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Abstract
The screening of a >9000 compound library of synthetic DNA binding molecules for selective
binding to the consensus sequence of the transcription factor LEF-1 followed by assessment of the
candidate compounds in a series of assays that characterized functional activity (disruption of DNA–
LEF-1 binding) at the intended target and site (inhibition of intracellular LEF-1 mediated gene
transcription) resulting in a desired phenotypic cellular change (inhibit LEF-1 driven cell
transformation) provided two lead compounds: lefmycin-1 and lefmycin-2. The sequence of screens
defining the approach assures that activity in the final functional assay may be directly related to the
inhibition of gene transcription and DNA binding properties of the identified molecules. Central to
the implementation of this generalized approach to the discovery of DNA binding small molecule
inhibitors of gene transcription was: (1) the use of a technically non-demanding fluorescent
intercalator displacement (FID) assay for initial assessment of the DNA binding affinity and
selectivity of a library of compounds for any sequence of interest, and (2) the technology used to
prepare a sufficiently large library of DNA binding compounds.

Introduction
Fundamental to opportunities for modulating aberrant gene transcription is a detailed
understanding of integrated gene expression and the development of molecules that can
selectively modulate it. Typically, genes with complementary functions are synchronized by
highly specific and tightly controlled upstream transcription regulators under normal
physiological states, although aberrant signaling or activation of downstream transcription
factors can lead to deregulated gene expression associated with tumor transformation or
progression. Historically, insights into how small molecule therapeutic intervention can be
utilized in such cases emerged first from functional screens of natural products whose
biological effects often could be traced to their DNA binding properties and subsequent impact
on gene transcription.1,2 Based on these observations, subsequent and extensive efforts have
been directed at the discovery of small molecules that selectively bind DNA and predictably
inhibit gene expression.3 This effort to design compounds that interact with targeted DNA
sequences or structural motifs requires not only the identification of therapeutically exploitable
DNA sequences, but also that the underlying principles by which small molecules recognize
and interact with DNA be understood. However, the discovery of such agents has been slow
due to the complexity associated with understanding small molecule–DNA interactions, the
effort required to design individual compounds that target specific sequences, and the
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technically demanding techniques involved in the determination of their DNA binding affinity
and selectivity, while simultaneously addressing the requirement for functional activity in
subsequent cell-based and organism-based assays. Moreover, the design of sequence-specific
DNA binding agents that are selective for not just a single sequence, but a collection of
sequences or a desired subset of sequences constituting a targeted transcription factor
consensus binding site constitutes a challenging problem especially when their individual
functional impact on integrated gene expression is not yet known or available.

Herein, we report an additional approach to the discovery of such lead compounds and their
functional activity and provide the tools for such studies. This entails the synthesis and rapid
throughput screen of a library of DNA binding molecules for binding to a sequence or ensemble
of sequences of interest, the identification of those sufficiently selective for the sequence(s) of
interest using tools introduced to establish their intrinsic selectivity, followed by
implementation of a series of selection assays that characterize functional activity (disruption
of a protein–DNA binding interaction) at the intended target and site (intracellular gene
transcription) resulting in a desired phenotypic cellular change (cell transformation). Central
to these studies was introduction of (1) a technically non-demanding fluorescent intercalator
displacement (FID) assay as the screen for rapidly assessing the DNA binding affinity of
libraries of compounds and comprehensively defining their DNA binding selectivity,4,5 as well
as (2) technology for the preparation of a useful and sufficiently large library of DNA binding
compounds.6

The system chosen to exemplify the approach was inhibition of LEF-1-mediated gene
transcription. The majority of colorectal tumors arise from mutations in the tumor suppressor
protein adenomatous polyposis coli (APC)7 or its binding partner β-catenin that result in the
release and nuclear accumulation of β-catenin.8–13 The unregulated -catenin binds to and
activates transcription factors including LEF-1 (lymphoid enhancer binding factor 1).14–16

This results in upregulated and aberrant gene expression which is the key transformation step
in the development of colon cancer (Figure 1).17–19 The LEF-1 (TCF) transcription
factors18–24 share an identical DNA-binding domain referred to as the high mobility group
(HMG) domain recognizing the sequences 5’-CTTTGWW-3’ (W = A or T).25,26 Importantly,
LEF-1 binds the minor groove through its HMG domain making this DNA–protein interaction
an ideal target for libraries of minor groove binding ligands.27,28

