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A. Introduction

Recent trends in the search for novel pharmacological
agents have focused on the preparation of “chemical
libraries” as potential sources of new leads for drug
discovery. Chemical libraries are intentionally created
collections of differing molecules which can be prepared
either synthetically or biosynthetically and screened for
biological activity in a variety of different formats (e.g.,
libraries of soluble molecules; libraries of compounds
tethered to resin beads, silica chips, or other solid supports;
recombinant peptidelibraries on bacteriophage and other
biological display vectors; etc). Combinatorial chemistry
isatype of syntheticstrategy which leads to large chemical
libraries. For the purposes of this discussion, combina-
torial chemistry may be defined as the systematic and
repetitive, covalent connection of a set of different
“building blocks™ of varying structures to each other to
yield a large array of diverse molecular entities.

Traditionally, new medicinal chemical lead structures
have originated from the isolation of natural products from
microbiological fermentations, plant extracts, and animal
sources; from screening of pharmaceutical company
compound databases; and more recently through the
application of both mechanism-based and structure-based
approaches to rational drug design.1?2 The advent of high
throughput, automated techniques has made possible the
robotized screening of in excess of hundreds of thousands
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of individual compounds per year, per drug target. The
availability of this capability, combined with a major,
worldwide shift in emphasis by the drug industry toward
more cost-effective pharmaceutical products, has exac-
erbated the need for a continuous flow of huge numbers
of novel molecules. Several studies have shown that the
average cost of creating a new molecular enitity in a major
pharmaceutical company is around $7500/compound.? A
significant portion of this figure relates to an intrinsic
feature of contemporary medicinal chemistry which has,
by and large, involved the “hand-crafted” serial synthesis
and testing of individual molecular entities. A major theme
of the industrial revolution was replacement of highly
expensive, individualized manufacturing with the concept
of mass production to greatly decrease manpower and cost.
Though this period began in America more than a century
ago, to date the idea has not been significantly applied to
the preparation of pharmaceutical leads.

To address inefficiencies inherent in the contemporary
new lead discovery process, researchers have recently
turned to the concept of using combinatorial chemical
technologies and devising novel assay formats for rapidly
evaluating these compound collections.*” Thus by em-
ploying a building-block collection (vide infra), and
systematically assembling these blocks in many combina-
tions using chemical, biological, or biosynthetic procedures,
it is possible to create “chemical libraries” as vast popula-
tions of molecules. This approach has clear parallels in
Nature, which eons ago applied the building block
approach for creation of oligonucleotides, carbohydrates,
and peptides/proteins, through the combination of nu-
cleosides, sugars, and amino acids respectively.

An essential starting point for the generation of mo-
lecular diversity is an assortment of small, reactive
molecules which may be considered chemical building
blocks. The universe of structural diversity accessible
through assembly of even a small set of building-block
elements is potentially large, and unleashing the power
inherent in the building-block approach is crucial to the
success of the combinatorial method. The building-block
argument is easily illustrated, and its implications are
profound. Theoretically, the number of possible different
individual compounds, N, prepared by an ideal combi-
natorial synthesisis determined by two factors; the number
of blocks available for each step “b”, and the number of
synthetic steps in the reaction scheme, x. If an equal
number of building blocks are used in each reaction step,
then N = b*, If the number of building blocks for each
step varies (e.g., b, ¢, d in a three-step synthesis), then N
= bed. Exploitation of a basis set of (for example) 100
interchangeable building blocks permits the theoretical
synthesis of 100 million tetrameric or 10 billion pentameric
chemical entities (see Figure 1).

In this perspective we will review the technologies and
strategies that have recently emerged for using combi-
natorial chemical methods in ligand discovery. Histori-
cally, these methods made their first appearance in the
development of peptide libraries. The ready availability
of a large and structurally diverse range of amino acid
building blocks, a highly refined, generic coupling chem-
istry, and the fact that small peptides are biologically and
pharmaceutically key molecules, focused early efforts on
peptide chemistry as a useful vehicle for exploring the
power and conceptual issues attached to combinatorial
ligand discovery. Inaddition, biological systems have been
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Figurel. Creating chemical diversity from a basis set of building
blocks.

used to generate vast collections of peptides through the
expression of randomly synthesized DNA. The ability to
selectively enrich individual peptide sequences from these
recombinant libraries has demonstrated the power and
versatility of peptide diversity for de novo ligand iden-
tification. Generalization of the combinatorial strategy
has led to construction of collections of other natural
polymers (e.g., oligonucleotides) and unnatural (synthetic)
polymeric libraries. Currently there is an acute interest
in the generation of small-molecule libraries, through
“combinatorial organic synthesis (COS)™ the rapid syn-
thesis of enormous numbers of diverse, low molecular
weight, nonpolymeric organic molecules. In surveying
progress in the field to date, we will also attempt to define
criteria and constraints which must be imposed on the
creation of libraries useful for drug discovery.

An essential element of the combinatorial discovery
process is that one must be able to extract the information
made available by library screening. Put another way,
creating large quantities of molecular diversity for ligand
discovery is insufficient, unless there is a format at hand
to capture the information, which in this case is the
chemical structures of active compounds. In the course
of this overview, particular attention will be directed to
the assay methodologies employed in screening combi-
natorial libraries and to the interrelationship between these
methods, the diversity display formats, and the mecha-
nisms for determining the structure of selected molecules
that emerge from library evaluation. Two divergent
embodiments of the combinatorial discovery exercise will
be highlighted: (i) random screening, where the task is
toidentify alead compound in the absence of any structural
information about active molecules, and (ii) directed
screening or chemical analoging, where the objective is to
evaluate closely related structural analogs of a lead
molecule, establish SAR, and optimize biological potency.
These activities raise different issues in terms of both the
synthetic combinatorial strategies and assay parameters
that must be applied.

The above cursory analysis, at face value, makes clear
that one or a few combinatorial experiments is sufficient
to create more different molecules than exist in the
combined compound files of the worldwide pharmaceutical
industry! Recent research suggests that medicinal chem-
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istry and drug discovery may be entering a new era in
which vast numbers of small molecules may be readily
accessible by combinatorial approaches. The power to
synthetically create and evaluate huge numbers of known
and future pharmacophores isunprecedented and suggests
that combinatorial technologies may rapidly intersect and
ultimately shortcut the traditional path of medicinal
chemistry. The generationand screening of suchimmense
numbers of compounds will demand innovative tools for
data handling and analysis. Questionssuch aswhatshould
be the composition of a building-block collection suitable
for drug discovery, what kinds of new synthetic and
screening strategies are suitable, what formats for diversity
creation are relevant, how to integrate both diversity
generation and screening, and ultimately how to develop
anew paradigm to dramatically shorten the drug-discovery
process will be considered and discussed.

B. Biological Approaches to Generating
Molecular Diversity

The harnessing of biological systems for the generation
of peptide diversity mimics the evolutionary creation of
protein diversity; however, artificial evolution is greatly
accelerated by the introduction of diversity into the system
at a much higher rate than occurs naturally. The source
of diversity is the combinatorial chemical synthesis of
mixtures of oligonucleotides. Oligonucleotide synthesis
is a well-characterized chemistry that allows tight control
of the composition of the mixtures created. The degener-
atesequences produced are then placed into anappropriate
genetic context for expression as peptides.

