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ABSTRACT We have devised a combinatorial method,
restriction endonuclease protection selection and amplifica-
tion (REPSA), to identify consensus ligand binding sequences
in DNA. In this technique, cleavage by a type IIS restriction
endonuclease (an enzyme that cleaves DNA at a site distal
from its recognition sequence) is prevented by a bound ligand
while unbound DNA is cleaved. Since the selection step of
REPSA is performed in solution under mild conditions, this
approach is amenable to the investigation of ligand-DNA
complexes that are either insufficiently stable or not readily
separable by other methods. Here we report the use ofREPSA
to identify the consensus duplex DNA sequence recognized by
a G/T-rich oligodeoxyribonucleotide under conditions favor-
ing purine-motif triple-helix formation. Analysis of 47 se-
quences indicated that recognition between 13 bases on the
oligonucleotide 3' end and the duplex DNA was sufficient for
triplex formation and indicated the possible existence ofa new
base triplet, G.AT. This information should help identify
appropriate target sequences for purine-motif triplex forma-
tion and demonstrates the power of REPSA for investigating
ligand-DNA interactions.

Strategies for identifying consensus nucleic acid binding se-
quences involving multiple rounds of ligand-nucleic acid com-
plex selection from a pool of random oligonucleotides followed
by amplification of the selected sequences have proven to be
a powerful means of identifying specific ligand binding sites.
These combinatorial approaches, also termed CASTing (1), in
vitro genetics (2), or directed molecular evolution (3), have
been used to determine sequence requirements of several
types of ligand-nucleic acid interactions, including protein-
DNA (4-7), protein-RNA (8, 9), RNA-small molecule (10),
DNA-small molecule (11), and RNA-DNA triplexes (12).
A flow diagram depicting an archetype combinatorial ap-

proach is shown in Fig. 1A. A population of nucleic acids
containing a region of random sequence is incubated with a
ligand under conditions that allow formation of specific ligand
complexes. The subset of sequences able to form complexes is
then isolated from uncomplexed nucleic acids by a selection
method. By using an amplification method such as PCR, this
subset of nucleic acids is amplified to an amount suitable for
further manipulation. This series of steps, including complex
formation, selection, and amplification, constitutes one round
of a combinatorial method. Because the ligand-binding se-
quences usually represent only a very small fraction of the total
pool of sequences, and most selection methods provide only a
limited degree of enrichment, several rounds are often nec-
essary before the population of sequences capable of ligand-
specific interactions constitutes a majority.
A limitation to these techniques arises from the reliance on

a physical separation of ligand-bound from unbound nucleic
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acids. Included are methods that exploit the different physical
properties of the ligand-nucleic acid complex, e.g., reduced
electrophoretic mobility and an electrophoretic mobility shift
assay (6, 7) or increased hydrophobicity and filter binding (4,
8). Alternatively, affinity methods, including immunoprecipi-
tation (5, 9) and matrix-immobilized ligands (10-12), can be
used to enrich for ligand-binding sequences. Such methods are
not suitable for selecting ligand-binding sequences if the
physical properties of the specific complex are not sufficiently
different from the uncomplexed nucleic acids or if affinity
methods are not available.
As an alternative combinatorial approach for investigating

ligand-DNA interactions, we have developed a selection pro-
cess, restriction endonuclease protection selection and ampli-
fication (REPSA), that relies on the inhibition of an enzymatic
activity to select for ligand-bound DNAs (Fig. 1B). Protection
from endonuclease cleavage is a well-proven method for
assaying DNA-ligand binding (13-15). In REPSA, a restric-
tion endonuclease that cleaves at a site distal from its recog-
nition sequence is used to selectively cleave unbound DNA,
while DNA complexed with ligand is protected by occlusion of
the cleavage site. Selection, therefore, can be performed in
solution under mild conditions. Because the only requirement
for the ligand is that it be able to block cleavage, no prior
knowledge of the characteristics of the ligand is needed.
We have used REPSA to investigate the spectrum of duplex

DNAs capable of specifically interacting with a single-stranded
oligodeoxyribonucleotide through purine-motif triple-helix
formation. Purine-motif triplexes form when a purine-rich
oligonucleotide binds in an antiparallel orientation to a run of
purine acceptors in the major groove of duplex DNA. Base
triplets in this motif include G-GC, A-AT, and T-AT (16, 17),
where the convention is the nucleotide in the third strand
hydrogen bonds to (.) the purine acceptor in the duplex DNA.
Through REPSA we were able to determine the consensus
duplex sequence recognized by a purine-motif triplex-forming
oligonucleotide, the major and minor base triplets involved,
the average length of duplexDNA recognized, and unexpected
consensus protein binding sites that arose from this method.