Results and Discussion
Library of DNA Binding Molecules

An additional library of 6750 compounds complementary to an initial library of 2640
compounds6 of candidate DNA minor groove binders was prepared enlisting the solution-phase
library synthesis techniques disclosed previously29–31 (Figure 2). These combined libraries
provide >9000 compounds containing systematic replacements for each of the three repeating
pyrrole subunits of the minor groove binding natural product distamycin. The inclusion of
many of the replacement subunits was inspired by the design elements that have emerged from
the Dervan polyamides,32–35 represent repeating subunits found in additional minor groove
binding compounds (e.g., CC-1065, duocarmycin, yatakemycin),36,37 or represent
conservative departures from such structural skeletons. In total, they represent a unique
collection of compounds that can be expected to exhibit a systematically altered composite of
DNA minor groove binding properties (affinity and selectivity)38 that is now available39 for
these and related studies.

For ease of synthesis and convenience in screening, the libraries were prepared and are initially
screened as small mixtures where the B and C subunits are fixed (132 combinations for library
1 and 225 combinations for library 2), but contain all subunits at position A (132 and 225
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mixtures of 10 or 15 compounds, respectively).38 Additionally, each library was capped as
both its Boc derivative (neutral) and dimethylaminobutanoyl amide (protonated amine,
DMABA) enhancing cell permeability or DNA binding affinity and solubility, respectively.
Thus, the initial library screening occurs with 714 wells (2 × 132 and 2 × 225) of compounds
(nine 96-well plates), a number easily manageable even without automation. Initial screening
hits in the DNA binding assay (FID assay) are rescreened enlisting the individual compounds
making up the active mixtures to identify those with the desired binding characteristics and the
resulting individual compounds are progressed through the subsequent screening assays.38

Screening and Selection Paradigm
This combined library of minor groove binding compounds was screened sequentially for: (1)
selective binding to the LEF-1/β-catenin sequence (5’-CCTTTGATC-3’, Oligo 1) versus a
closely related nonbinding sequence (5’-CCTTTGGCC-3’, Oligo 2) using the fluorescent
intercalator displacement (FID) assay, (2) for inhibition of LEF-1/β-catenin mediated gene
transcription enlisting a cell-based luciferase reporter assay disclosed by Clevers19

(TOPFLASH), (3) for inhibition of the interaction between LEF-1 and an oligonucleotide
containing a consensus binding site for LEF-1 (gel shift assay),19,23 and (4) for their effects
on oncogenic transformation induced by a retrovirus expressing LEF-1 in chicken embryo
fibroblasts (CEF), Figure 1. Only the successful ligands identified in the sequential screens
were progressed into the next assays. Notably, the FID assay was also utilized to define the
DNA binding selectivity of the leads and the sequence of screens assures that activity in the
final functional assay may be directly related to the inhibition of gene transcription and DNA
binding properties of the identified molecules.