The particular context of expression of the randomly-
encoded peptides is a key feature in the practical ap-
plication to screening. Because a very large number of
different peptides can be produced by biological expres-
sion, a highly efficient means of selecting the most
interesting of these peptides is required. Depending on
the type of activity that is sought, a variety of selection
schemes are possible. If,for example, a particular catalytic
activity is desired, a genetic screen might be devised that
would endow organisms that express that activity with a
growth advantage. The application emphasized in this
review is the identification of new ligands, an approach
based on the affinity purification of active peptides by
adsorptionon a target receptor. With each of the biological
systems that will be described, identification of individual
active peptides is enabled by physical linkage of the
peptides to their encoding DNA. Capturing the peptides
also recovers the DNA, and the replicative nature of the
biological system is employed to amplify and sequence
the DNA, thereby identifying the active peptides.

In practice, the process begins with the synthesis of
single-stranded DNA. Synthetic oligonucleotides have
been used to create genetic mutants since the 1970s.
Initially, precise changes were made in regulatory and
protein-encoding regions in order to study the phenotypes
of the resulting mutants.2® Later, pools of mutants were
produced by introducing a variety of base changes into
sites in the genome. It was soon realized that large
collections, or libraries, of mutant clones could be acquired
by inserting fully random cassettes of oligonucleotides into
thetargeted loci.1%-13 Because of the combinatorial nature
of random cassette mutagenesis, the number of mutant
strains in these libraries becomes much toolarge to analyze
individually, and population selection schemes of the sort
mentioned above are required.
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Conventional expression cloning techniques rely on the
detection of the binding activity of an expressed protein
that is associated geographically or physically with its
encoding DNA. The identification of individual clones
that bind to a particular probe can be detected among
thousands to millions of inert clones by the use of phage-
or colony-lift techniques. Here, the clones are grown at
rather high density on agar surfaces and “lifted” onto
polymeric membranes to adsorb the macromolecules from
the clones in a pattern that mirrors the arrangement of
the colonies on the growth plates. Detection is achieved
with a binding protein, such as an antibody, that is
appropriately labeled. Once binding is detected on the
membrane, the corresponding colony or plaque on the
growth plate can be located and isolated for further
analysis.1415 A method that has been employed in the
cloning of receptorsinvokes the surface expression of clone
libraries on eukaryotic cells, followed by selection of the
desired clones through affinity adsorption of cells display-
ing the receptor on a matrix of immobilized ligand. This
selection method has been dubbed “panning”.1617 Upon
isolation of the cells, the cloned fragments of DNA they
contain are rescued and sequenced. These methods are
commonly used, powerful means of isolating clones from
c¢DNA and genomic libraries of normal size (up to ~107
clones), but they become impractical with the very large
random libraries of 108-10° clones typically employed in
ligand discovery projects. Recently, the advent of ex-
traordinarily efficient cloning tools has permitted the
construction of clone libraries of up to 101! members.!®

Because the number of different peptides one can create
by this combinatorial approach is astronomical, and
because the expectation is that peptides with the ap-
propriate structural characteristics to serve as ligands for
agiven receptor will be rare, the need for methods capable
of conveniently screening billions of clones is apparent.
Several strategies for selecting very rare peptide ligands
have been described. These are categorized as peptide
display techniques and are distinguished by the peptide
presentation format and by the nature of the linkage
between the peptide-encoding DNA and the peptide itself.
This association effectively tags the peptide for identifica-
tion during screening, since in practice the peptide
sequence is revealed by sequencing of the DNA.

Several approaches for displaying peptides or proteins
on the surface of microorganisms have been developed.
Each of these methods employs the fusion of the “guest”
peptides to a cell surface protein of the host. A number
of reports describe the use of the maltose receptor of E.
coli (the outer membrane protein, LamB) as a peptide
fusion partner.!® Oligonucleotides have beeninserted into
plasmids encoding the LamB gene to produce peptides
fused into one of the extracellular loops of the protein.
These peptides are available for binding to antibodies and
can elicit an immune response when the cells are admin-
istered to animals. Other cell surface proteins, e.g.,
OmpA,? PhoE,?! and PAL,% as well as large bacterial
surface structures have served as vehicles for peptide
display.! Peptides have been fused topilin, a protein which
polymerizes to form the pilus—a conduit for interbacterial
exchange of genetic information.23 Because of its role in

t OmpA, outer membrane protein A; PhoE, phosphate-limitation
inducible outer membrane protein; PAL, peptidoglycan-associated li-
poprotein.
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interacting with other cells, the pilus provides a useful
support for the presentation of peptides to the extracellular
environment. Another large surface structure pressed into
service for peptide display is the bacterial motive organ,
the flagellum. Fusion of peptides to the subunit protein
flagellin offers a dense array of many peptide copies on
the host cells.24 Surface proteins of other bacterial species
have also served as peptide fusion partners. Examples
include the Staphylococcus protein A and the outer
membrane protease IgA of Neisseria.252

Peptides and Proteins Displayed on Phage Par-
ticles. Systems for presenting peptides on bacterial cells
have potential as random library vectors for affinity
selection of ligands, but to date, only the LamB system
has been used in this way.2” An alternative system, which
presents peptides on the much less complex surface of
bacteriophage particles, has found wide acceptance. These
vectors are derived from a family of filamentous phages
of Escherichia coli that include phage m13, f1, and fd. In
1985, Smith published a seminal paper describing the
display of peptides on filamentous phage particles.?? The
minor coat protein pIIl was chosen as the fusion partner,
and a fragment of the restriction enzyme EcoRI was placed
inthe middle of pIII. The guest peptide could be detected
onthe surface of mature phage with anti-EcoRI antibodies.
The normal function of pIIl is to mediate adsorption to
the host cell (via the sex pilus) as a prelude to the entry
of the phage into the bacterial cell. pllI is the largest
protein of the virion (~40 kD) and is well suited by its
natural function to the display of peptides for binding to
exogenous proteins. The C-terminus of the plII protein
is embedded in the phage coat while the N-terminus
projectsintothe environment. In1988,Parmleyand Smith
extended this work,?® relocating the fused peptides to the
N-terminal domain of pIII, an insertion site less disruptive
to the normal function of the protein. This report
presented a detailed method for selecting phage bearing
peptide ligands and demonstrated the isolation of a few
phage carrying fragments of (-galactosidase from an
enormous excess of inert phage by affinity purification on
an anti-g3-galactosidase antibody. Although the authors
proposed the method primarily as a tool for cDNA
expression library cloning, they also suggested that alibrary
of short, randomly created peptides could serve as an
“epitope library” for mapping the binding specificities of
antibodies.