MATERIALS AND METHODS

Oligonucleotides. Phosphodiester oligodeoxyribonucleo-
tides were prepared on a Millipore Cyclone DNA synthesizer.
The nucleotide sequences (5' 3') of oligonucleotides used
in this study are as follows: ODN1, TGGGTGGGGTGGGGT-
GGGT; RPR, CTAGGAATTCGTGCAGTCTAGAG; RPL,
CTCCAAGCTTGTGCAGCTGCAGG; 65R19, CTAG-
GAATTCGTGCAGTCTAGAG-N 9-CCTGCAGCTGCA-
CAAGCTTGGAG; MS5, TGTTGTGTGGAATTGTG;
MS6, CAAGGCGATTAAGTTGG. For the oligonucleotide

Abbreviations: REPA, restriction endonuclease protection assay;
REPSA, restriction endonuclease protection selection and amplifica-
tion.
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FIG. 1. Flow diagrams of combinatorial approaches for selecting duplex DNAs containing ligand-specific binding sites. (A) Cyclic amplification
and selection of targets, CASTing. (B) REPSA.

65R19, sites containing mixed bases (N) were synthesized by
using an equimolar mixture of each phosphoramidite.
REPSA. The double-stranded selection template ST1 was

synthesized by four rounds of PCR using the oligonucleotide
65R19 and the RPR and RPL amplimers. To allow triplex
formation, 10 ng of ST1 was incubated in 10 1l with 5 tLM
ODN1/12 mM MgCl2/40 mM Hepes-NaOH, pH 8.4/0.02%
Nonidet P-40 for 2 h at either 30°C or 37°C. After triplex
formation, 10 tAL of 4 units of Bsg I (New England Biolabs)/80
,tM S-adenosylmethionine/2x Bsg I reaction buffer (40 mM
Tris acetate/100 mM potassium acetate/20 mM magnesium
acetate/2mM dithiothreitol, buffered to pH 7.9) was added to
each sample, and the incubation was continued for an addi-
tional 30 min. To amplify the Bsg I cleavage-resistant duplex
DNA subpopulation, 200 ng of RPR/200 ng of RPL/5 units of
Taq DNA polymerase/0.25 mM dATP/0.25 mM dCTP/0.25
mM dGTP/0.25 mM dTTP/10 mM Tris-HCl, pH 9.0/50 mM
KCI/1 mM MgCl2/2 ,tCi of [a-32P]dATP (1 Ci = 37 GBq) was
added to each sample, to a final total volume of 100 til. The
amplification profile used for PCR was 94°C for 1 min followed
by 50°C for 3 min. Duplicate reactions were amplified for six
and nine cycles. After PCR amplification, 2 tpl of each reaction
mixture was analyzed by PAGE and autoradiography to de-
termine relative levels of amplification. The balance of each
mixture was phenol-extracted, and the aqueous phase was
concentrated on a Millipore Ultrafree-MC 5000 cellulose spin
filter by centrifugation for 30 min at 15,000 x g. Filters were
washed 10 min with 100 tl1 of Tris/EDTA and centrifuged for
30 min, and the remaining DNA was resuspended in 20 pAl of
Tris/EDTA. These steps-triplex formation, Bsg I cleavage,
PCR amplification, and filter purification-were repeated
until a population of cleavage-resistant DNAs was detected by
comparing the levels of PCR-amplified DNA from triplex-
selected reactions and control reactions.

