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Abstract—An important question in the study of ligand–DNA interactions is the determination of binding specificity. Here, we
used the combinatorial method restriction endonuclease protection, selection, and amplification (REPSA) to identify the preferred
duplex DNA-binding sites of the antineoplastic agent actinomycin D. After 10 rounds of REPSA, over 95% of the cloned DNAs
exhibited significantly reduced FokI restriction endonuclease cleavage in the presence of 1 mM actinomycin. A w2 statistical analysis
of their sequences found that 39 of the 45 clones contained one or more copies of the sequence 50-(T/A)GC(A/T)-30, giving a
p<0.001 for this consensus. A DNase I footprinting analysis of the cloned DNAs found that all possessed relatively high affinity
actinomycin-binding sites with apparent dissociation constants between 12 and 258 nM (average 98 nM). The average footprint
encompassed 7.6 bases and in most cases (90%) included one or more consensus sequences. Interestingly, several of the selected
clones contained overlapping consensus sequences (e.g., 50-TGCTGCT-30), suggesting that such close proximity DNA-binding sites
may actually be preferred by actinomycin under physiological conditions. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Many drugs important in antibiotic chemotherapy
avidly bind to double helical DNA with some sequence
specificity.1 Their mechanisms of action, while not
completely known, are thought to rely on the strength
and selectivity of these interactions. Considerable efforts
have been made to identify the preferred binding sites of
these small molecules, primarily employing either che-
mical or enzymatic cleavage protection methods such as
MPE or DNase I footprinting.2,3 While such methods
are capable of defining a small molecule binding site
with base pair resolution, they are only able to assay
100–200 bp of heterogeneous, native duplex DNA per
experiment. This limitation would be inconsequential if
a molecule only responded to a small region of DNA
(e.g., 3–4 bp), since it would be likely that all possible
sequence combinations would be encountered in a rea-
sonable number of experiments. However, phenomena
such as co-operative binding,4,5 flanking sequence
effects,6,7 and the development of small molecules cap-
able of recognizing longer spans of DNA8,9 have now
made it increasingly important to survey several million

base pairs in order to identify the best binding sites of
these molecules, those presumably recognized at physi-
ological drug concentrations.

Combinatorial methods, those employing large libraries
of different molecules and the means of screening them
for certain desired properties, have proven especially
powerful in the identification of preferred oligomeric
receptors for a variety of different ligands. With regard
to nucleic acids and the ligands that bind them, combi-
natorial methods such as in vitro genetics, CASTing and
SELEX have been described that have allowed the
identification of DNA or RNA sequences that interact
with high affinity to many different types of ligands,
ranging from small molecules such as nucleotides and
organic dyes to macromolecules such as proteins and
other nucleic acids.10�13 Each of these methods utilizes
(1) a library of oligonucleotides containing a stretch of
randomized nucleotides, (2) a binding equilibration
step, whereby those oligonucleotides possessing higher
affinity binding sites are preferentially bound by the
ligand, (3) a selection step in which ligand-bound oligo-
nucleotides are separated from unbound oligonucleo-
tides, and (4) an amplification step, typically involving
PCR, which allows the generation of workable amounts
of selected oligonucleotides. Also, since only a very
small fraction of the original oligonucleotides contain
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high affinity-binding sites and the selection process has
only limited efficiency, the cycle of binding, selection,
and amplification is often repeated several times until a
population of oligonucleotides possessing the desired
range of affinities is finally obtained.

Conventional combinatorial methods all rely on the
physical separation of ligand–nucleic acid complexes
from free oligonucleotides.10�13 This is typically
achieved either as a result of altered chemical properties
of the ligand-oligonucleotide complex (e.g., increased
mass-to-charge ratio and reduced electrophoretic mobi-
lity or increased hydrophobicity and adsorption onto a
matrix) or through the use of affinity methods (e.g.,
ligand-specific antibodies or matrix-immobilized
ligands). However, such separation methods are not
always amenable for small molecule ligands, which
often do not appreciably change the physical properties
of the oligonucleotide complex or have altered nucleic
acid binding properties when simultaneously bound by
a matrix or through an affinity tag. Ideally, what is
needed is a combinatorial approach that works with
intact, unmodified small molecule ligands and probes
their binding specificity under physiological conditions
and concentrations.