Initial FID Screen and Identification of Ligands Selective for the LEF-1 Consensus Sequence
The initial screen and an essential component of the study is the assessment of the library for
selective binding to the DNA sequence of interest and this was conducted with the FID assay.
4,5 This assay simply entails measuring the fluorescent decrease derived from ligand
displacement of bound ethidium bromide from hairpin deoxyoligonucleotides bearing the
sequence(s) of interest. The assay is technically non-demanding, nondestructive, does not
require modification, labeling, or immobilization of the candidate ligands or the DNA, and can
be conducted simply in a 96-well plate format. In addition, the initial screen was set up to
measure binding to the LEF-1/β-catenin sequence of 5’-CCTTTGATC-3’ (consensus = 5’-
CTTTGWW-3’, W = A or T) versus a closely related nonbinding sequence of 5’-
CTTTGGCC-3’ where the affinity of ligands for the desired sequence as well as their potential
selectivity could be initially assessed. Thus, the library composed of 714 mixtures was screened
and the top five Boc and top five DMABA mixtures were deconvoluted into their individual
compounds (Figure 3a and 3b). This entailed their individual synthesis from the archived two
subunit precursors conducting the last step of the library synthesis with the individual subunits,
and the individual compounds (125 compounds) were screened in the FID assay for binding
to the two DNA sequences (Figure 3c). From this, the top 30 binders were selected for
advancement through the subsequent functional assays. Like the mixtures from which they
were derived, most exhibited surprisingly selective binding for the desired (5’-
CCTTTGATC-3’, Oligo 1) versus altered (5’-CCTTTGGCC-3’, Oligo 2) sequence. The two
active compounds (denoted with * in Figure 3) that were selected by the functional screens
that follow were titrated against the screening hairpin deoxyoligonucleotides containing the
LEF-1 consensus sequence and its altered nonbinding sequence using the FID assay and found
to exhibit binding constants reflecting their relative affinity and selectivity (Figure 4).
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Inhibition of Intracellular LEF-1-mediated Gene Transcription
These top 30 compounds were examined for inhibition of LEF-1/β-catenin mediated gene
transcription enlisting a cell-based luciferase reporter assay introduced by Clevers19

(TOPFLASH) in which luciferase gene expression is placed under the control of a minimal c-
fos promoter and four copies of the LEF-1 consensus binding sequence in human embryonic
kidney (HEK-293) cells (Figure 5).16 Additionally and as a control, the active compounds were
examined and shown to not alter luciferase activity in the analogous reporter assay containing
an altered LEF-1 sequence (CCTTTGGCC, FOPFLASH19). These reporter assays not only
assess the functional activity of the selected compounds that the preceding FID assay would
suggest is derived from inhibition of LEF-1 DNA binding, but it also selects for compounds
that can access the target in a cell-based assay. Nine of the 30 compounds exhibited superb
inhibition (>65% inhibition) of luciferase activity in the TOPFLASH, but not FOPFLASH,
assay at a screening concentration of 30 µM and were selected for further study (Figure 5).
The two active compounds (denoted with * in Figure 5) that were selected by the following
functional screen were examined over a range of concentrations providing well-defined dose-
response curves and IC50’s of 6.2 µM and 0.15 µM (Figure 4). Interestingly, all but one of the
compounds in this top tier emerged from the Boc versus DMABA library suggesting that the
preferential selection of this series may represent, in part, the diminished cell permeability of
the protonated and charged DMABA derivatives. Concurrent with these studies, the 30
compounds were assayed for cytotoxic activity against chicken embryonic fibroblast (CEF)
cells in order to eliminate those candidates whose subsequent activity might arise from cell
growth inhibition or possess otherwise unwanted toxicity (data not shown). Of the nine
compounds selected from the reporter assay, four were found to be cytotoxic to CEF cells and
were eliminated from further consideration.

Inhibition of LEF-1 Driven Oncogenic Transformation
Overexpression of LEF-1 induces oncogenic transformation in cultures of CEF infected with
the RCAS virus expressing chicken cellular LEF-1.40 Because this transforming activity
depends on LEF-1/β-catenin-mediated gene transcription, we examined the five candidate
inhibitors for their effects on oncogenicity in cell culture (Figure 6). Unlike a negative control
compound (DMABA-A18-B18-C18), two of the five candidate compounds, Boc-A4-B10-C10
(named lefmycin-1) and DMABA-A9-B17-C22 (named lefmycin-2), completely inhibited
colony formation induced by overexpressing LEF-1 at concentrations of 10 and 20 µM,
respectively.