Torealize the potential of such random libraries required
the construction of libraries of extraordinary size. In 1990
three groups, each utilizing a variant of filamentous phage
as a plII-peptide expression vector, reported the creation
of libraries of ~107 to >10%® recombinants, and the
successful selection from these libraries of specific ligands
for monoclonal antibodies,3%%! and for the biotin-binding
protein, streptavidin.32 The much more abundant major
coat protein, pVIII, of the filamentous phage can also serve
as a peptide expression vehicle, as demonstrated initially
by Il'chev.3® Greenwood et al.34 cloned oligonucleotides
into the single pVIII gene of the fd genome, leading to
fusion of the expressed peptide to all of the several
thousand copies of pVIII on each phage particle. This
format was effective in expressing peptides up to six
residues in length. However, peptides longer than six
residues impeded the assembly of the virions, greatly
reducing the yield of phage produced. This limitation
was addressed by utilizing a phagemid that contained a
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pVIII gene into which the oligonucleotide was inserted.
Infection of cells carrying these phagemids with a “helper”
phage provided all of the phage functions including the
wild-type pVIII. Adjustment of the level of expression of
the peptide-fused pVIII permitted expression of the
recombinant peptide on a minority of the coat molecules
and allowed efficient assembly of phage carrying peptides
of a range of sizes. The phagemid gene specifying the
pVIII-peptide fusion protein was placed under control of
theinducible tac promotor, and the authors estimated the
fusion protein to be incorporated into mature virions as
10% of the total pVIII for one 12-mer peptide and as 30 %
for another unrelated 12-mer.3* Expression levels of
decapeptide—pVIII fusions driven by an arabinose pro-
motor are 8-25% of total pVIII, as measured by peptide
sequencing analysis.3® Felici et al.3® employed a pVIII
phagemid vector to prepare a library of ~108 clones
displaying random peptides nine residues in length. This
library was screened on an antibody raised against a
fragment of IL-183, and the recovered peptides contained
a three-residue subset of the immunogenic peptide.

Phage display methods have found wide use in the
engineering of proteins and protein domains. Although
the focus in this review is the use of display techniques for
small peptide discovery, a brief discussion of their role in
protein engineering is relevant. The availability of
recombinant display technology is revolutionizing the field
of antibody engineering. Since the first reports of antibody
domains displayed on the major®” or minor3%4® coat
proteins of phage, the field has progressed very rapidly.
c¢DNA libraries of single-chain Fvs and assembled Fabs
representing the repertoire of heavy and light chains of an
animal are cloned into a phage vector to create many
possible combinations of the associated chains, potentially
creating new antigen specificities. The libraries may be
derived from animals immunized with the antigen of
interest or may even be made from a “naive” source not
previously exposed to the target antigen.#%4! The antibody
library is then selected against an immobilized antigen,
often yielding a large number of reactive clones. The
antibodies recovered in the early rounds of selection are
usually of modest affinities, with K, values in the range
of high nanomolar to mid micromolar. The affinities can
be improved using several strategies, collectively referred
toas “invitro affinity maturation™—a process that mimics
the selection of high-affinity antibodies that occurs in vivo
during the course of an immune response. Invitro affinity
improvement is accomplished by simply continuing selec-
tion of the pool of antibodies on the immobilized antigen,
or by introducing sequence variation into the enriched
antibody pool and reapplying selection. The variation is
produced by shuffling heavy and light chains to create
new chain pairings and by mutagenizing the complemen-
tarity determining regions (CDRs) to create new variations
of the combining site with improved complementarity to
the antigen. Among the benefits of this burgeoning area
are the rapid development of antibodies with customized
specificities and high affinities, and most importantly, the
development of completely human antibodies, some with
specificity for even human antigens, and with the potential
for application as therapeutic agents. Excellent reviews
of this fast-moving field are available.4243

The engineering of other classes of proteins has also
benefited from the application of recombinant display
technology. Human growth hormone (hGH) was the first
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example of a foreign protein displayed on filamentous
phage in a functionally active form with respect to binding
its receptor.¥ Lowman et al.#® extended this work,
accomplishing the rapid artificial evolution of the wild-
type hGH to a much more potent form via phagemid
display selection. Markland and co-workers* expressed
functional bovine pancreatic trypsin inhibitor (BPTI) on
the major coat protein of phage particles. This was
achieved by introducing a second pVIII gene, controlled
by an inducible promotor, into the genome of phage m13.
The level of expression of the BPTI-pVIII fusion was
estimated to be 30-60 molecules per phage. This group
also reported constructing a small library of BPTI mutants
and screening it against human neutrophil elastase (HNE)
to find the most potent inhibitor of HNE yet described.4’
Pannekoek et al.*® expressed another protease inhibitor,
human plasminogen-activator inhibitor 1 (PAI-1) on pIII,
and showed retention of the ability to bind t-PA. Alibrary
of lightly mutagenized variants of PAI-1 was constructed
for the purpose of probing structure-activity relationships
of the inhibitor molecules. The enzymes, alkaline phos-
phatase and trypsin, have been expressed in catalytically
active forms on phage surfaces,*+% opening the way for
applied evolution of altered catalytic properties. The
means to produce huge collections of mutants and to
rapidly select for those with enhanced binding and other
features is destined to have an enormous impact on the
field of protein engineering.

As profound as developments in the area of protein
engineering may be, the greatest significance of recom-
binant display methods for medicinal chemistry is the
promise of small peptides as lead compounds for drug
development. Phage-borne peptide libraries have been
screened against a variety of receptors. Since the initial
reports identifying families of peptide ligands for anti-
bodies appeared, a number of antibodies have been
mapped for their epitope specificities.?? Those with
continuous sequence peptide epitopes are usually quite
easily mapped.3031,36.52-5¢ There are also examples of the
identification of peptide ligands for antibodies that
recognize conformation-dependent peptide epitopes5-57
and non-peptide epitopes.® Peptide ligands for other
proteins that normally bind nonpeptidic compounds have
also been found with phage libraries. Examples are
peptides that compete with the binding of biotin to
streptavidin®25? and peptides that displace a-methylm-
annoside from the lectin, concanavalin A.6%6! Smith et
al.®2 recovered from a phage library peptides that are
competitive inhibitors of the interaction of S-peptide with
S-protein (a fragment of RNase). These peptides have
little or no sequence similarity to the natural ligand
S-peptide. A family of peptides binding to gpIIb/II1a was
obtained by screening the integrin with a library of random
hexapeptides flanked by cysteine residues, capable of
forming a disulfide-bridged loop containing the variable
hexamer region. The peptide ligands selected contained
the tripeptide sequence, RGD, and were much more active
in binding the integrin when prepared in the cyclic,
oxidized form.®3 Another integrin, a53;, wasscreened with
a phage hexapeptide library, and most of the sequences
recovered contained the RGD motif.% One ofthese, having
the potential of forming a disulfide-constrained cyclic
structure, was the most potent inhibitor of as3; binding
tofibronectin. Byscreening acell surface antigen receptor
derived from the B-cells of a lymphoma patient, Renschler
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et al.%5identified several families of peptides that compete
with an anti-idiotype IgG prepared against the receptor.
One of the peptides, when dimerized or tetramerized,
activated the receptor leading to the specific effects of
tyrosine phosphorylation, apoptosis, and death in culture
of cells derived from the tumor. Hammer et al.8 have
employed phage peptide libraries to define the consensus
binding motifs of three alleles of the MHC class I peptide
receptor. Blond-Elguindi et al.%7 analyzed the peptide-
binding preferences of another promiscuous receptor, the
chaperonin BiP. The motif identified allowed the for-
mulation of rules that predicted additional peptide ligand
sequences in proteins that interact with BiP.