We have described a combinatorial method, restriction
endonuclease protection selection and amplification
(REPSA), that does not rely on the physical separation
of ligand-bound from free DNAs but rather uses the
inhibition of an enzymatic process, cleavage by a type
IIS restriction endonuclease (IISRE), to select for
duplex DNAs that are preferentially bound by a variety
of ligands.14 IISREs, unlike the more familiar type II
restriction endonucleases such as EcoRI, bind to a spe-
cific sequence but cleave DNA at a fixed distance from
their binding site with no sequence specificity.15 These
characteristics make IISREs the ideal probes for
screening different DNA sequences to identify those
that are specifically recognized by DNA-binding
ligands, so long as the ligand–DNA complex effectively
interferes with DNA cleavage by the IISRE. We have
described the successful application of REPSA for the
identification of preferred nucleic acid-, protein-, and
small molecule-binding sites on duplex DNA and have
found REPSA to be a general method applicable to
most any ligand that interferes with endonuclease clea-
vage of DNA (e.g., ligands amenable to DNase I foot-
printing analysis).14,16,17

In this paper, we describe the use of REPSA to identify
a consensus sequence for the highest affinity duplex
DNA-binding sites of the natural product antibiotic
actinomycin D. Actinomycin consists of a 2-aminophe-
noxazin-3-one chromophore to which is appended two
pentapeptide lactone moieties having the sequence l-
threonine, l-N-methyl-valine, sarcosine, l-proline, and
d-valine. Actinomycin binds double-helical DNA as a
1:1 complex with the phenoxazinone chromophore
intercalated between two base pairs and the cyclic pep-
tide moieties residing in the DNA minor groove on
either side of the intercalation site, occupying a total of
four base pairs (Fig. 1).18,19 MPE and DNase I foot-

printing analyses of actinomycin binding to hetero-
geneous DNAs found that the drug prefers to
intercalate between a 50-GC-30 dinucleotide step and
protects a site 4–9 bp long.2,3 However, not all 50-GC-30

sequences are bound with equal affinity, since flanking
sequences can affect actinomycin binding constants by
an order of magnitude.6,7,20,21 Using REPSA, we found
that 50-(A/T)GC(A/T)-30 is a consensus binding site for
actinomycin, with overlapping multiples of this
sequence constituting the highest affinity binding sites
for this small molecule ligand.

Results

REPSA selection of actinomycin-binding DNAs

An important first step in a REPSA combinatorial
experiment is the design of a selection template. A sui-
table template requires a central randomized region and
two defined flanks, which direct IISRE cleavage to the
randomized region. Note that the randomized region
needs to be long enough so that it could contain the
anticipated highest affinity ligand-binding sites, but not
so long that a reasonable quantity of the starting oligo-
nucleotide library would not contain a good repre-
sentation of all possible sequence combinations. For our
REPSA selection of actinomycin-binding DNAs, we
chose to use our 63-bp ST2 selection template (Fig. 2),
which we had previously successfully used to identify
preferred DNA binding sites for the human TATA-
binding protein (hTBP).16 ST2 has nested FokI and
BpmI IISRE binding sequences on one flank, positioned
so that they direct cleavage to the center of a 14-bp
randomized region. This randomized region is more
than long enough to simultaneously contain three non-
overlapping 4-bp actinomycin-binding sites. Also, since

Figure 1. Structure of the DNA-binding antibiotic actinomycin D
bound to the complementary tetramer d[AGCT]2. View is looking into
the minor groove of duplex DNA. The two DNA strands are shown in
light green while a line representation of actinomycin is shown incor-
porating the standard elemental colors for carbon (gray), nitrogen
(blue) and oxygen (red). The locations of the actinomycin phenox-
azinone chromophore (intercalated between two G/C base pairs) and
its two pentapeptide lactone moieties (residing in the DNA minor
groove on either side of the intercalation site) are indicated.
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a 14-bp randomized region has only 134 million differ-
ent possible sequences (414/2, considering the redun-
dancy inherent in duplex DNA), it is highly likely that
most all possible sequences would be present in our
standard starting REPSA reaction mixture (48 fmol dou-
ble-stranded being equivalent to 2.9�1010 molecules).

A single round of REPSA consists of three steps: (1)
ligand-DNA binding, (2) IISRE cleavage, and (3) PCR
amplification. These steps are then sequentially repeated
until a population of oligonucleotides emerges that
demonstrates ligand-dependent IISRE cleavage inhibi-
tion. A flow diagram depicting this process is shown in
Fig. 3. For our REPSA selection of actinomycin-bind-
ing DNAs, 1 mM actinomycin was incubated with 48
fmol of an ST2 library under conditions that allow

sequence-specific DNA binding. This actinomycin con-
centration was chosen since it corresponded to the
average affinity that actinomycin has demonstrated to
‘strong’ sites in heterogeneous DNA, as determined by
DNase I footprinting.6 FokI (0.02 units), sufficient for
cleaving >95% of the unbound template under these
conditions, was then added, and the reaction mixture
incubated for an additional 2min at 37 �C. Note that
these IISRE cleavage conditions were far less aggressive
than those used in the REPSA selection of hTBP (2
units FokI and 30min digestion).16 This difference
reflects the nonspecific IISRE cleavage inhibition found
with partially purified protein preparations. After
IISRE challenge, the mixture was added directly to a
PCR reaction buffer, including the 63AL and 63AR
amplimers and Taq polymerase, and intact DNA
amplified for six cycles. Afterwards the full-length
selection templates were purified from IISRE-cleaved
templates, unused amplimers, proteins, nucleotides,
buffers, and salts by phenol extraction and spin filtra-
tion. These selected templates were then used to initiate
a second round of REPSA, following the same proce-
dures described above. A total of 10 rounds of REPSA
were eventually performed. Rounds 1–9 used the IISRE
FokI, while round 10 used BpmI. FokI was chosen as the
primary IISRE since it cleaved DNA more efficiently
than BpmI16 and provided better discrimination
between G/C-rich and A/T-rich test templates when
actinomycin was present (Jing Shen, unpublished
observation).