Inhibition of LEF-1 DNA Binding
To confirm that the compounds inhibit LEF-1/β-catenin DNA binding, EMSA assays were
performed with immunoprecipitated β-catenin and a 32P-labeled double-stranded
deoxyoligonucleotide (5’-CCCTTTGATCTTACC-3’) containing the LEF-1 consensus
binding site in the presence of varied concentrations of the compounds. Under the conditions
of the assay, LEF-1 binds DNA resulting in a single retarded band in the gel shift electrophoresis
assay.19,23 Consistent with expectations, both compounds inhibited LEF-1 DNA binding with
lefmycin-1 (Boc-A4-B10-C10) being roughly four-fold more effective than lefmycin-2
(DMABA-A9-B17-C22). Dose-response curves using EMSA were determined and yielded
IC50 values of 31 µM and 115 µM for lefmycin-1 and lefmycin-2, respectively. Since LEF-1
exhibits significant nonspecific DNA binding affinity25,26 with single base mismatches
exhibiting Ka’s within 2-fold of the consensus sequence, the disruption of its sequence specific
DNA binding is complicated by its natural residual DNA binding. Thus, while the absolute
potencies of the inhibitors in the artificial gel shift assay may not reflect the potency of their
impact on gene transcription, their relative potencies may. In this regard, it is notable that the
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four-fold differences in the behavior of lefmycin-1 (Boc-A4-B10-C10) and lefmycin-2
(DMABA-A9-B17-C22) parallels the two-fold differences observed in the focus assay.

DNA Binding Selectivity of Lefmycin-1 and Lefmycin-2
The complete DNA binding profiles of lefmycin-1 (Boc-A4-B10-C10) and lefmycin-2
(DMABA-A9-B17-C22) were established by examining their binding to a library of hairpin
deoxyoligonucleotides containing all possible five base-pair sequences5 enlisting the FID assay
(Figure 7). This study, which establishes a rank order binding of the compounds to all possible
five base-pair sites, provides a high resolution definition of their selectivity and qualitatively
displays their relative selectivity. Even without digestion of the binding data, the overall DNA
binding profile of lefmycin-1 is clearly more selective than that of lefmycin-2. Additionally
and for lefmycin-1, two of the top eleven sequences in the 512 hairpin library (no. 7 and 11,
and four of the top 25 with no. 21 and 24) constitute those found in the LEF-1 consensus
sequence examined and these exhibit strong binding relative to the remainder of the hairpin
deoxyoligonucleotides. In contrast, lefmycin-2 bound only two LEF-1 sites among its top 25
sequences (sequence no. 3 and 20) indicating that it is less selective for the LEF-1 sites. More
quantitatively, the summed average location of a LEF-1 site in the profile was 111 (median =
24) for lefmycin-1 versus 139 (median = 99) for lefmycin-2 and the summed average relative
binding affinity (average score)41 was 0.55 for lefmycin-1 versus 0.41 for lefmycin-2 indicating
that lefmycin-1 is more selective than lefmycin-2 for the composite sequences of interest. These
observations along with those indicating that four LEF-1 sites are high affinity binding sites
for lefmycin-1 parallel the relative activities of lefmycin-1 versus lefmycin-2 observed in the
soft agar focus assay.

Although on the surface this may appear to be a rather nonselective behavior for even
lefmycin-1, its comparison with the performance of the highly selective Dervan polyamides
(avg. location = 16–60, avg. score = 0.85−0.43)41 suggests lefmycin-1 is surprisingly good for
an initial screening lead without any effort at optimization. In addition to confirming that
lefmycin-1 is more selective that lefmycin-2 for the target sequences of interest, the studies
also define the competitive and nonproductive sequences against which future lefmycin-1
analogues should be counterscreened in continued studies.

A digestion of the lefmycin-1 binding data following protocols described earlier41 revealed
that it preferentially binds the three base-pair sequence of ATC with an average rank of 34 and
average score of 0.50 with all 34 five base-pair sequences containing ATC located (ranked) in
the top 65 sequences, Figure 8. Notably, the best that could be observed for a three base-pair
sequence would be an average rank of 17, so the behavior of lefmycin-1 appears to be quite
selective. Consistent with this, thirteen of the top 25 oligos contain this sequence. Extending
this analysis to four base-pair sites revealed an additional preference for GATC with an average
rank of 20 and an average score of 0.54 with three of the four such sequences in the library
being located in the top 25. Beautifully, this represents the palindromic sequence found in the
hairpin deoxyoligonucleotide screened (Oligo 1) that contains the LEF-1 consensus sequence.

