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Abstract—A short personal perspective on the development of an approach to the solution-phase synthesis of combinatorial libraries
for modulating cellular signaling by inhibiting, promoting, or mimicking protein–protein or protein–DNA interactions is provided.
# 2003 Elsevier Science Ltd. All rights reserved.
Over the course of the last several years, we have devel-
oped technology for the solution-phase preparation of
combinatorial libraries with several key applications in
mind. Because this work was necessarily published at
different intervals across a range of chemical or biological
journals, the strategic decisions we made in pursuing this
work and the intimate relationship between the technology
development and the intended applications is not likely
to be clear to the casual reader. Consequently, I would
like to take the opportunity of this Perspective Articles
series to summarize our contributions to solution-phase
library synthesis highlighting its development in the
context of our intended applications for modulating
cellular signaling through inhibiting, promoting, or
mimicking protein–protein or protein–DNA inter-
actions. Despite the prevailing bias that such targets
might not prove viable for small molecule intervention,
the screening of our libraries against each such target has
provided the first small molecule modulators of the pro-
tein–protein or protein–DNA interaction and validated
the targets for small molecule therapeutic intervention.
Solution-Phase Combinatorial Library Synthesis

Combinatorial chemistry has undergone rapid develop-
ment and has provided a new paradigm for drug dis-
covery. As a consequence of its extension from peptide
and oligonucleotide synthesis, most approaches have relied
on solid-phase synthesis techniques. A complement to
adapting solution-phase chemistry to polymer-supported
combinatorial synthesis is the development of protocols
for solution-phase combinatorial synthesis. We intro-
duced a simple protocol that permits the multistep
synthesis of chemical libraries employing liquid–liquid and
liquid–solid extractions to remove unreacted starting
materials, reagents and reagent by-products, providing
the purified product (>95% pure) irrespective of the
reaction efficiency (Fig. 1).1�34 It has been implemented
in formats for the synthesis of individual compounds1�4

(1000-member libraries), modest sized libraries composed
of small mixtures (1000- to 10,000-member libraries, 10–50
compounds/mixture),6 or combinatorially assembled to
provide large libraries including positional scanning or
deletion synthesis libraries8,13,21,34 (25,000- to 1,000,000-
member libraries, 100–28,000 compounds/mixture).7,8

This allows the protocol to be adopted in a format
compatible with any screening objective. Thus, its
implementation is convenient for either lead discovery
or lead optimization and produces the library members
on a scale (5–150 mg) that allows their repeated use in
screening without resynthesis. It is this latter feature
along with its technically nondemanding implementation
that we consider its greatest attributes. We presently
have 40,000 compounds in the small (1000-member) and
medium-sized (1000–10,000-member) libraries and
efforts are ongoing to expand this to approximately
1,000,000 compounds. Such libraries have been pre-
pared that interfere with (antagonists) or mimic (agonists)
extracellular or intracellular protein–protein inter-
actions,35�37 inhibit intracellular enzymes, or modulate
protein–DNA interactions. The chemistry is applicable
to non-natural and natural product scaffolds, and cyclic
(depsi)peptides and possesses a scope that exceeds what
one might initially imagine based on its simplicity.
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Highlights of the methodology developed for the pre-
paration of chemical libraries include:

� A general solution-phase technique for the high-
throughput synthesis of libraries in a variety of
formats (individual compounds, small mixtures,
large mixtures, positional scanning libraries,
deletion synthesis libraries) was introduced that
is applicable to both lead identification and lead
optimization.