Rounds of REPSA selection are typically continued
until evidence for a ligand-dependent, IISRE cleavage-
resistant population is finally observed. This is usually
obtained by performing semiquantitative PCR with
REPSA-selected templates that have been either (1)
incubated first with the ligand and then cleaved, (2)
cleaved directly, or (3) left uncleaved. In our REPSA
selection of actinomycin-binding DNAs, such assays
were performed with templates obtained following
round 5 selection and thereafter. No evidence for an
actinomycin-dependent, cleavage-resistant population
was observed with material from rounds 5 or 6, and
only very slight evidence was seen with round 7 tem-
plates (data not shown). However, material from round
8 gave very strong evidence for an actinomycin-depen-
dent, cleavage-resistant population (Fig. 4). Following a
densitometric analysis of the nine cycle PCR products,
reaction mixtures containing 1 mM actinomycin and
then cleaved with FokI demonstrated PCR product
amounts midway between those found when actinomy-
cin was absent (cleavage control) and those found when
FokI cleavage was omitted (DNA control). These data
suggest that over 50% of the round 8 selection tem-
plates contained strong actinomycin-binding sites. The
PCR assay with actinomycin and FokI cleavage con-
stituted a ninth round of REPSA. The material from
this round was then subjected to a 10th round of
REPSA with the IISRE BpmI. This step reduced the
possibility that templates containing only FokI binding
sites in the randomized region would appear, as was
found previously when selections with only a single
IISRE were performed.14

Figure 3. Flow chart for the combinatorial method restriction endo-
nuclease protection, selection, and amplification (REPSA). Actino-
mycin is represented by a winged rectangle, while a type IIS restriction
endonuclease is represented by a scissors (nonspecific cleaving domain)
attached to a gray oval (sequence-specific DNA-binding domain).

Figure 2. Schematic of the selection template, ST2, used for the iden-
tification of preferred actinomycin-DNA binding sites by REPSA.
Locations of restriction endonuclease binding (brackets) and cleavage
(arrows) sites are indicated. Long horizontal arrows correspond to the
sequences of the PCR amplimers. N, random nucleotides. F, FokI; Bp,
BpmI cleavage sites.
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Actinomycin-selected oligonucleotide sequences

Oligonucleotides from the 10th round of REPSA selec-
tion were digested with EcoRI and HindIII, subcloned
into like digested pUC19 and transformed into Escher-
ichia coli. Plasmid DNA was isolated from individual
clones and dideoxynucleotide sequenced. DNA sequen-
ces of these cloned inserts, corresponding to the top
strand of ST2 (Fig. 2), are shown in Table 1. What was
initially quite evident is the enrichment of G/C bases
(51%) in these sequences compared to the original ST2
library (34%). Many of these G/C bases were present in
50-GC-30 dinucleotides, the expected preferred DNA-
binding site for actinomycin.2,3 In fact, every selected
clone contained at least one 50-GC-30 dinucleotide, and
many contained two or three. A w2 statistical analysis of
50-GC-30 showed it occurred far more often than expec-
ted randomly (p<0.001), even given the enrichment of
G/C bases in this population. Conversely, the other G/
C-containing dinucleotides were underrepresented in the
selected population, though their underrepresentation
occurred with far lower statistical significance. Analyses
of tetranucleotide sequences containing the 50-GC-30

dinucleotide (Table 2) showed that only 50-TGCA-30

and 50-TGCT-30 were significantly overrepresented in the
selected clones (p< 0.01, where p=0.05 is considered
significant), though these analyses were not possible for
most tetranucleotides given their low observed occur-
rence. However, the frequency of the degenerate
sequence 50-(A/T)GC(A/T)-30 appeared in the selected
clones easily reached extremely high significance
(p<0.001), suggesting that this sequence is a consensus.
Additionally, taking into account the A/T-rich defined
sequences immediately adjacent to the 14-bp rando-
mized region, which could participate in the creation of

an actinomycin binding site that could be selected by
REPSA, fully 41 of the 45 selected clones contained at
least one 50-(A/T)GC(A/T)-30 consensus sequence, and
14 contained multiple consensus sequences. Surpris-
ingly, these multiples were most often present as two
overlapping consensus sequences, that is 50-(A/T)GC(A/
T)GC(A/T)-30. The frequency of this longer sequence
compared with that expected by chance (8 vs 0.3 in 45
clones) was also found by a w2 statistical analysis to be
very significant (p<0.0074), suggesting this 7-bp
sequence may also be a high affinity actinomycin-bind-
ing site consensus sequence.