Conclusions
Adopting a simple screening and selection approach conducted first with the screening of
focused libraries of candidate DNA binding molecules for selective binding to targeted DNA
sequences, we have shown that it is possible to discover lead compounds that inhibit a targeted
transcription factor binding to DNA, inhibit intracellular gene transcription under the control
of the targeted transcription factor, and produce (reverse) phenotypic cellular changes driven
by the targeted transcription factor (inhibit oncogenic transformation). In addition to providing
attractive leads (lefmycin-1 and -2) for further optimization against the target with which this
was exemplified (unregulated LEF-1-mediated gene transcription, colon cancer), the studies
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define a general approach to the discovery of molecules capable of modulating aberrant gene
transcription utilizing a modestly sized library of DNA binding molecules and provide the
experimental tools with which to implement the approach. The order of screens is designed to
assure that the final functional activity of the identified molecules may be related to preselected
DNA binding properties, and the implementation of the approach relies on two key features:
(1) introduction of a technically non-demanding FID assay used for the initial assessment of
the DNA binding affinity and selectivity of a library of compounds for any DNA sequence of
interest, and (2) the assemblage of a useful and sufficiently large library of candidate DNA
binding molecules. Impressively, The FID assay permits the initial and rapid screening of a
large library of compounds against any defined DNA sequence for selection of candidate
ligands as well as the subsequent screening of the identified candidate ligands against a
comprehensive library of DNA sequences used to define their intrinsic selectivity and sequence
selectivity. The expansion of the current library of >9000 DNA binding compounds continues,
and we are unaware of any comparable compound library. As such, it represents a unique
resource that we encourage the community to request39 for similar screening endeavors.

Experimental
Library of DNA Binding Molecules

Full details of the preparation and characterization of the 6750 compound library is provided
in Supporting Information and that of the 2640 compound library has been reported.6 Full
characterization of individual compounds including lefmycin-1 and lefmycin-2 is provided.

FID Assay
The FID assay was conducted as described5 using purified hairpin deoxyoligonucleotides
(Oligo 1 = 5’- CGATCAAAGGCAAAAAGCCTTTGATCG-3’, Oligo 2 = 5’-
CGGCCAAAGGCAAAAAGCCTTTGGCCG-3’) purchased from Invitrogen. The full DNA
binding profiles of lefmycin-1 and lefmycin-2 were established using a library of 512 hairpin
deoxyoligonucleotides as described.5

Luciferase Reporter Assay
Reporter assays were performed using the human kidney cell line 293 (HEK-293) maintained
in Dulbecco's modified Eagle's medium (DMEM) / 10% fetal bovine serum (FBS). Cells were
seeded into MP-24 tissue culture plates at 4.0 × 104 cells per well. On the next day, the cultures
were transfected with 100 ng of TOPFLASH firefly-luciferase reporter,16 300 ng of pcDNA3
expression vector carrying LEF constructs or empty pcDNA3 vector. Compounds were added
to the cells after 24 h transfection. After 48 h incubation, the cultures were lysed in 120 µL of
Passive Lysis Buffer and firefly luciferase activity was measured (Promega) according to the
manufacturer's protocol. Firefly luciferase activities were normalized by protein concentration.

Inhibition of LEF-1 Driven Oncogenic Transformation
CEF were seeded at 5 × 105 cells per 6-well tissue culture plate in HAM's F10 containing 10%
FBS. One day after seeding, the cells were infected with 10-fold serial dilutions of the RCAS
viral vector expressing chicken cellular LEF-1. The cultures were overlaid every 2–3 days with
nutrient agarose consisting of 57.5% (vol/vol) of media (75% F-10 2×, 5% FBS, 2% chicken
serum, 15% tryptose-phosphate broth, 1.5% of L-glutamine/penicillin/streptomycin solution,
screening compounds in DMSO, final concentration of DMSO: 0.1%) and 42.5% (vol/vol) of
1.5% Sea Plaque Agarose. When foci developed (14 days), they were stained with 2% (wt/vol)
crystal violet (in 20% methanol). Soft agar colony assays were performed as described
previously.40 In brief, transfected cells were grown for 10–14 days; they then were trypsinized
and reseeded in nutrient agar consisting of 0.3% Sea Plaque agar in F-10 supplemented with
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10% donor calf serum, 4% chicken serum, 3 mg/mL tryptose phosphate broth, 1.4× minimal
essential medium vitamin solution, 12 µg/mL folic acid, 1.6 mM L-glutamine, 80 units/mL
penicillin, 80 µg/mL streptomycin, and 0.2% DMSO. Cells were fed with the same nutrient
agar every 2–3 days. Agar colonies were counted after 3 weeks.