Phage—peptide libraries have been actively used against
receptors for several years now. Because peptides dis-
covered asligands to pharmaceutically important receptors
serve only as very early leads however, very little informa-
tion has been made publically available concerning the
successful identification of novel, low molecular weight
peptides for important receptor targets.

Besides their use as sources of ligands, peptide libraries
can be adapted, with a little ingenuity, to the selection of
peptides with other properties. Matthews and Wells68
recently described a method for identifying protease
substrates using phage libraries. A library of peptides
fused to pIII was constructed with the additional feature
of a “tether” added at the N-terminus of the peptide-pIII
fusion. The tether was chosen to be a high-affinity ligand
forsome binding protein (these workers used hGH as their
tether). The library phage, all of which possessed the
tether, were bound to the hGH receptor previously coated
onto microtitre wells. The immobilized phage were then
treated with the protease subtilisin, and phage-bearing
peptides cleaved by the protease were released from their
tether and freed from the support. The released phage
were recovered for amplification and DNA sequencing. A
similar method, utilizing a small peptide epitope as the
tether and allowing the protease digestion to occur in
solution, has been independently developed and utilized
to identify new substrates for a matrix metalloprotease.5®
Substrates for peptide-modifying enzymes other than
proteases can be identified with peptide libraries if an
appropriate antibody or other binding protein specific for
either the substrate or the product of the reaction is
available (vide infra).

Peptides-on-Plasmids. In each of the filamentous
phage systems and the LamB system described above, the
physical link between the peptide and its encoding DNA
occurs by the containment of the DNA within a particle
(cell or phage) that carries the peptide on its surface.
Capturing the peptide captures the particle and the DNA
within. Cull et al.” devised an alternative scheme that
utilizes the DNA-binding protein Lacl to form a link
between peptide and DNA. They constructed a plasmid
containing the Lacl gene with an oligonucleotide cloning
site at its 3"-end. Under the controlled induction by
arabinose, a LacI-peptide fusion protein is produced. This
fusion retains the natural ability of Lacl to bind to a short
DNA sequence known as the Lac operator (LacO). By
installing two copies of LacO on the expression plasmid,
the Lacl-peptide fusion binds tightly to the plasmid that
encoded it. Because the plasmids in each cell contain only
a single oligonucleotide sequence and each cell expresses
only a single peptide sequence, the peptides become
specifically and stably associated with the DNA sequence
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that directed its synthesis. The cells of the library are
gently lysed and the peptide-DNA complexes are exposed
to a matrix of immobilized receptor to recover the
complexes containing active peptides. The associated
plasmid DNA is then reintroduced into cells for ampli-
fication and DNA sequencing to determine the identity
of the peptide ligands. Asademonstration of the practical
utility of the method, a large random library of dode-
capeptides was made and selected on a monoclonal
antibody raised against the opioid peptide dynorphin B.
A cohort of peptides was recovered, all related by a
consensus sequence corresponding to a six-residue portion
of dynorphin B.7

This scheme, named peptides-on-plasmids by the
designers, differs in two important ways from the phage
display methods. First, the peptides are attached to the
C-terminus of the fusion protein, resulting in the display
of the library members as peptides having free carboxy
termini. Both of the filamentous phage coat proteins, pIII
and pVIII, are anchored to the phage through their
C-termini, and the guest peptides are placed into the
outward-extending N-terminal domains. Insome designs,
the phage-displayed peptides are presented right at the
amino terminus of the fusion protein.3® A second differ-
ence is the set of biological biases affecting the population
of peptides actually present in the libraries. The Lacl
fusion molecules are confined to the cytoplasm of the host
cells. The phage coat fusions are exposed briefly to the
cytoplasm during translation but are rapidly secreted
through the inner membrane into the periplasmic com-
partment, remaining anchored in the membrane by their
C-terminal hydrophobic domains, with the N-termini,
containing the peptides, protruding into the periplasm
while awaiting assembly into phage particles. The peptides
in the Lacl and phage libraries may differ significantly as
aresult of their exposure to different proteolytic activities.
The phage coat proteins require transport across the inner
membrane and signal peptidase processing as a prelude
to incorporation into phage. Certain peptides exert a
deleterious effect on these processes and are underrep-
resented in the libraries.” These particular biases are
not a factor in the Lacl display system.

Schatz™ has used the peptides-on-plasmid system to
discover a new enzyme substrate: a completely novel and
much smaller recognition sequence for the protein-
biotinylating enzyme, BirA. Functional homologs of BirA
are found in species ranging from bacteria to tomatoes. In
E. coli, the enzyme adds biotin to the epsilon amino group
of a specific lysine in the 75 residue enzyme recognition
domain of a single protein made by the bacterium. The
recognition domain is highly conserved among prokaryotic
and eukaryotic species that possess the BirA-like activity,
and attempts to reduce the size of the domain by deletion
analysis have not been fruitful. Schatz designed a library
with a fixed lysine flanked by 10 random residues on each
side and fused tothe C-terminus of Lacl. The Lacl fusions
are expressed in the bacterial cytoplasm where the peptides
are exposed to the BirA enzyme. The Lacl-plasmid
complexes were isolated in the usual way and the library
screened for binding toimmobilized streptavidin to retain
peptides that had become biotinylated. An important
counter selection was employed to bias against the recovery
of non-biotinylated peptides that contained streptavidin-
binding motifs of the types reported by Devlin32 and Kay.5®
The counter selection was based on the assumption that
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the nonbiotinylated motifs would bind streptavidin with
much lower affinity than the peptides containing a
biotinylated lysine. After binding the plasmid library to
immobilized streptavidin, biotin was added to displace
the low-affinity streptavidin-binding peptides. Sequences
of the clones that survived this process revealed a 13-
residue consensus around the recipient lysine that served
as a substrate for the BirA enzyme.

Peptide-modifying enzymes can be used to create
additional diversityin the libraries. Toillustrate, libraries
of C-terminally amidated peptides have been constructed.
The dual activity enzyme, peptidyl amino monooxygenase
(PAM), cleaves the C-terminal glycine of peptides toleave
a carboxamide on the penultimate residue. Because the
enzyme is quite permissive in its specificity for the residues
adjacent to the glycine, most peptides should serve as
substrates for this transformation. Alibrary was designed
to contain 12 random residues followed by a single fixed
glycine, all fused to the C-terminus of Lacl. The Lacl-
peptide—plasmid complexes were isolated and treated with
PAM in vitro, providing display of a collection of random
peptides terminating with an amide rather than a free
carbozxylic acid residue.” This type of library may be a
fruitful source of new ligands for the family of G-protein
receptors that have C-terminally amidated peptides as
their natural ligands.