Identification and characterization of actinomycin
binding sites

The clones selected by REPSA were individually
assayed to determine their actinomycin binding affinity
and exact binding sites. Two assays were employed: (1)
a FokI cleavage protection assay and (2) DNase I foot-
printing.6,22 A IISRE cleavage protection assay provides
a rapid, quantitative means of screening clones for their
ability to inhibit cleavage in a ligand-dependent fashion.
This provides an indirect measure of ligand-binding
affinity, since the ability of a ligand to inhibit cleavage is
also dependent on other factors independent of binding
affinity (e.g., relative locations of ligand binding and
IISRE cleavage sites). Typically, a IISRE cleavage pro-
tection assay is not capable of defining exact ligand
binding sites nor of determining accurate binding affi-
nities at discrete sites. However, both of these determi-
nations can be accurately made with the more
laborious, quantitative DNase I footprinting assay.6

For the IISRE cleavage protection assay, radiolabeled
105-bp probes containing the ST2 insert were generated
by PCR amplification using the MSU and MSR ampli-
mers. These probes were incubated with or without
1 mM actinomycin for 30min at 37 �C to affect specific
binding and then subjected to cleavage by FokI. Clea-
vage products were resolved by nondenaturing gel elec-
trophoresis and visualized by autoradiography. The
results from a representative series of assays are shown
in Fig. 5. As seen in this example, all the probes showed
significant FokI cleavage protection after incubation

Figure 4. Evidence of an emergent, actinomycin-dependent, FokI
cleavage-resistant oligonucleotide population by semiquantitative
PCR and nondenaturing PAGE. Shown is an autoradiogram of PCR
products obtained using oligonucleotides selected after eight rounds of
REPSA as templates. Oligonucleotides were either incubated in the
presence of 1mM actinomycin and then cleaved with FokI (+/+),
incubated in the absence of actinomycin and then cleaved with FokI
(�/+), or neither incubated with actinomycin nor cleaved with FokI
(�/�). The products were amplified by PCR for the number of tem-
perature cycles indicated. The locations of the gel well (W), an impro-
perly annealed or ‘bubble’-containing ST2 DNA (*), properly annealed
ST2 DNA, and the labeled 63AR amplimer (A) are indicated.

Figure 5. Analysis of REPSA-selected clones by FokI cleavage pro-
tection and nondenaturing PAGE. Shown is an autoradiogram of the
FokI cleavage products produced after incubation without (�) or with
(+) 1 mM actinomycin for a series of REPSA-selected clones. The
locations of a PCR-artifact species (*), intact ST2 (U), and FokI-
cleaved ST2 (X) are indicated.
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with actinomycin. The extent of this cleavage protection
was quantitated by densitometry for each probe and the
results shown in Table 1. For the representative series of
probes shown in Fig. 5, cleavage protection ranged from
10% (clone 46-2) to 76% (clone 21). For all 45 clones
investigated, cleavage inhibition ranged from a low of
10% to a high of 94%, with an average of 54%. In some
cases, the low values of cleavage inhibition can be
attributed to inefficient FokI cleavage of the unbound
probe (data not shown). However, in no case could this
intrinsic cleavage resistance be attributed to the presence

of FokI binding sites, like those previously encountered
in our REPSA selection of purine-motif triplex forming
duplexes.14

For the DNase I footprinting assay, the identical radi-
olabeled 105-bp probes described above were incubated
with either 0, 0.03, 0.1, 0.3, or 1 mM actinomycin for
30min at 37 �C to affect specific binding and then sub-
jected to cleavage by DNase I. Cleavage products were
resolved by high-resolution denaturing gel electrophor-
esis and visualized by autoradiography. Cleavage pro-
ducts from either adenine- or guanine-specific chemical
sequencing reactions were run in parallel as sequence
markers. The results from a representative series of
assays are shown in Fig. 6. As seen in this example, all
the probes showed an area of substantial DNase I clea-
vage protection after incubation with 1 mM actinomycin
in the region corresponding to the randomized nucleo-
tide cassette, and several demonstrated substantial clea-
vage protection at lower actinomycin concentrations.
The extent of this cleavage protection was quantitated
by densitometry for each probe, using a DNase I clea-
vage band in each footprint as the test (indicated by an
asterisk) and the band corresponding to T20 in the left
flank of ST2 as a DNase I cleavage control. These data
were then fit to a one-site binding equation and the
derived equilibrium dissociation constant (Kd) shown in
Table 1. For the representative series of probes shown
in Fig. 6, actinomycin dissociation constants ranged
from 12 nM (clone 27) to 133 nM (clone 8). For all 45
clones investigated, Kds ranged from 12 to 258 nM, with
an average of 98 nM. The exact nucleotides on the top
strand of ST2, protected from DNase I cleavage with
the actinomycin concentration tested greater than the
Kd, is also shown for each clone sequence in Table 1.
Every clone demonstrated at least one footprint, ran-
ging in size from 5 to 15 nucleotides long (average 7.6).
What is most striking is that each footprint sequence
contained a 50-GC-30 dinucleotide, usually located on
the 50 edge of the footprint (e.g., 50-TGCATTAA-30 for
clone 33-1). Such is readily understandable given the
right-handed nature of B-form, double helical DNA.
Longer footprints typically encompassed multiple 50-
GC-30 dinucleotides, though not all 50-GC-30 dinucleo-
tides were present in footprints (e.g., clone 11-3).