Sequence Determination. The emergent triplex forming
duplex DNAs were digested with EcoRI and HindIII and
cloned into similarly cut plasmid pUC19 by standard protocols
(18). Individual colonies were used to inoculate 5-ml overnight
cultures in Luria broth medium containing ampicillin at 0.2
mg/ml. To screen these colonies for the presence of plasmids
with triplex-forming inserts, 5 ,tl of these bacterial suspensions
was added to PCR mixtures containing the MS5 and MS6
primers, and 20 cycles of PCR were done as described above.
The resulting 187-bp DNA fragments containing the inserts

were subjected to Bsg I cleavage with or without added ODN1
under triplex forming conditions; the resultingDNA fragments
were analyzed by nondenaturing PAGE and autoradiography.
Miniplasmid preparations were made from the positive-
scoring clones, and their inserts were sequenced by Sanger
enzymatic sequencing (18).

Statistical Analysis. The starting nucleotide distribution in
the random sequence was determined by sequencing eight
subclones (a total of 149 nt) containing the unselected ST1
starting material. A nucleotide distribution of 36% T, 24% A,
22% G, and 18% C was found. The significance of experi-
mentally determined consensus sequences was determined by
a X2 comparison of distributions in consensus sequences to the
starting distribution, with P values <0.05 considered signifi-
cant.

Affinity Determination. Representative sequences were ra-
diolabeled by amplification in a PCR containing the RPR and
RPL primers and 10 ,tCi of [a-32P]dATP. Each probe (0.06
pmol) was incubated with increasing concentrations of ODN1
for 3 h at 30°C under triplex-forming conditions and then
subjected to Bsg I cleavage as described above. Reaction
products were analyzed by PAGE and autoradiography. Rel-
ative levels of triplex-protected (uncleaved) vs. unprotected
(cleaved) probe were determined by densitometry of the
appropriate bands. The concentration of ODN1 that confers
50% protection of a probe was considered equivalent to the
affinity of that sequence for ODN1.

RESULTS

Design of the REPSA Selection Template. The selection
template ST1 (Fig. 2) was designed to provide a pool of all
possible 19-bp sequences and a method for selecting, ampli-
fying, and subcloning the triplex-forming subset of this pop-
ulation. The center of the template contains a 19-bp random-
ized cassette with 419 or 275 billion possible sequence combi-
nations. On either side of this cassette are 23-bp flanks with
multiple functions. Each contains a recognition sequence for
Bsg I, a type IIS restriction endonuclease that cleaves DNA at
a site 16 bases 3' of its GTGCAG recognition sequence (19),
positioned so that their cleavage sites are centered in the
random cassette. Redundant sites were chosen to increase
enzyme cleavage efficiency, thereby maximizing potential se-
lection efficiency. We had previously found that Bsg I cleavage
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RPL amplimer
BsgI cleavageEcoRI BsgI sites BsgI HindIII

5'-CTAGGAATTCGTGCAGTCTAGAGNNNNNNNNNNNNNNNNNCCTGCAGCTGCACAAGCTTGGAG-3
3'-GATCCTTAAECACGTCAGATCTC NNNNNNNNNNNNNNNGGACGTCGACGTGTTCGACCTC- 5

ST1 4

RPR amplimer
ODN1 5' -TGGGTGGGGTGGGGTGGGT-3'

FIG. 2. Design of the selection template, ST1, used for the iden-
tification of duplex DNA sequences capable of triplex formation with
the G/T-rich oligodeoxyribonucleotide ODN1. Locations of restric-
tion endonuclease binding (brackets) and cleavage (arrows) sites are
indicated. Long horizontal arrows correspond to the sequences of the
PCR amplimers RPL and RPR. N, random nucleotides.

was effectively prevented when its cleavage site was involved in
a triple helix (data not shown). Thus, selective cleavage of
triplex-unprotected ST1 by Bsg I is the basis of selection in
REPSA. Intact (triplex protected) selection templates can
then be enriched by PCR amplification using the RPR and
RPL primers that anneal to the flanks of ST1. Note that Bsg
I recognition sites were included within the primer annealing
sequences to prevent the emergence of Bsg I binding site
mutants. These flanks also contained an EcoRI and a HindIII
restriction site for the purpose of subcloning the template into
the plasmid vector pUC19.

