
was nearly normal (5, 6, 18). A deletion of the Smal fragment
or a nonsymmetrical substitution was defective for DNA rep-
lication (6, 29). They concluded that the secondary structure of
the C palindrome was more important than the actual se-
quence.

In contrast, the results reported here suggest that the se-
quences of the internal palindromes, B and C, may have a role
in Rep binding and DNA replication. Our chemical modifica-
tion experiments indicated that strong base contacts occurred
between Rep and two T residues (underlined) in a CTTTG
motif that is present in the same position of the hairpin struc-
ture with respect to the #rs and the RBE in both the flip and
flop orientations (Fig. 7c and 9a). These two T residues af-
fected the unbound-to-bound ratio by four- to sixfold, an effect
that was comparable to that seen with bases in the core of the
RBE. Modification of the remaining bases of the CTTTG
motif also appeared to affect binding affinity, particularly in the
flop orientation (Fig. 7c). In addition, several other bases
within the B and C palindromes of both the flip and flop
orientations appeared to be making base contacts with Rep
protein. These additional contacts were not in the same posi-
tion or sequence with respect to the trs and RBE. We note also
that most of the contact sites revealed by chemical modifica-
tion were in the internal palindrome (B or C) that was further
away from the #rs, regardless of whether the orientation was
flip or flop. This observation confirmed previous data from
methylation interference and DNase I protection studies (1,
13). It was also consistent with our previous finding that the
lower end of the C palindrome could be removed by Smal
digestion from the flip hairpin substrate without affecting Rep
binding or nicking in vitro (Fig. 9a) (13, 31).

Taken together, our results imply that binding by Rep pro-
tein to the hairpinned TR is inherently asymmetrical. First, the
RBE is a nonpalindromic sequence; thus, Rep is likely to bind
to it in a particular orientation. Second, Rep makes contacts
predominately with only one of the two internal palindromes,
which again implies an asymmetric alignment of Rep with the
hairpinned TR. These two elements are, therefore, likely to
ensure that Rep is correctly aligned on the TR to nick only the
correct strand at the #rs.

The observation of specific base contacts within the B and C
palindromes is not incompatible with the results of the substi-
tution mutants studied by Berns and colleagues (5, 6, 18). All
of the substitution mutants used by Berns and colleagues re-
tained at least one of the T residues that is present in the
wild-type sequence. Furthermore, the mutations reported by
this group would have affected terminal resolution of only the
flip, not the flop, hairpin. Thus, a significant difference in
replication capacity might not have been apparent. In addition,
Berns and his colleagues (5, 6) found that the wild-type se-
quence was preferred over the substitution mutants under
some conditions, suggesting that sequence substitutions within
the C palindrome did affect the efficiency of DNA replication.
Finally, we and others have shown that regardless of whether
the wild-type CTTTG motif is present, there is still a significant
difference in the abilities of hairpinned and linear TRs to be
nicked in vitro (10, 22, 31). Thus, the fact that the secondary
structure of the B and C palindromes places the contact sites in
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this region in a particular spatial orientation for Rep interac-
tion clearly plays a role in Rep function at the #s.

Contact points in the frs region. When we examined the
DMS interference pattern obtained with A-D substrate, we
found approximately a fourfold interference at a single G res-
idue on the strand opposite to the s, 3 bp away from the cut
site (Fig. 6b to d). The significance of this observation was not
clear. DMS interference assays on the hairpinned substrates
did not show contacts at this position (Fig. 7b, flip). In addi-
tion, we and others have reported that mutants in this region
that are missing this G residue have approximately the same
binding affinity for Rep (10, 23). Nevertheless, these binding
experiments might well have missed a fourfold effect. More-
over, it seems clear that mutations in the s region can abolish
nicking activity, suggesting that a specific sequence is recog-
nized by Rep in the #rs region prior to nicking (31). The G
residue that emerged from the A-D substrate analysis may be
one of these specific trs contact sites, but a more systematic
analysis of mutations in the #s region will be needed to deter-
mine the significance of this G residue.