Discussion

Using REPSA, we screened almost 134 million different
14-bp sequences, to identify those that inhibit restriction
FokI endonuclease cleavage in an actinomycin concen-
tration-dependent manner. Forty-five of these selected

Table 1. REPSA-selected actinomycin D–DNA binding sites

Clone Sequence (50->30)a REPb Kd (nM)c

27 gaa tGCTGCTGCAGGTTAttac +++ 12
9-1 gaatTTTAGTCAGCAGCGt tac ++ 26
12 gaatATGCACCCAAACATttac ++ 26
36-1 gaatTAGCTGCAGGTATTttac +++ 30
2/4 gaatTTAATGTATGCTGCttac ++ 36
35-1 gaatCTGAAGATGCTATG ttac + 45
5-3 gaatGCAGGGACAGCAGAttac +++ 51
49-1 gaatCCTTAGCTGCTTCG ttac ++ 51
18-1 gaatGTAAGCTGTGTGCTttac + 54
10-1 gaatTGCAGAGTCTCCAAttac + 55
29-1 gaatTACCGTTGCACTCTttac + 59
1-1 gaatATGCAGCAAACCAGttac ++ 68
26-1 gaatCGCACGCTATAATCttac ++ 69
46-3 gaatCGGGAGCTGCTTTAttac + 69
11-1 gaa tGCTAGCATGCTGTG ttac +++ 70
1-3 gaatCCTGCAGTACAGGAttac + 71
33-1 gaatGGCTGCATTAAGAGttac + 71
9-2 gaatACTTGTACCTAGCAtta c +/� 82
31 gaatCAGCTGGTTTAGATttac ++ 82
45-1 gaatGAGGAGCGCAGAAAttac ++ 82
44-2 gaatTTAGCCCCGCTCAC ttac +/� 83
15-1 gaatGCGCTGAAATTAGCttac ++ 87
23-2 gaatTTTTTTTATGCACTt tac ++ 89
25-1 gaatTTGTCCTAATGCATttac + 90
47-1 gaa tGCGTGGTTCAATCGttac + 90
42-3 GaatCACCTTTTTGCTGCttac +++ 94
48-1 GaatGCCCTGCAACAGAGttac + 98
39-1 GaatAGTTAGCAAGCATTttac ++ 99
46-2 Gaa tGCAAATCTCATATAttac +/� 107
48-2 GaatTATGCACAAACTGGttac ++ 110
3-2 GaatACGCTCAAGGCTGCttac ++ 112
38 GaatAGTCTCAAGGCTGCttac + 121
14-1 Gaa tGCTGCTTTCTGGCAttac +++ 123
34 GaatCCATGGCACGCATCttac ++ 124
19 GaatTGTGCTGTATTCCAttac ++ 125
8 GaatCTTGCAACCTTAATttac + 133
24-1 GaatTGCTACCTTGCACTttac + 133
21 GaatGCCCGCGCAGCATAt tac ++ 141
13-3 GaatGACATTCAGCATTTttac ++ 147
24-2 GaatTTCTGCTGGCGACTttac + 159
17-2 GaatGGCTTCCGCAATGCttac ++ 165
4-2 GaatTGCTACTCTGCGTCt tac + 188
5-1 Gaa tGCTTCCTCAGAGCTttac + 205
11-3 GaatGCTTCAGCGGTCGCttac ++ 223
13-1 GaatGGGTCAATGCAGTA ttac ++ 258

aSequences present in the original 14-bp randomized region are indi-
cated by upper case letters, while those in the defined flanks are indi-
cated by lower case letters. Sequences protected from DNase I cleavage
at the apparent Kd of actinomycin D are indicated by boxes. Bold
sequences are those that fit the consensus 50-(A/T)GC(A/T)-30.
bREP values correspond to the percentage of Fok I cleavage inhibition
exhibited in the presence of 1mM actinomycin. (+/�) corresponds to
less than 20% cleavage inhibition, (+) 21–50% cleavage inhibition,
(++) 51–80% cleavage inhibition, and (+++) greater than 80%
cleavage inhibition.
cKd values were determined from a one-site binding analysis of DNase I
cleavage protection through a titration of actinomycin concentrations.