Selection of a Triplex-Forming Population. A flow diagram
of the REPSA protocol is shown in Fig. 1B. To begin the
selection for triplex forming sequences, we incubated 10 ng
(1.4 x 1011 molecules) of the selection template ST1 with
ODN1 under conditions that facilitated triplex formation.
After 2 h at either 30°C or 37°C, these mixtures were subjected
to cleavage by Bsg I. Selections at different temperatures were
performed to test the effects of temperature on the specificity
of purine-motif triplex formation, a correlation previously
observed for pyrimidine-motif triplex formation (20). Duplex
DNA sequences were selectively cleaved while DNA sequences
involved in triplexes were protected from cleavage. After
challenge with Bsg I, the remaining intact DNAs were ampli-
fied by PCR using the RPR and RPL primers. We found that
amplification should be limited to nine or less cycles to prevent
the formation of "bubbles," template strands annealed with
mismatched cassettes that arose when the PCR consumed a
significant proportion of the available primers. In each round
of enrichment, three sets of PCRs were performed for each
selection temperature. In addition to amplification of the
triplex selection described above, control amplifications where
either ODN1 or both ODN1 and Bsg I were omitted from the
REPSA protocol were performed to give the maximum
(ODN1-, Bsg I-) and minimum (ODN1-, Bsg I+) possible
levels of amplified DNA. By comparing relative levels ofDNA
amplified in the triplex selection (ODN1+, Bsg I+) to these
controls, the progress of enrichment could be monitored.

In the first 10 rounds of enrichment, amplified DNA levels
in the triplex selection lanes were similar to the levels observed
in the ODN1-, Bsg I+ control lanes, indicating that the
percentage of templates capable of forming triplexes was
below the detection limit of our cleavage protection assay
(round one shown, Fig. 3A). In round 11, an increase in
amplified DNA in the triplex selection lanes was observed
relative to the minimum amplification control lanes (1.9-fold
for the selection at 30°C; 1.7-fold for 37°C as determined by
densitometry, Fig. 3B), suggesting the emergence of triplex
competent sequences. To examine these emergent sequences,
each of the control and triplex-selected pools from the 11th
round of selection was subcloned into pUC19 and transformed
into bacteria.

Selected Triplex Sequences. Radiolabeled DNA probes
containing ST1 inserts were generated by PCR amplification
directly from individual bacterial clones. The ability of these
DNA fragments to form triplexes with ODN1 was determined

A
30°C 37°C

- - + + - - + + + BsgT
-+ + - - - - ODN1

6 9 6 9 6 9 6 9 6 9 6 9 Cycles

ml .J| - T1- _ [: .s z~~~~~

B

- ST1

FIG. 3. Identification of an emergent Bsg I-cleavage-resistant
population by semiquantitative PCR and nondenaturing PAGE.
Shown are the autoradiograms of PCR products obtained by using Bsg
I cleavage-selected ST1 DNA and the RPL and RPR amplimers.
Cycles, number of PCR temperature cycles used. The locations of the
bands corresponding to properly annealed, duplex ST1 DNA (ST1)
and incompletely annealed or "bubble"-containing ST1 DNA (*) are
indicated. (A) DNA products after one round of REPSA. (B) DNA
products after 11 rounds of REPSA.

by a restriction endonuclease protection assay (REPA) (13-
15). Here ODN1-dependent protection from Bsg I cleavage
indicated the ability of a particular sequence to form a triplex
with ODN1. The results of a series of representative assays are
shown in Fig. 4, with clone G36 demonstrating a pattern
consistent with triplex formation. DNA fragments from 55
colonies from each of the 30°C and 37°C selections and 25
colonies from the minimum amplification control (ODN-, Bsg
I+) were assayed for their ability to form a triplex with ODN1:
26 and 21 fragments from the 30°C and 37°C pools, respec-
tively, demonstrated REPA patterns consistent with triplex
formation, whereas none of the control fragments did so. Two
other patterns, including DNA fragments with reduced elec-
trophoretic mobility (clone E5) and a mixture of cleavage
products (clone E7), were found to occur independently of
added ODN1. These contained sequences selected as a result
of using Bsg I in our REPSA experiments (see below).

G36 E7 E5 Clone
- + - + - + ODN1#

_:..::: S..,..

ii !