Peptides Displayed on Polysomes: An in Vitro
Approach to Random Library Construction. The
number of small peptides available in recombinant random
libraries is enormous. Libraries of 10"-10° independent
clones are routinely prepared. Libraries as large as 101!
recombinants have been created,’but this size approaches
the practical limit for clone libraries. This limitation in
library size occurs at the step of transforming the DNA
containing randomized segments into the host bacterial
cells. To circumvent this limitation, an in vitro system
based on the display of nascent peptides in polysome
complexes hasrecently been developed. Thisnewaddition
to the repertoire of L-amino acid display libraries has the
potential of producing libraries 3-6 orders of magnitude
larger than the currently available phage/phagemid or
plasmid libraries. The salient feature of this approach is
that the construction of the libraries, expression of the
peptides, and screening, is done in an entirely cell-free
format.

As a demonstration of this method, Mattheakis et al.?
have constructed a molecular DNA library encoding 1012
decapeptides and have expressed the library in an E. coli
S30 in vitro coupled transcription/translation system.
Conditions were chosen to stall the ribosomes on the
mRNA, causing the accumulation of a substantial propor-
tion of the RNA in polysomes and yielding complexes
containing nascent peptides still linked to their encoding
RNA. The polysomes are sufficiently robust to be affinity
purified on immobilized receptors in much the same way
as the more conventional recombinant peptide display
libraries are screened. RNA from the bound complexes
is recovered, converted to ¢cDNA, and amplified by PCR
to produce a template for the next round of synthesis and
screening. The polysome display method can be coupled
to the phage display system, as shown in this report.
Following several rounds of screening, cDNA from the
enriched pool of polysomes was cloned into a phagemid
vector. This vector serves as both a peptide expression
vector, displaying peptides fused to the coat proteins, and
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as a DNA sequencing vector for peptide identification. By
expressing the polysome-derived peptides on phage, one
can either continue the affinity selection procedure in this
format or assay the peptides on individual clones for
binding activity in a phage ELISA (vide infra), or for
binding specificity in a competition phage ELISA."8 To
identify the sequences of the active peptides one simply
sequences the DNA produced by the phagemid host.

The authors screened the polysome library for ligands
to the anti-dynorphin B antibody, 32.39. This antibody
recognizes as its epitope a six-residue portion of dynorphin
B, RQFKVYV, and has been shown to bind a large number
of peptides closely related to this sequence.” Three to
five rounds of screening yielded a family of peptides clearly
related to the known ligands and having affinities, as free
peptides, of 7-140 nM. The selection of peptides in this
affinity range indicates the polysomes may form a
monovalent association with the immobilized receptors
(see discussion below on the effect of valency in library
selection schemes). The molecular library described, 1012
DNA molecules, was expressed in an in vitro transcription/
translation reaction of 50 uL. Reactions 100-fold larger
are easily attained, and modifications to the S30 system
could also provide additional synthetic capacity. It may
therefore be possible to create and screen polysome
libraries of 10!4-1015> members. The peptide population
of the polysome libraries should be less influenced by the
biological biases discussed above, and additional building
block diversity might potentially be employed by incor-
porating tRNAs charged with unnatural amino acids into
the reaction, as pioneered by Schultz et al.”

Designing Random Libraries for Biological Display
Systems. Frequently, a drug-discovery program may be
initiated with no information about the structural re-
quirements of a small ligand for a target receptor. This
is especially true for programs in which the goal is to disrupt
protein/protein interactions. The large families of cy-
tokine and growth factor receptors are examples of targets
of this type. Historically, there have been few examples
of low molecular weight compounds that block such
interactions. For receptors where small molecule leads
are available, it may still be desirable to identify new leads
that bind to the target in a manner that is either similar
or dissimilar to that of a known ligand. A likely strategy
for finding such ligands may be searching the huge
collections of compounds available in randomly created
peptide display libraries. Inthissection the salientpoints
in the design of these libraries are discussed.

In the construction of synthetic libraries, the choice of
appropriate building blocks from among the huge number
of available monomers can potentially be problematic. This
is usually not an issue in the construction of random
biological peptide libraries, where one simply uses all of
the 20 genetically encoded amino acids. More pressing
design issues relate to the length of the peptides to be
displayed and the fixing of amino acids in certain
positions—often for the purposes of introducing structural
constraint into the peptides. Choosing a peptide length
so short that the library size greatly exceeds the number
of peptides theoretically accessible is obviously a defective
strategy. If,for example, alibrary of L-tetrapeptides were
tobe made (1.6 X 105 possible tetrapeptides, ~ 108 possible
tetracodons), there would be little point in constructing
the library to contain 108 members. Often the goal in
library design is to create the greatest number of different

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 9 1239

compounds. This requires making a library of the largest
practical size and choosing a peptide length whose
combinatorial possibilities greatly exceed the library size.
This results in a low likelihood that the same peptide will
be made by more than one clone of the library. To
illustrate, there are 2.6 X 10!° L-octapeptides; even the
more abundant peptides comprised entirely of 3-codon
amino acids are unlikely to appear more than once in a
library of 108 members; thus, this library may express
nearly 108 different peptides. Of course, peptides con-
taining many of the 12 amino acids encoded by a single
codon will be poorly represented in this library. Toinclude
most of the octapeptides, a library exceeding 1012 members
is required.

The nature of the target receptor should also be
considered when designing the library. Although some
binding sites for small ligands are known to bind peptides
oftwo or three residues, other important targets, especially
those involved in protein/protein interactions, may prefer
larger molecules asligands. Libraries containing peptides
of 8, 10, 12 or more random residues may be the most
productive for early screening of receptors of this type.

Biological display libraries may be designed to contain
randomized residues placed within the context of fixed
“scaffolds” of constraining residues. Obvious examples
include libraries of disulfide-bridged loops, made by
flanking strings of random residues with pairs of fixed
cysteines. Restrictingthe global conformations of peptides
may provide ligands of higher affinity that are more
amenable to medicinal chemical development, but this
may come at the cost of effective library size. Each member
of a peptide library exists as a family of conformational
states, and as one deliberately constrains the peptides,
the universe of molecular shapes to be sampled by the
library declines. To exploit the conformational diversity
in unconstrained libraries requires screening techniques
that, in the early rounds, can recover rather low affinity
ligands. Some of the multivalent, high-avidity systems
described above are capable of selecting ligands having
K4 values as weak as 100 uM. Early, low-affinity leads
can then be improved by using analog libraries and affinity-
sensitive screening strategies as described in later sections
of this review.

Designing Libraries of Variants Based on a Lead
Peptide. Often, one has some knowledge about the
primary structures of small peptide ligands of the target
receptor. This information may come from the structure
of the receptor, from the structure of the natural ligand,
or from early leads identified in random library screening.
This information can be used to construct libraries of
analogs (“mutants”™) based on the starting sequence (“wild
type”). Screeningthe analog libraries aids in determining
the minimum size of the active sequence and in identifying
those residues critical for binding and intolerant of
substitution. The mutant libraries may also contain
peptides of higher affinities than the starting sequence,
and these are recovered with specialized screening tech-
niques (vide infra).