Differential binding affinities of Rep to hairpinned and lin-
ear substrates. We reported previously that there was a signif-
icant difference in binding affinity between linear substrates
that contained the RBE and hairpinned substrates that con-
tained the B and C palindromes in addition to the RBE (13, 23,
31). We estimated the difference in K, to be greater than
125-fold. Recently, Chiorini et al. (10) have suggested that
there is no difference in binding affinity between linear and
hairpinned substrates and suggested that the difference in
binding affinity that we observed might be due to the fact that
we used a linear substrate (the Ddel fragment or the A-stem
substrate) that was missing a portion of the RBE or possibly
was not long enough to provide nonspecific contacts needed
for optimal Rep binding. As already mentioned, we found in
this study that both the Ddel fragment and the A-stem sub-
strate used in our previous studies were indeed missing two
residues of the RBE. However, our results suggested that the
difference in binding affinity due to these two base pairs was
only twofold. We also compared the affinity of Rep for linear
and hairpinned substrates directly (Fig. 8) and found that the
difference in binding affinity between the hairpinned flip sub-
strate and the A-D substrate containing a complete RBE was
approximately 170-fold. This result was consistent with the
results of the chemical modification interference experiments
which demonstrated that there were specific contacts between
Rep and bases within the B and C palindromes. These contact
sites were not present in the A-D substrate and probably ac-
counted for at least some of the difference in binding affinity.
Finally, we have presented evidence before that substitution
mutants within the RBE that consisted of 5 or 7 bp had a
greater effect on binding to the linear A-stem substrate than to
hairpinned substrate (23). This also suggested a difference in
binding affinity between linear and hairpinned substrates. We
concluded that there is a substantial difference in binding af-
finity between linear substrates containing the RBE and sub-
strates which contain the RBE and the B and C palindromes in
a hairpinned configuration.

We are not certain why there is a discrepancy between our
results with linear and hairpinned substrates and those of Chi-
orini et al. (9, 10, 13, 23, 31). Possibly it is due to the fact that
many of the studies by Chiorini et al. (10) were done with a
mutant Rep68 protein that is fused at its N terminus to a
portion of the maltose-binding protein of Escherichia coli (9).
We and others have shown that sequences within the N termi-
nus of Rep are essential for binding to the TR (21, 26, 37).
Thus, the 37-kDa maltose-binding domain of the chimeric Rep
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protein might change the binding characteristics of Rep. Re-
gardless of the reason for the discrepancy, it is worth noting
that there is general agreement that Rep protein nicks linear
substrates at a much lower frequency than hairpinned sub-
strates (10, 23, 31). Thus, Rep has a mechanism for discrimi-
nating between these two kinds of terminal sequences and cuts
one preferentially. Our results suggest that much of the dis-
crimination occurs at the level of binding affinity for the two
kinds of substrates.

We also compared the binding affinities of flip hairpinned
substrates and the 2D linear substrate. The 2D linear substrate
contains two RBE sites, two trs regions, and a single copy of the
B and C palindromes. Essentially, the 2D linear substrate con-
tains the kind of TR structure that is present within dimer
molecules produced during AAV DNA replication. We ex-
pected that binding to the 2D linear substrate would occur at
about the same level as binding to the A-D substrate. Surpris-
ingly, the 2D linear substrate bound Rep much more efficiently
than A-D substrate even when a correction was made for the
fact that 2D linear DNA contains two RBE sites per molecule.
The difference in binding affinity between a hairpinned TR and
a 2D linear substrate was approximately 10-fold. It is worth
noting that monomer and dimer duplex replicative forms ac-
cumulate in vivo at approximately a 5:1 ratio during AAV
DNA replication. Thus, the difference in binding affinity be-
tween 2D linear DNA and hairpin DNA could account for the
relative accumulation of monomer and dimer DNA during
AAV DNA replication.
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