·r III
I11

*==IV

FIG. 4. Analysis of REPSA-selected clones by Bsg I cleavage
protection and nondenaturing PAGE. Shown is an autoradiogram of
the reaction products after incubation with Bsg I, and ODN1 as
indicated, for three representative ST1 clones. Relative electro-
phoretic mobilities and schematic representations of the resulting
DNA species are indicated at right of figure. Asterisks indicate sites of
radiolabeling for these DNA fragments. Diagrams: I, ST1 probe with
reduced electrophoretic mobility, presumably resulting from a specific
protein-DNA complex; IIa, ST1 probe in a triplex with ODN1; IIb,
ST1 fragment alone; III-V, Bsg I cleavage products of ST1; IV,
cleavage in the center of ST1 resulting from Bsg I bound to sites
flanking the random cassette; III and V, large and small ST1 frag-
ments, respectively, resulting from Bsg I bound to a site within the
random cassette and subsequent cleavage in the flanking sequences.
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Table 1. Alignment of triplex-forming sequences
Reference sequences

Sequence (5' -> 3')
A G G G

C A G G
ATTT A G G G

T A G G G
T T T C

TTA A G G G
CAG A G G G
CT T G G G

A G G G
G G G G

TC A G G G
T C A G G

C A G G
GTG A G G G
CAT A G G G

G G A T
T A G G G

TCTGGT A G G G
T A G G G

TACT A G G G
A A G G

TAT A G G G
ACA A G G G

G T T G G
AG A G G G
AG C T G G

A G A G

A G G G G
30°C selection

A G G G G
A G G G G
A G G G G
C C G G G
A
A
A
A
A
C
G
G
A
A
A
A
A
A
A
G
A
A
A
A
A
A

A
A
A
T
G
A
A
A
A
C
A
A
A
A
A
A
A
A
A
C
A

26 3 1 1 37
3 0 2 1 5
0 28 36 40 4
5 4 1 1 1

34 35 40 43 47

A G G G A

G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
A G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G
G G G G

37°C selection
G
G
G
A
G
G
G
G
G
G
G
G
G
G
C
G
G
G
G
G
A

3
2

42
0

47

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

0
0

47
0

47

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

0
0

47
0

47

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

A G G G G A G G G A

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

A
A
A
A
A
A
A
A
G
A
A
A
A
A
A
A
A
A
A
A
A

0 46
O 0

47 1
0 0

47 47

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

0 0
0 0

47 47
0 0

47 47

G
T
G
G
T
G
G
C
G
G
G
G
T
C
G
G

C
G
G
G
G
A
G
T
G
G

G
G
G
G
G
A
C
A
G
G
G
G
G
G
G
A
G
G
G
G
G

G A G A C C
T C C C T G
T T C A G C
G A G G A A
A G A C C T
G T G C C T
G A G T C C
C C T C T A
G A G T A G
G C A T C £
G A T C C C
G C T A A C
A G C C C T
T C A C C T
G A G G G A
C C C T C C
C T G C A G
C T C T A
G C C C T G
G A T C A G
G T G C C T
A T T C T C
G G A T T C
A T A A C T
G G T C C T
G A G G G G

G
G
T
G
G
C
C
C
A
G
G
G
G
G
G
T
T
C
G
G
G

G
T
T
A
G
A
T
C
G
T
G
T
T
C
A
G
C
T
G
G
A

4 5 12
3 7 9

34 28 11
5 6 13

46 46 45

C C G £
T A C C
G T C C
G G G A
T T A A
T T T C
C C T C
C C C T
C T C T
C T C T
A G G G
A G A C
C T A G
T A A T
G G G A
G A C C
C A T C
C C C C
C A C T
C C A A
G G G A

7 9 9 7
12 5 4 3
13 8 8 5
9 10 3 1

41 36 24 16

G G G G A G G G G

Bases shown in boldface type are identical to the presumed consensus target sequence (purine strand) for purine-motif triplexes containing ODN1.
Bases present in the defined flanks bordering the random cassette are underlined. Bases that were part of the random cassette but did not align
with the consensus sequence are shown extending on either side of the aligned central region. The consensus sequence was determined by
comparison of selected base distribution (excluding bases originally from flanking sequences, underlined) to the starting distribution of bases using
a X2 analysis. Bases with a significantly higher than chance representation (P < 0.05) are listed as consensus.