Several methods are available to construct analog
libraries. Beginning with a single peptide sequence, or
with a consensus sequence representing a group of related
peptides, the encoding oligonucleotide is resynthesized,
and a controlled level of incorrect bases is introduced at
each coupling step.”®3 Both low and high levels of
mutagenesis are feasible. A typical protocol calls for a
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mixture of 70% of the correct base and 10% of each of the
other three bases (70/10/10/10 strategy) and produces
amino acid changes in about 50% of the positions. The
resulting mixture of oligonucleotides is cloned into the
display vector to create a library of 108-10° variants for
rescreening. The method is very convenient but somewhat
biased in the distribution of changes produced from the
starting sequence. For example, a Val to Ala change
requires that only one base of the codon change (GTN to
GCN), an event with 0.1 probability. By contrast, a Asp
to Trp change requires a different base in all three codon
positions (GAT/C to TGG), an event with only 0.001
likelihood. Nevertheless, because very large libraries can
be made and very rare events detected, this approach is
highly productive in defining the critical residues involved
in binding.

A less biased, but technically more difficult alternative
is the codon-by-codon mutagenesis strategy. The pool of
synthesis resin is apportioned between two (or more)
reactions, one dedicated to making the wild-type codons,
and the other(s) to making random codons (or other specific
amino acid codons). The ratio of wild-type to mutant
codon is determined by the proportion of the resin placed
in each reaction. At each codon boundary, the resin is
pooled, mixed, and reapportioned to the reaction cham-
bers.

Both of these methods cause mutations to be distributed
throughout the starting peptide at a controllable frequency.
A different approach fixes certain residues and randomizes
the others. One might make a mutant library based on
an octapeptide lead by fixing the first four residues as
those in the starting sequence and randomizing positions
5-8. A complementary library fixing positions 5-8 and
randomizing the first four residues would also be made.
From screening these libraries, much can be learned about
the preferences of the receptor for each position in the
ligand sequence. Of course one could make all 70 libraries
of 8 residues taken 4 ways (n!/[x!(n — x)!1), but enough
information is usually obtained with a very few such
libraries. A variation on this theme may be employed
when, in early screening, an extraordinary conservation
of particular amino acids at certain positions is observed.
A sublibraryis made to fix (or lightly mutate) these residues
and randomize the remaining positions.

Finally, short, random regions can be added to the
starting sequence. Although, in general, reducing the size
of the initial lead is desirable, peptides of higher affinity
may be obtained from libraries constructed to contain short
random regions flanking the starting sequence. Selection
of the higher affinity members of mutagenesis libraries
requires the application of screening conditions sensitive
tointrinsic affinity differences among the library members,
as discussed in Part 2 of this Perspective (scheduled to
appear inJ. Med. Chem. 1994, 37 (10)). The construction
and screening of mutagenesis libraries serves to compile
structure—activity relationships around analogs of a start-
ing compound. As such, the process is smoothly coupled
to the parallel synthetic library techniques described in
the next section, extending the array of building block
monomers utilized in the analog constructions.

C. Synthetic Chemical Approaches to Generating
Peptide Diversity

During the last two decades peptide chemistry has been
steadily attaining ever greater prominence in pharma-

Perspective

ceutical research, fueled, in part, by the discovery of many
biologically active peptide hormones and an increased
understanding of the roles that these molecules play in
regulating a multitude of human physiological responses.
Consequently many low molecular weight bioactive pep-
tides have become the focus of medicinal chemistry
research efforts to develop hormone receptor agonists or
antagonists.! In addition, peptidic structures commonly
are found in molecules designed to inhibit enzymes that
catalyze proteolysis, phosphorylation, and other post-
translation protein modifications that may play central
roles in the pathologies of various disease states.!

The desire to develop and explore structure-activity
relationships around peptide lead compounds has placed
tremendous demands on the productivity of peptide
chemistry. Over the last 10 years a variety of methodolo-
gies have been developed that permit simultaneous
synthesis of multiple peptides, and this area has recently
been thoroughly reviewed.?2 Because many of the tech-
nologies underlying the construction of diverse synthetic
peptide libraries are rooted in multiple peptide synthesis
(MPS) strategies, a brief overview of the principal MPS
methods and their applications is provided below.

Multiple Peptide Synthesis. The various approaches
to simultaneous preparation and analysis of large numbers
of synthetic peptides each rely on the fundamental concept
of synthesis on a solid support introduced by Merrifield
in1963.8% Generally, these techniques are not dependent
on the protecting group or activation chemistry employed,
although most workers today avoid Merrifield’s original
‘Boc/Bzl strategy in favor of the more mild Fmoc/tBu
chemistry and efficient hydroxybenzotriazole-based cou-
pling agents. Many types of solid matrices have been
successfully used in MPS, and yields of individual peptides
synthesized vary widely with the technique adopted (e.g.,
nanomoles to millimoles). Interestingly, the early archi-
tects of these methodologies were molecular immunolo-
gists, primarily concerned with determining the immu-
nodominant B-cell epitopes of viral proteins and in
deducing the fine specificity of peptide recognition by
monoclonal antibodies.

(A) Multipin Synthesis. Geysen and co-workers®
introduced a method for generating 96 peptide sequences
by a parallel synthesis on polyacrylic acid-grafted poly-
ethylene pins arrayed in the microtitre plate format. In
the original experiments ~50 nmol of (ideally) a single
peptide sequence was covalently linked to the spherical
head of each pin, and interactions of each peptide with
monoclonal antibodies or polyclonal sera could be deter-
mined in a direct binding assay by ELISA. The Geysen
group claims to be able to synthesize and screen thousands
of peptides per week using the multipin method, and the
tethered peptides may be reused in many assays. In
subsequent work the level of peptide loading on individual
pins was increased to as much as 2 umol/pin by grafting
greater amounts of functionalized acrylate derivatives to
detachable pin heads.85 Appropriate linker moieties have
also been appended to the pins so that the peptides may
be cleaved from the supports after synthesis for assessment
of purity and evaluation in competition binding or
functional bioassays.86-88

The most significant applications of the multipin
technology have been in the area of anti-protein antibody
epitope analysis?®%®, Continuous epitopes are readily
mapped by synthesizing on pins a complete set of
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overlapping peptides derived from the antigen’s primary
structure and measuring the reactivity of the antibody or
antiserum by ELISA (Pepscan technique®?). Forexample,
a protein antigen of 200 amino acids may be scanned by
evaluating antibody interactions with 193 overlapping
octapeptide fragments. Upon its identification, the fine
specificity of an antibody epitope can be further deduced
by “replacement set analysis” in which the effect on
antibody recognition of substituting each of the amino
acids within the epitope by other amino acids is observed.
Those residues which poorly tolerate substitution are
implicated as being directly involved in antigen—antibody
interaction. Antibody binding sites on a wide range of
viral proteins have been elucidated by the Pepscan
method.828491-93 More recent applications of the multipin
method of MPS have taken advantage of the cleavable
linker strategy to prepare soluble peptides for T-cell
proliferation studies.?% An investigation of the binding
activity of 512 stereoisomers of the tachykinin peptide,
substance P, generated by synthesizing all possible D-amino
acid replacements at 9 of the 11 positions in this neu-
ropeptide was recently reported.?’.% Radioligand binding
experimentsindicated that while substitutions toward the
C-terminus of the peptide generally abrogated NK1
receptor binding, substitutions in the N-terminal region
were often well tolerated. In structure-activity relation-
ship studies of a hexapeptide endothelin receptor an-
tagonist conducted by Spellmeyer et al., multipin synthesis
was used in the systematic substitution of 50 different
amino acids at each position in the lead peptide.?9:100
Competition binding assays run with crude peptides
cleaved from the pins provided an initial screen from which
a number of more potent analogs were identified.