Table 2. Appearance of 50-XGCY-30 tetranucleotides in REPSA-

selected DNAs

X/Y A C G T

A 9 0 3 6
C 4 0 1 3
G 2 0 1 3
T 15 0 1 13
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sequences were subcloned and individually analyzed by
quantitative DNase I footprinting. Each was found to
contain at least one region of actinomycin-dependent
DNase I cleavage protection, with apparent Kds ranging
from 12 to 258 nM. A statistical analysis of all selected
sequences found the dinucleotide 50-GC-30 to be vastly
overrepresented, with the degenerate tetranucleotide 50-
(A/T)GC(A/T)-30 constituting a consensus. These
sequences were present in each actinomycin-binding site
defined by DNase I footprinting, though apparently not
every 50-GC-30 was bound by actinomycin under these
conditions. A longer sequence, 50-(A/T)GC(A/T)GC(A/
T)-30, appeared in several of the highest affinity actino-
mycin-binding clones, suggesting it constitutes a pre-
ferred actinomycin-binding site consensus sequence.

In general, our findings are quite understandable, given
our current knowledge of DNA recognition by actino-
mycin. By a number of methods, the sequences 50-
XGCY-30, have been shown to have actinomycin-bind-
ing affinities in the order of A, T > C � G for nucleo-
tide X and A, T > G � C for nucleotide Y.6,7,20,21

These canonical actinomycin-binding sequences have

binding affinities ranging from 100 to 400 nM, though
these values are dependent on flanking sequences and
the assay method used. Thus, our observed Kds are
consistent with those described for high-affinity actino-
mycin-binding sites. It should be noted that high-affi-
nity, noncanonical actinomycin-binding sites have also
been described in the literature (e.g., 50-TGGGT-
30).7,23,24 However, while similar sites were observed in
some of our clones (e.g., clones 17, 5-3, 13-1), they often
did not overlap with a DNase I footprint, nor were
there significantly more of them than expected in a ran-
dom distribution. Thus it appears high-affinity, canonical
actinomycin binding sites were preferentially selected by
REPSA.

The longer consensus sequence we identified, 50-(A/
T)GC(A/T)GC(A/T)-30, is quite interesting for several
reasons. Preferred binding to these overlapping sites is
somewhat unexpected, given the minimal four base
pair binding site size found for actinomycin by NMR
spectroscopy and X-ray crystallography.20,21,25,26 It
has been reported that overlapping actinomycin bind-
ing sites can bind two actinomycin molecules, albeit

Figure 6. Identification of preferred actinomycin binding sites on REPSA-selected clones by DNase I cleavage protection and high resolution
denaturing gel electrophoresis. Shown is an autoradiogram of the reaction products produced after DNase I cleavage in the presence of 0, 30, 100,
300, and 1000nM actinomycin (actinomycin concentration indicated by the height of the wedge above each lane) for a series of REPSA-selected
clones. Products of adenine- (A) or guanine- (G) specific chemical sequencing reactions, which serve as electrophoretic markers, are indicated at
right of the DNase I footprinting lanes for each clone. The DNase I cleavage product that was used to quantify actinomycin binding affinity is
indicated by an asterisk at left for each clone. The locations of the randomized cassette (R) and the DNase I cleavage product that served as an
internal control (C) are also indicated.
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only at high actinomycin concentrations.27 In the
sequence 50-GCGC-30, the sites of intercalation for the
phenoxazinone chromophore of the two actinomycins
are immediately adjacent to one another. Nonetheless,
simultaneous binding could be achieved through a sig-
nificant conformational change in the DNA structure,
including an unwinding of the DNA double helix and a
pronounced kink between the adjacent binding sites
towards the major groove, resulting in an opening of the
minor groove. Our longer consensus should not require
such significant alterations in the DNA structure, since
the two actinomycin intercalation sites are separated by
a single A-T base pair. While the high apparent affinity
of this site suggests cooperative binding occurs, it
remains unclear why the binding of one actinomycin
molecule would facilitate the binding of a second so
close by at low actinomycin concentrations. An alter-
native explanation is that only a single actinomycin
molecule is actually bound to these sites, and the
apparent high affinity is the sum of both partially occu-
pied sites inhibiting DNase I cleavage. Such a model is
supported by the observation that actinomycin ‘shuffles’
one-dimensionally along duplex DNA, eventually grav-
itating to sites having the longest residence time.28,29 In
the case of our longer consensus sequence, the presence
of two adjacent high-affinity sites would create a ‘sink’
that may locally capture a diffusing actinomycin molecule,
since half of all migration events would encounter the
adjacent high affinity site. This model would also sug-
gest that a site containing three adjacent, overlapping
actinomycin-binding sites (e.g., 50-TGCTGCTGCA-30)
might have an even greater affinity for actinomycin. In
fact, this was observed with clone 27, which demon-
strated the highest actinomycin binding affinity of all
the sequences selected by REPSA (Table 1).