Triplex-Forming Sequences. The sequences of the 47 tri-
plex-positive fragments were determined by dideoxynucleotide

sequencing (Table 1). All possessed substantial homology to
the sequence AG3AG4AG4AG3A, the binding site based on

Clone

Purine strand

Ell
E12
E17
E20
E22
E23
E24
Fl
F2
F7
F9
F12
F13
F16
F19
F20
F21
F22
F24
F27
F28
F29
F32
F35
F36
F38

AGAA

TA

TA

TATG

CA
AGA

ATG

TC

GGTT

AAA

E26
E27
E32
E37
G1
G3
G8
G10
G1l
G12
G13
G20
G21
G22
G23
G26
G28
G29
G33
G34
G36

A, no.
C, no.
G, no.
T, no.
Total no.

T A G G G
T A G G G

GA A G G G
G G C A
C A G G
A G G G
A G G G
A G G G

GCAG A G G G
ACAA A G G G

A G G G
T G G G
A G G G
T G G G
A G A G

TT A G G G
A A G G G

TT A G G G
G G G G
A G G G
A T C G

Consensus

Proc. Natl. Acad. Sci. USA 93 (1996)
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the known rules of purine-motif triplex formation (16, 17, 21).
These sequences were aligned to give the longest continuous
stretch of bases homologous to this preferred sequence (Table
1, purine-rich strand shown). No difference in consensus

sequence, average length of homology, or base distribution was
observed between sequences obtained through the selection at
30°C from those selected at 37°C; thus both sets of sequences
were considered as one population. To derive a consensus

binding sequence, the number of each nucleotide at each of the
19 positions was tabulated and compared to the starting
distribution of nucleotides by a X2 analysis. Nucleotides in
positions 1-14 were found to be identical to the sequence
5'-AG3AG4AG4-3'; however, no consensus emerged for posi-
tions 15-19. Given the antiparallel binding orientation of
purine-motif triplexes, this data suggests that complementarity
between nucleotides on the 3' end of the third strand and the
5' end of the purine-rich strand of the duplex facilitate triplex
formation to a greater extent than potential interactions at the
other end of the triple helix.
To investigate the length of complementarity required for

purine-motif triplex formation, the length of homology of each
sequence to the presumed consensus sequence AG3AG4AG4-
AG3A was determined, with an average of 13 bases of homol-
ogy to the consensus found. To verify this number, affinities for
sequences with 12, 13, 14, and 15 bases of homology (clones
F35, F22, E27, and F2, respectively) were determined. The
equilibrium dissociation constants for sequences with 13, 14,
and 15 bases of homology were 5 to 8 x 10-8 M, while the
constant for the sequence with 12 bases of homology was

substantially higher (1 x 10-6 M), indicating a drop in affinity
from 13 to 12 bases of homology. No difference was observed
for sequences selected at either 30°C or 37°C, suggesting that
a higher range of temperatures and perhaps a heat-stable
endonuclease might be required to detect a relationship be-
tween temperature and minimum triplex length.

Clearly, the G-GC and T-AT base triplets were the consensus
base triplets. However, other base triplets were found within
consensus triplex-forming sequences. Comparing the fre-
quency of these base triplets to the starting distribution of
bases allowed us to determine whether a selective pressure
favored any of these nonconsensus base triplets. For our

analysis, mismatches were defined as single nonconsensus
bases flanked by consensus bases. Of the 11 T-NN mismatches
present, two T-TA, four T-GC, and five T-CG mismatches were
found, suggesting that no selective pressure favored triplets
involving a third-strand T. However, of the six G-NN mis-
matches present, one G-CG, no G-TA, and five G-AT mis-
matches were found. Similar results were also found with an

independent REPSA experiment where the starting nucleo-
tide concentrations were T, A > G, C (data not shown). Thus
these data suggest that the G-AT mismatch emerged due to a

selective pressure, e.g., by stabilizing the triplex through the
formation of a weak G-A hydrogen bond or through stacking
interactions, allowing neighboring bases to better engage in
triplex formation.
Other Consensus Sequences. In addition to the REPA