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extract was prepared using CEF infected with RCAS virus expressing LEF-1 protein
using Dounce homogenization.16 Gel retardation was performed as previously described.23

Briefly, 3 µg of nuclear protein and 60 pg/µL of 32P labeled probe (duplex
CCCTTTGATCTTACC) in 20 µL binding buffer (20 mM Hepes pH 7.5, 60 mM MgCl2, 1
mM EDTA, 1 mM DTT, 50 ng Salmon testis DNA (Sigma), and 10% Glycerol) were incubated
in the presence of various compounds (in DMSO at a final concentration 2.5%) for 30 min at
4 °C. The candidate compounds and the negative control were tested at the following
concentrations in 25 µM increments: Boc-A4-B10-C10 (lefmycin-1), 0 200 µM; and DMABA-
A9-B17-C22 (lefmycin-2), 0–200 µM. The DNA protein complexes were resolved on 5% non-
denaturing acrylamide gels, and autoradiography was performed on the dried gels. The relative
quantity of the shifted complexes was determined using a phosphoimager (Molecular
Dynamics, Model SF). Control contained only DMSO (no compounds), and specific supershift
bands were detected by using anti-LEF antibody (Transduction Laboratories). Concentrations
of compounds at which 50% inhibition of LEF-1/DNA binding were obtained (IC50) using
Sigma Plot by extrapolating the inhibition values recorded in the experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Screening protocol used for identification of DNA binding compounds that selectively bind
the LEF-1 consensus sequence, inhibit LEF-1 responsive gene transcription and LEF-1 DNA
binding, and inhibit LEF-1 driven cell transformation.
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Figure 2.
Libraries of candidate DNA binding compounds (>9000 compounds) prepared and screened.
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Figure 3.
A and B: Results of the FID assay (1.5 µM DNA, 1.0 µM compound mixture, 6.0 µM ethidium
bromide) of the entire compound library (>9000 compounds). The top 25 mixtures in each
series are shown (A: Boc, and B: DMABA). Blue: binding to LEF-1 consensus sequence (Oligo
1, affinity). Red: binding to the altered LEF-1 sequence (Oligo 2, selectivity). * Denotes library
mixtures from which the two final compounds were identified. C: Results of the FID assay
(1.5 µM DNA, 1.0 µM compound, 6.0 µM ethidium bromide) of the individual compounds
composing the top 10 compound mixtures (top 25 compounds shown). * Denotes the final
active compounds identified in the subsequent functional screens.
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Figure 4.
aAssociation constants (Ka) established by FID titration (1.5 µM DNA, 6.0 µM ethidium
bromide) for the final two compounds identified in the subsequent functional assays. Oligo 1
contains the LEF-1 consensus sequence and Oligo 2 contains the altered LEF-1 nonbinding
sequence. bInhibition of LEF-1 mediated gene transcription in luciferase reporter
(TOPFLASH)16,19 assay, IC50.
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Figure 5.
Repression of luciferase activity in the reporter assay, % inhibition at 30 µM compound
concentration. * Denotes the final two active compounds identified in the subsequent functional
assays.
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Figure 6.
The effect of lefmycin-1 (Boc-A4-B10-C10) and lefmycin-2 (DMABA-A9-B17-C22) on soft
agar colony formation induced by RCAS-LEF-1 in CEF. LEF-1-induced transformation is
completely inhibited at 10 and 20 µM, respectively.
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Figure 7.
A: DNA binding profiles (merged bar graph) of the two active compounds established by
measuring their binding to all possible 5 base-pair duplex sequences5 using the FID assay (1.5
µM DNA, 1.5 µM and 2.0 µM compound, 6.0 µM ethidium bromide) and B: an expanded view
showing their top 25 sequences.
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Figure 8.
Location of all lefmycin-1 binding sequences in the 512 oligo library that contain (A) ATC or
(B) GATC.
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