(B) Tea-Bag Method. Intheso-called “tea-bag” MPS
method first developed by Houghten, peptide synthesis
occurs on resin that is sealed inside porous polypropylene
bags.191 Amino acids are coupled to the resins by placing
the bags insolutions of the appropriate individual activated
monomers, while all common steps such as resin washing
and a-amino group deprotection are performed simulta-
neouslyin one reaction vessel. At the end of the synthesis,
each bag contains a single peptide sequence, and the
peptides may be liberated from the resins using a multiple
cleavage apparatus.1®2 This technique offers advantages
of considerable synthetic flexibility and has been partially
automated to permit the simultaneous synthesis of up to
150 different peptides.193 Moreover, soluble peptides of
greater than 15 amino acids in length can be produced in
sufficient quantities (ca. 500 umol) for purification and
complete characterization if desired.

Multiple peptide synthesis using the tea-bag approach
has been applied to a range of molecular recognition
problems including antibody epitope analysis,1%! peptide
hormone structure—function studies, 9419 and protein
conformational mapping.!% For example, using a com-
bination of alanine and D-amino acid scanning, the
C-terminal tetrapeptide fragment of the 36-amino acid
peptide hormone, neuropeptide Y, has been shown to be
essential forreceptor recognition. Neuropeptide Y analogs
that link regions of the amino and carboxy termini of the
parent peptide via a spacer residue were shown to behave
as receptor agonists, mimicking a discontinuous pharma-
cophore of the hormone.1%4105 Families of synthetic
peptides modeled around the Arg-Gly-Asp and v chain
fragments of fibrinogen have been prepared using the tea-
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bag method to define antagonists of the platelet integrin
receptor gplIIb/IIIa.107

(C) Multiple Peptide Synthesis through Coupling
of Amino Acid Mixtures. Simultaneous coupling of
mixtures of activated amino acids to a single resin support
has been used as a multiple peptide synthesis strategy on
several occasions.9108-111 For example, four to seven
analogs of the magainin 2 and angiotensinogen peptides
were successfully synthesized and resolved in one HPLC
purification after coupling a mixture of amino acids at a
single position in each sequence.l® This approach has
also been used by two groups to prepare degenerate peptide
mixtures for defining the substrate specificity of endopro-
teolytic enzymes.11%111 In these experiments a series of
amino acids was substituted at a single P’ position within
the substrate sequence. After proteolysis, Edman deg-
radation was used to quantitate the yield of each amino
acid component in the hydrolysis product and hence to
evaluate the relative k.qot/ K values for each substrate in
the mixture.

The operational simplicity of synthesizing many pep-
tides by coupling monomer mixtures is offset by the
difficulty in controlling the composition of the products.
The product distribution reflects the individual rate
constants for the competing coupling reactions, with
activated derivatives of sterically hindered residues such
ag valine or isoleucine adding at a significantly slower rate
than glycine or alanine for example. The nature of the
resin-bound component of the acylation reaction also
influences the addition rate, and the relative rate constants
forthe formation of 400 dipeptides from the 20 genetically
coded amino acids have been determined by Rutter and
Santi.l® These reaction rates can be used to guide the
selection of appropriate relative concentrations of amino
acids in the mixture to favor more closely equimolar
coupling yields.

(D) Multiple Peptide Synthesis on Nontraditional
Solid Supports. The search for innovative methods of
multiple peptide synthesis has led to the investigation of
alternative polymeric supports to the polystyrene-divi-
nylbenzene matrix originally popularized by Merrifield.
Cellulose, either in the form of paper disks!12-115 or cotton
fragments!16117 has been successfully functionalized for
peptide synthesis. Typicalloadingsattained with cellulose
paper range from 1 to 3 umol/cm?, and HPLC analysis of
material cleaved from these supportsindicates a reasonable
quality for the synthesized peptides. Alternatively, pep-
tides may be synthesized on cellulose sheets via non-
cleavable linkers and then used in ELISA-based receptor
binding studies.!!® The porous, polar nature of this support
may help suppress unwanted nonspecific protein binding
effects. By controlling the volume of activated amino acids
and other reagents spotted on the paper, the number of
peptides synthesized at discreet locations on the support
can be readily varied. In one convenient configuration
spots are made in an 8 X 12 microtiter plate format. Frank
has used this technique to map the dominant epitopes of
an antiserum raised against a human cytomegalovirus
protein, following the overlapping peptide screening
(Pepscan) strategy of Geysen.l'® QOther membrane-like
supports that have been investigated for multiple solid-
phase synthesis include polystyrene-grafted polyethylene
films.119

Automated Multiple Peptide Synthesis Methods.
There has been considerable effort devoted to constructing
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automated multiple peptide synthesizers, and several
designs have now been successfully commercialized. The
groups of Schnorrenberg!?® and Gausepohl'?! have em-
ployed pipetting robots to deliver solvents, activated amino
acids and other reagents to peptide resins contained within
an array of 96 and 48 reaction vessels, respectively.
Individual peptides may be synthesized on a scale of 10~
50 umol using these instruments. Zuckermann et a/. have
designed a related robotic delivery system that can
simultaneously prepare 36 peptides (at up to 125 umol per
peptide) when operated in multiple synthesis mode.!?2 This
workstation has the additional capability of mixing and
redistributing resin from multiple reaction vessels which
significantly facilitates the assembly of combinatorial
peptide libraries (vide infra). Although the operation of
these instruments differs in details such as resin agitation
and washing, similar synthesis chemistries can be utilized
with each, and the purities and yields of the resulting
peptides obtained are typically respectable.

Synthesizers based on the continuous flow principle!2?
have also been successfully used to prepare milligram
quantities of multiple peptides.!13124125 Novel, porous
polymer supports including cellulose and poly(dimethy-
lacrylamide) have typically been used in these column
reactor formats. Other innovations in multiple synthesis
relate to strategies for automating the deprotection and
cleavage of many peptides in parallel.126:127 Anintegrated
multichannel synthesizer and cleavage device has recently
been described by Neimark and Briand.'?’