pattern indicating triplex formation, two other patterns were
observed. Of the 110 colonies assayed, 46 had REPA patterns
exhibiting multiple cleavage products (Fig. 4, clone E7). Nine
representatives from this group were sequenced and found to
contain a third Bsg I recognition site in the 3' end of the
random cassette region (Table 2). Here the consensus se-

quence was 5'-AGTGCAGT-3', the defined 6-bp Bsg I recog-
nition sequence with a 5' flanking A and a 3' flanking T. The
emergence of this consensus sequence, and its resulting char-
acteristic REPA pattern, can be explained by a Bsg I enzyme
preferentially occupying this third site. Cleavage by the two Bsg
I enzymes bound to the ST1 flanks could be prevented by a Bsg
I protein bound to a kinetically favored site within the ran-

domized cassette. Though the template was cleaved by the

Table 2. Alignment of Bsg I binding sequences
Reference sequences

Clone Sequence (5' -> 3')
(Bsg I) G T G C A G
E3 T T T C T A A C C G T A G T G C A G T
E7 TCCTACGAGTTAGTGCAGT
F26 T G T A AA A A A A A A G T G C AG T
17 T A T T G G C T T A C A GTGCAGA
18 G G A T A C T C G T T A GTGCAGT
I10 A T A G G C A A A T T A G T G C AGT
Ill A T A T T A G T G A T A G T G C AGT
113 T T T T C G C C T G T A G T G C A G T
115 T A T T T C T T A T T A G T G CAGA

A, no. 2 2 3 1 3 3 3 3 3 3 1 9 0 0 0 0 9 0 2
C, no. 0 1 1 1 1 4 2 3 1 0 1 0 0 0 0 9 0 0 0
G, no. 1 2 0 1 2 2 2 0 3 2 0 0 9 0 9 0 0 9 0
T, no. 6 4 5 6 3 0 2 3 2 4 7 0 0 9 0 0 0 0 7

Consensus - - - - - - - - - - - AGTGCAGT

Bases shown in boldface type are identical to the previously de-
scribed Bsg I recognition sequence, shown. The consensus sequence
was determined by comparison of selected base distribution to the
starting distribution of bases by using a X2 analysis. Bases with a
significantly higher than chance representation (P < 0.05) are listed as
consensus.

third Bsg I, the resulting large ST1 fragment would still be
capable of annealing to the RPL amplimer under our PCR
conditions, thus the observed Bsg I-binding sequences were
selected.

In three of the 110 colonies screened, a REPA pattern
characterized by a low-mobility ODN1-independent Bsg I-
cleavage-resistant band was observed (Fig. 4, clone E5). These
clones were sequenced and found to contain a 5-bp inverted
repeat (Table 3). Possible explanations for the selection of this
consensus sequence include the formation of a cruciform
structure resistant to Bsg I cleavage or binding of a previously
unidentified protein present in the Bsg I protein fraction.
Either could account for the shift in mobility seen in the REPA
assay; however, a DNA-binding protein contaminant is more
likely the cause for two reasons: this mobility shift was seen
only upon the addition of Bsg I and not after any other REPSA
steps (data not shown), and cruciform structures are thought
to form in response to helical stress, a condition not present in
our short DNA fragments (22). The consensus binding se-
quence for this putative Bacillus sphaericus protein does not
match the consensus sequence of any known prokaryotic
Table 3. Alignment of Bacillus sphaericus protein-DNA
binding sequences

Reference sequences
Clone Sequence (5' -> 3')

Inverted
repeat T G G G A T C C C A

E5 T G G GA C T T T T A T T G T C C C A
G7 T G G GAT A A T C T C G G T C C C A

13 TGGGAT A G GAA T T G T C C CA

A, no. 0 0 0 0 3 0 2 1 0 1 2 0 0 0 0 0 0 0 3
C, no. 0 O 0 0 0 1 0 0 0 1 0 1 0 0 0 3 3 3 0
G, no. 0 3 3 3 0 0 0 1 1 0 0 0 1 3 0 0 0 0 0

T, no. 3 0 0 0 0 2 1 1 2 1 1 2 2 0 3 0 0 0 0

Consensus T G G G A - - - - - - - - G T C C CA

Bases shown in boldface type are identical to the 5-bp inverted
repeat sequence shown above.
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DNA-binding protein (23), and though it is reminiscent of a
split restriction-modification recognition sequence, no endo-
nuclease activities other than Bsg I or any Bsg I methylase
activity were detected in this fraction (M. J. McMahon, New
England Biolabs, personal communication).