Since both FokI cleavage protection and DNase I foot-
printing assays were performed on all our REPSA-
selected clones, we were able to directly compare these
two assays for their ability to identify high-affinity acti-
nomycin-binding sites. The selected DNAs exhibited a
wide range of FokI cleavage inhibition in the presence of
actinomycin. Comparing these values to those obtained
by DNase I footprinting, we found no meaningful cor-
relation between actinomycin-dependent FokI cleavage
protection and the Kd determined by DNase I foot-
printing for the highest affinity actinomycin-binding
site. Similarly, no correlation was found between FokI
cleavage protection and the location of the actinomycin
binding site within the 14-bp randomized cassette.
However, a weak correlation was observed between
FokI cleavage protection and the absolute size of the
DNase I footprint, suggesting multiple actinomycin
binding sites are generally better able to inhibit FokI
cleavage. A IISRE cleavage-protection assay can be
effectively used to quantitatively determine the dis-
sociation constant of a single, large ligand–DNA com-
plex, with a pyrimidine-motif triplex being a perfect
example.22 However, the accuracy of this method is
dependent on a number of parameters, including the
intrinsic effectiveness of cleavage inhibition by the
ligand–DNA complex and the position of the complex
relative to the sites of IISRE cleavage, as well as the

number of complexes present and their individual dis-
sociation constants. Thus, in practice for many small
molecule ligands, quantitative DNase I footprinting is the
superior method for determining ligand-binding affinities
as well as binding sites. However, for small molecules that
recognize and protect longer regions of DNA with high
affinity (e.g., hairpin polyamides), IISRE cleavage pro-
tection assays can provide a powerful tool for screening
REPSA-selected clones as well as for accurately deter-
mining individual clone binding affinities (Y. N.
Vashisht Gopal, unpublished observations).

Conclusions

REPSA is the only combinatorial method that allows
the identification of preferred duplex DNA-binding sites
for unmodified small molecule ligands under physi-
ological conditions. We have successfully used REPSA
to identify high-affinity binding sites for the minor
groove-binder distamycin A17 and intercalator actino-
mycin D. In the former case we identified several large
binding sites with nanomolar binding affinities, suggest-
ing occupancy by multiple, cooperatively interacting
distamycin molecules. In the latter case, we identified a
consensus sequence for high-affinity actinomycin bind-
ing, though we also found that multiple, overlapping
consensus sequences yielded actinomycin-binding sites
with even higher apparent affinity. The common theme
of these two studies is that multiple small molecule
ligand binding sites tend to be those of highest affinity,
and these are preferentially selected by REPSA. From
our previous studies with REPSA, we have come to find
that this combinatorial method can be used with mix-
tures of uncharacterized ligands. Thus, we believe
REPSA is a powerful tool for screening libraries of
small molecules to identify sets of preferred binding
sites. These may in turn be back selected against the
small molecule libraries to determine which molecules
or combinations of molecules are responsible for high-
affinity binding. Eventually, such two-dimensional
combinatorial searches could be used to identify drugs
that pharmacologically regulate targeted gene expres-
sion or catalyze replacement/repair of defective genes.

Experimental

Oligonucleotides

Phosphodiester oligodeoxyribonucleotides were pre-
pared on a Millipore Cyclone DNA synthesizer. The
nucleotide sequences of oligonucleotides used in this
study were (50 to 30): 63AL, CTAGGAATTCGTGCA-
GAGGTGA; 63AR, GTCCAAGCTTCTGGAGGGA
TG; 63R14, CTAGGAATTCGTGCAGAGGTGAA
T(N)14TTACCATCCCTCCAGAAGCTTGGAC; MS
R, AAACAGCTATGACCATG; and MSU, ACGACG
TTGTAAAACGA. For oligonucleotide 63R14, the
sites containing mixed bases (N) were synthesized using
an equimolar mixture of each phosphoramidite. The
distribution of nucleotides incorporated into the ran-
dom cassette was 27% A, 18% C, 16% G, and 39% T
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as determined by sequencing of eight individual clones
derived from starting material.