� Liquid–liquid or liquid–solid (ion-exchange
resin) extractions were developed.1,2,11

� Immobilized reagents for use in the solution-
phase synthesis of libraries were intro-
duced.2,10�12

� The first use of size exclusion chromatography
(filtration) for the high-throughput purification
and isolation of chemical libraries was dis-
closed.11

� The first application of an intermolecular olefin
metathesis reaction in the synthesis of chemical
libraries was disclosed.5,7�9

� The approach is applicable to the multistep
synthesis of selected natural products and this was
highlighted with a 2640-membered distamycin
library,20 132-membered CC-1065 library,24 40-
membered HUN-7293 library,18 and a prototype
triostin A synthesis.22

� Deletion synthesis deconvolution of mixture
libraries was introduced and assessed.8

� The performance of positional scanning decon-
volution was and continues to be compared
against deletion synthesis deconvolution, small
mixture screening, and individual compound
screening.8,13,21,34

� Convergent versus divergent strategies of library
synthesis were introduced and developed (only
applicable to solution-phase, not solid-phase,
synthesis).7�12

� Agonists from antagonists design concepts
implemented.32

� A rapid, high-throughput, high-resolution screen
for DNA binding affinity and selectivity appli-
cable for use in assaying libraries was developed
(FID assay).20,23,25�27

� Current archived chemical libraries contain
>40,000 compounds that are available for con-
tinued screening in new assays.

The approach avoids the disadvantages of solid-sup-
ported synthesis including its more restrictive scale, the
required functionalized substrates and solid supports,
compatible spacer linkers, and the requirements for
orthogonal attachment/detachment chemistries. It does
not require specialized protocols for monitoring each
step of multistep syntheses, allows the purification of
intermediates, and provides the final pure products
directly for use in binding or functional assays. We
described extensions of these studies for generating
symmetrical or unsymmetrical chemical libraries sui-
table for probing receptor and protein homo- and het-
erodimerization events (Fig. 2). Thus, the preparation
and dimerization linkage of iminodiacetic acid diamides
can be conducted in a reaction sequence that requires
only three steps. In addition to the multiplication of the
diversity that arises through the combinatorial dimer-
ization linkage of the iminodiacetic acid diamides, the
solution-phase synthesis of the intermediates permits
their direct linkage which would be precluded by solid-
phase synthesis techniques. As such, the strategy is
uniquely suited for taking advantage of such dimeriza-
tion (convergent) strategies utilizing a limited number of
synthetic steps. This modular approach to the genera-
tion of libraries is especially well-suited for the discovery
of antagonists or agonists of receptor and protein
homo- and heterodimerization. Simple binders (i.e., 3)
can serve as antagonists of ligand-induced receptor or
protein dimerization. Covalently linked symmetrical
dimers (i.e., 4) can be used to promote receptor or pro-
tein homodimerization whereas unsymmetrical dimers
can be utilized to promote receptor or protein hetero-
dimerization. Thus, both antagonists and agonists may
be developed depending on the therapeutic applica-
tion.41,45

Target Protein–Protein Interactions Mediating Cellular
Signaling

Cell growth, differentiation, migration, and apoptosis
are regulated in part by growth factors or cytokines.
These factors are unable to penetrate the cell membrane
and exert their effects by binding to cell surface recep-
tors. In many instances, such receptors are activated by
ligand-induced dimerization or oligomerization.38�44 In
addition, several components of the intracellular signal
transduction pathways are also regulated by dimerization.
For instance, certain cytoplasmic signal transduction
molecules dimerize after activation, and the active form
of a transcription factor is often a dimer.42�45 Thus, protein
dimerization has emerged as a general mechanism for
the initiation and downstream regulation of signal
transduction. The targets we are addressing constitute
prototypical examples of these events in signal transduc-
tion. Thus, the targets being pursued were chosen not
only for their therapeutic importance, but also because
each constitutes a distinct stage for modulating cellular
signaling by controlling protein–protein interactions.