DISCUSSION
We have devised a technique, termed REPSA, that allows the
isolation of a population of duplex DNAs capable of sequence-
specific interactions with a particular ligand. Through the
present work, we demonstrate the utility and flexibility of this
method by examining triplex binding specificity, as well as
serendipitously determining binding sequences for ligands
present in a protein mixture. Advantages of REPSA stem from
the use of restriction endonuclease cleavage protection to
achieve enrichment of desired sequences, a method that does
not rely on the physical separation of complexed from uncom-
plexed DNA. Ligand-DNA complexes that may not be suffi-
ciently stable to allow their partitioning or lack a readily
available means for their physical isolation become amenable
to investigation using REPSA. The former may be demon-
strated with our identification of triplex-forming sequences;
though other techniques have been used in their determination
(24, 25), REPSA allowed identification of weak binding sites
with triplex binding constants as high as 10-6 M. Similarly, as
demonstrated by our identification of two consensus sequences
for ligands present in a commercial preparation of the restric-
tion endonuclease Bsg I, this technique may be used to identify
the preferred binding sites of ligands about which very little is
known. Generally, if a ligand-DNA interaction can be inves-
tigated by a nuclease cleavage assay (e.g., DNase I footprint-
ing), it should be possible to determine its consensus binding
sequence by REPSA.
While the identification of optimal oligonucleotide se-

quences capable of recognizing a prescribed duplex target is of
greater practical concern (e.g., in the development of triplex-
based gene therapeutics), our data on the preferred targets for
triplex formation by the G/T-rich oligonucleotide ODN1
should aid in defining the parameters governing purine-motif
triple-helical interactions. The consensus triplex binding se-
quence that emerged corresponded to only the 5' end of the
binding site, which complements our prior observations that
modifications to the 3' end of ODN1 decreased triplex for-
mation to a greater degree than changes in the 5' end (26).
Because the 3' end of ODN1 binds the 5' end of the binding
site, the two studies indicate that this asymmetry in binding is
not a property of the third-strand or duplex alone, but rather
an intrinsic property of purine-motif triplex formation. Indi-
cations of a G-AT base triplet within a purine triple helix, while
not observed in earlier published reports (21), are consistent
with recent work demonstrating that the G.AT base triplet has
the lowest free energy of formation of any of the other G-NN
mismatches (27). An average of 13-base triplets was required
for the selection of target sequences, which is similar to our
prior determination that 12-base deletion mutants of ODN1
were kinetically better able to form triplexes than ones that
were 14, 15, or 19 nt long (26). This finding was independently
confirmed after determining the binding affinities of several
representative sequences. Those having 13, 14, and 15 bases of
homology to the consensus had similar apparent affinities;
however, one with 12 homologous bases had a 50-fold lower
affinity. Thus these data suggest that at least 12 bases, whether
defined by the binding site or the third strand, are sufficient for
defining a purine-motif triple helical interaction.
The number of rounds necessary to select a desired sequence

depends on the efficiency of the enzyme cleavage and the
representation of the sequence in the starting pool. For the

REPSA selection reported here, an enrichment level of
roughly 10-fold was observed, as estimated by the levels of
amplified DNA in the triplex selection reaction mixture com-
pared to a control amplification. While this enrichment is
lower than obtained by other methods, the burden of perform-
ing additional rounds with REPSA is compensated by the
relative ease of performing each round. Also, 34 other type IIS
restriction endonucleases are presently commercially available
(19). These could be used singly or in combination to optimize
selection efficiency under a variety of conditions and to
prevent the emergence of artifactual sequences (e.g., restric-
tion endonuclease recognition sites). In the final analysis,
REPSA was capable of determining consensus sequences of 8,
10, and 14 bp for various protein- or nucleic acid-based ligands,
thus, demonstrating the utility of this method in investigating
complex binding sites.
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