REPSA

The double-stranded selection template ST2 was syn-
thesized by four rounds of PCR using the oligonucleo-
tide 63R14 as template and 63AL and 63AR as
amplimers. To effect actinomycin binding, 2 ng (48
fmols) ST2 was incubated with 10 pmoles of actinomy-
cin D in a 10-mL volume containing 20mM Tris–ace-
tate, pH 7.9, 10mM magnesium acetate, 50mM
potassium acetate, 1 mM dithiothreitol, 0.01% Triton
X-100, and 1 mg bovine serum albumin (‘binding buffer’)
for 30min at 37 �C. Following actinomycin binding,
0.05 U of either FokI or BpmI (New England Biolabs) in
a 1-mL volume containing the appropriate enzyme dilu-
tion buffer was added, and the incubation continued for
an additional 2min. To amplify the cleavage-resistant
duplex DNA subpopulation, 100 ng 63AL, 95 ng 63AR,
5 ng 50 32P end-labeled 63AR (50,000 cpm), 2.5 U Taq
DNA polymerase (Promega), 0.25mM concentrations
of dATP, dCTP, dGTP, and dTTP, 10mM Tris–Cl (pH
9.0), 50mM KCl, 1mM MgCl2, and 0.1% Triton X-100
were added to each sample, to a final volume of 100 mL.
The amplification profile used for PCR was 94 �C for
1min followed by 50 �C for 3min. Duplicate reactions
were amplified for 6, 9, and 12 cycles. Following PCR
amplification, each reaction mixture was phenol extrac-
ted and the aqueous phase concentrated on a Millipore
Ultrafree-MC 5000 cellulose spin filter by centrifugation
for 30min at 15,000�g. Filters were washed 10min with
200 mL 10mM Tris–Cl (pH 7.4), 1mM EDTA and cen-
trifuged for 30min. The retained template DNA was
resuspended in 20 mL Tris–EDTA, and a 2-mL aliquot
was analyzed by PAGE and autoradiography to deter-
mine relative levels of amplification. These steps—acti-
nomycin binding, enzyme cleavage, PCR amplification,
and filter purification—were repeated for a total of 10
times. In the first nine rounds, FokI was the selection
IISRE. In the final round, BpmI was used, in part to
reduce the selection of DNA containing FokI binding
sites in the randomized region.

Sequence determination and statistical analysis

The finally selected ST2 templates were digested with
EcoRI and HindIII and cloned into similarly cut
plasmid pUC19. Individual colonies were used to
inoculate 5-mL overnight cultures in Luria broth
medium containing 0.2mg/mL ampicillin. Mini-plasmid
preparations were made from the clones, and their
inserts sequenced by Sanger dideoxynucleotide
sequencing.

The significance of differences in experimentally deter-
mined consensus sequences was determined by a chi-
squared (w2) comparison of actual distributions in
REPSA-selected sequences to their expected frequency
of appearance, given nucleotide distributions present in
the total population of sequences isolated after the final
REPSA round. p Values less than 0.05 were considered
significant. In the actinomycin selection, the final

nucleotide distribution was 22.2% A, 26.5% C, 24.4%
G, and 26.8% T from a total of 630 nucleotides
sequenced.

Binding affinity determination

The binding affinity of actinomycin to each REPSA-
selected DNA was determined by a IISRE cleavage
protection assay and by quantitative DNase I foot-
printing. DNase I footprinting also allowed a determi-
nation of the exact site of actinomycin binding on each
DNA. For both assays, radiolabeled probes were gen-
erated by PCR amplification of each clone using 50 end-
labeled primer MSU and unlabeled primer MSR. To
effect DNA binding by actinomycin, 10 fmol purified,
labeled probe DNA was incubated with actinomycin
(from 0 to 1 mM, as indicated in each figure legend) in
10 mL of binding buffer for 30min at 37 �C. For the
IISRE cleavage protection assay, 0.05 U FokI was
added and the incubation continued for an additional
2min. Reaction products were analyzed directly by
nondenaturing PAGE (8%), visualized by auto-
radiography, and quantitated by densitometry. FokI
cleavage inhibition was calculated with the formula
I=1�(A/C), where A is the fraction of cleaved labeled
probe when actinomycin was present and C is the frac-
tion in the absence of actinomycin. For the DNase I
footprinting assay, cleavage was initiated by the addi-
tion of 2 ng DNase I (Sigma, DN-EP grade) and
allowed to continue for 30 s at room temperature before
it was terminated by the addition of 3 mL stop buffer
(3.0M ammonium acetate, 0.5M EDTA, 1.0 mg/mL
tRNA). Products from adenine- or guanine-specific
chemical cleavage reactions were used as markers.
Samples were purified by phenol extraction and ethanol
precipitation, dried, resuspended in a 95% formamide/
10mM NaOH buffer, and denatured by heating before
loading onto a denaturing 8% polyacrylamide gel.
Cleavage products were visualized by autoradiography
and quantitated by densitometry. Actinomycin binding
affinity was determined by measuring the reduction in
DNase I cleavage for that band within the randomized
region that exhibited the greatest change with increasing
actinomycin concentration and normalizing this to a
DNase I cleavage control located in a flanking region of
ST2 (T20). Values for DNase I cleavage protection were
subjected to a nonlinear regression analysis using a one-
site binding hyperbolic equation (I=Imax*[act]/[Kd+X],
where I is cleavage inhibition, Imax is the maximal extent
of cleavage inhibition observed, [act] is the actinomycin
concentration, and Kd is the dissociation constant).
DNase I footprints were defined by those bases that
demonstrated appreciable cleavage inhibition when the
actinomycin concentration tested was greater than the Kd.
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