Effective inhibitors of angiogenesis (new blood vessel
growth) and tumor growth have been discovered that
act by disruption of the binding of matrix metallo-
proteinase 2 (MMP2) to the cell surface integrin avb3
validating the target for therapeutic intervention for the
treatment of cancer and providing the first small mol-
ecule lead structures (Fig. 3).30,31 The first small molecule
inhibitors of Myc/Max dimerization have been dis-
covered that act at the bHLHZip dimerization interface
enlisting a novel FRET assay that were shown to disrupt
the binding of this oncogenic transcription factor to
DNA and to inhibit Myc induced conversion of normal
to transformed fibroblasts validating an important small
molecule target for the treatment of cancer (Fig. 4).33

Promising inhibitors of LEF-1/b-catenin mediated gene
transcription have been identified in a luciferase repor-
ter assay (TOPFLASH).29 These inhibitors and their
mechanism of action (inhibition of LEF-1/b-catenin
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binding) are being more fully explored with the devel-
opment of a LEF-1/b-catenin FRET assay. The first
inhibitors of the binding of the signaling adapter protein
Paxillin to the short cytoplasmic tail of the integrin a4
(a4b1=VLA4, Very Late Antigen 4) have been dis-
covered and shown to inhibit cell migration validating a
new target for the treatment of chronic inflammatory
diseases, asthma, and multiple sclerosis (Fig. 5).34

Finally, the remarkable discovery of relatively small
erythropoietin (EPO) agonists that act by promoting
homodimerization of the cell surface receptor (Fig. 6)
has been made in an approach that could provide con-
ventional therapeutic replacements for the recombinant
human protein (7 billion/yr market) used for the treat-
ment of anemias resulting from cancer, AIDS and other
clinical disease states.32

The targets were carefully chosen not only for their
therapeutic importance, but such that each represents a
different prototypical extracellular or intracellular sig-
naling event involving protein–protein or protein–DNA
interactions:
Figure 2. Homo- or heterodimerization of libraries for protein–protein dimerization.
Figure 3. Disruption of angiogenesis by blocking MMP2 binding to integrin anb3.
Figure 1. Solution-phase synthesis of libraries.
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� Promote a cell surface receptor homodimeriza-
tion required for activation (EPO agonist)

� Inhibit an extracellular cell surface integrin–
protein interaction (MMP2/avb3).

� Inhibit an intracellular cell surface integrin–pro-
tein interaction (Paxillin/a4b1).

� Inhibit the intracellular heterodimerization of a
transcription factor (Myc–Max, LEF-1/b-catenin).

� Inhibit a protein–DNA interaction of a tran-
scription factor (LEF-1/b-catenin).

Protein–DNA Interactions: High-Throughput Synthesis
and Screening Applied to the Discovery of Biologically

Active DNA Binding Agents

We have also described the high-throughput synthesis
and screening of DNA binding compounds19�28 that are
related to our interests in understanding and exploiting
their properties. The approach integrates the solution-
phase techniques for the synthesis of libraries with a
technique we recently introduced for rapid high-
throughput screening for DNA binding affinity or
sequence selectivity (Fig. 7).20,23 These techniques can
be combined to rapidly explore and define the structural
features responsible for the sequence selective DNA
binding properties of known agents, to discover new
paradigms for small molecule recognition of DNA (new
bp codes), and to screen for compounds that selectively
target consensus sequences of transcription factors for
controlling aberrant gene transcription (i.e, LEF-1/b-
catenin).
Highlights of these efforts to date include:

� Development of a high resolution, high
throughput FID assay for assessing DNA bind-
ing affinity or selectivity.20,23,25
Figure 4. Inhibition of Myc–Max (transcription factor) heterodimerization and abberant gene transcription: antitumor target validation.
Figure 5. Inhibition of cell migration by blocking intracellular Paxillin/a4 binding.
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� Disclosure of some of the first libraries of DNA
binding compounds (distamycin,CC-1065).20�22,24

� Discovery of a general hairpin versus extended
DNA binding of a substituted b-alanine linked
polyamide.26

� The first characterization of cooperative exten-
ded 2:1 side-by-side parallel (vs antiparallel)
DNA binding with a novel class of iminodiacetic
acid (IDA) linked polyamides.27
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