Combinatorial Synthetic Peptide Libraries. The
generation of molecular diversity using strategies that
covalently connect together members of a set of chemical
building blocks in all possible combinations represents a
revolution in multiple synthesis. Parallel development of
avariety of new high-throughput screening methodologies
has made evaluation of these combinatorial libraries in
biological assays both practical and efficient. The various
technologies that have emerged for generating and screen-
ing peptide libraries may be fundamentally distinguished
by the format in which the diversity is presented (tethered
vssoluble libraries; physically segregated ligands vs mixed
pools). This in turn dictates the type of biological assay
methods that may be utilized, influences the strategy
followed in ligand structure elucidation, and ultimately
determines the size of libraries that may be practically
screened. The common hallmark of these combinatorial
techniques is that within each chemical coupling step,
multiple compounds are generated simultaneously such
that each synthesis cycle results in an exponential increase
in library size.

Two distinct mechanisms for elaborating molecular
diversity may be defined. Inthe first, mixtures of activated
monomers are coupled to one (or more) solid supports at
each cycle of the synthesis.?0:109.128,123 Ag previously noted,
the product distribution here is influenced by the relative
kinetics of the competing reactions, making it difficult, in
general, to ensure an equimolar representation of each
component in the library. Ligand equimolarity is an
important criterion if one wishes to make even semiquan-
titative determinations of the affinities of receptor—ligand
interactions by equilibrium measurements with compound
mixtures. The second mechanism circumvents the prob-
lem of competing coupling reactions by physically seg-
regating the support into multiple aliquots or spatially
discreet fractions to which addition of a single monomer
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Figure 2. Preparation of a combinatorial library by the split
synthesis method.

can occur. The earliest description of this approach was
the “portioning-mixing” method of peptide synthesis of
Furka and co-workers,13-132 and termed the “split syn-
thesis™133 or “divide, couple, and recombine” process!3 by
other workers. This simple procedure involves dividing
the resin support into n equal fractions, coupling a single
monomer to each aliquot in a separate reaction, and then
thoroughly mixing all the resin particles together. Re-
peating this protocol for a total of x cycles can produce a
stochastic collection of up to n* different peptides, as
governed by the Poisson distribution. A schematic il-
lustration of a split synthesis using three building blocks
A, B, and C togenerate all 27 possible trimer combinations
is shown in Figure 2.

Combinatorial Libraries Using Multipin Synthesis.
The problem of finding peptide ligands that bind to
monoclonal antibodies which recognize discontinuous
epitopes within a protein antigen was first approached by
Geysen using a combinatorial synthesis procedure referred
to as the “mimotope strategy”.8%% Peptide mixtures are
synthesized on pins in the format *-*-*-1D;-Dy-*-*-* where
the positions D; and D; are occupied by single defined
amino acids and the * positions represent randomly
incorporated residues resulting from coupling mixtures of
activated amino acids. Using the 20 common L-amino
acid monomers, a total of 400 such mixtures may be
synthesized, each ideally containing 208 = 6.4 X 107
different sequences. The peptide mixture on each pin is
screened for antibody binding by ELISA to identify an
optimum dipeptide sequence X-Y. This sequence then
provides the basis for a further round of synthesis in the
format *-*-D-X-Y-*-*-* where the number of degenerate
positions is reduced by one, allowing resolution of a third
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Figure 3. Concept of light-directed spatially addressable parallel chemical synthesis. A substrate S bears amino groups that are
blocked with a photolabile protecting group X. Illumination of specific regions through a lithographic mask M, leads to photodeprotection.
Amino groups in the exposed sector of the substrate are now accessible for coupling (for example by the Merrifield solid-phase peptide
synthesis method). The first chemical building block A containing a photolabile protecting group X is then attached. A different
mask M; is used to photoactivate a different region of the substrate. A second labeled group X-B is added and condensed to the newly
exposed amino groups. Additional cycles of photodeprotection and coupling are carried out to obtain the desired set of products.

residue in the sequence. This cycle of synthesis and
screening is reiterated until the entire sequence is opti-
mized, and the resulting peptide is termed a “mimotope”
(for epitope mimetic) for the antibody.

Geysen has recently reviewed use of the mimotope
strategy for the identification and optimization of ligands
for antibodies and other receptors.'®> A preferred ap-
proach is to screen hexapeptides that incorporate both L-
and D-amino acids (39 = 3.52 X 10° hexamers from the
common monomers), though non-« or other nonnatural
amino acids can certainly be used in these syntheses.

Combinatorial Libraries by Light-Directed, Spa-
tially Addressable Parallel Chemical Synthesis. A
scheme of combinatorial synthesis in which the identity
of a compound is given by its location on a synthesis
substrate is termed a spatially addressable synthesis. Here,
the combinatorial process is carried out by controlling the
addition of a chemical reagent to specific locations on a
solid support.*136-138 The technique combines two well-
developed technologies: solid-phase peptide synthesis
chemistry and photolithography. The high coupling yields
of Merrifield chemistry allow efficient peptide synthesis,
and the spatial resolution of photolithography affords
miniaturization. The merging of these two technologies
is done through the use of photolabile amino protecting
groups in the Merrifield synthetic procedure,

The key points of this technology are illustrated in Figure
3. A synthesis substrate is prepared for amino acid
coupling through the covalent attachment of photolabile
nitroveratryloxycarbonyl (NVOC) protected amino link-
ers. Light is used to selectively activate a specified region
of the synthesis support for coupling. Removal of the
photolabile protecting groups by light (deprotection)
results in activation of selected areas. After activation,
the first of a set of amino acids, each bearing a photolabile
protecting group on the amino terminus, is exposed to the
entiresurface. Aminoacid coupling only occurs in regions

that were addressed by light in the preceding step. The
solution of amino acid is removed, and the substrate is
again illuminated through a second mask, activating a
different region for reaction with a second protected
building block. The pattern of masks and the sequence
of reactants define the products and their locations. Since
this process utilizes photolithographic techniques, the
number of compounds that can be synthesized is limited
only by the number of synthesis sites that can be addressed
with appropriate resolution. The position of each com-
pound is precisely known; hence, its interactions with other
molecules can be directly assessed. The assay molecule
can be labeled with a fluorescent reporter group to facilitate
the identification of specific interactions with individual
members of the matrix. This technology requires only
micropreparation and consumption of chemical reagents
as well as micropreparation and consumption of biological
targets.

The light-directed synthesis of an array of two peptides
YGGFL and PGGFL was performed. Following synthesis,
the pentapeptide array was probed with a mouse mono-
clonal directed against $-endorphin (mAb 3ET7). This
antibody requires an amino-terminal tyrosine residue for
high affinity recognition. A second incubation with
fluorescein-labeled goat-anti-mouse IgG was used to label
the regions containing bound 3E7. The array was then
scanned in an epifluorescence microscope. The result of
thescanisshowninFigure4. A high-contrastfluorescence
checkerboard image shows that YGGFL and PGGFL were
synthesized in alternating 50-um squares, that the YGGFL
synthesized on the surface is accessible for binding to the
antibody 3E7, and that the antibody does not recognize
PGGFL. The contrast between synthesissitesis very high
at 50-um resolution. This spatial resolution provides
40 000 discrete synthesis sites in a 1-cm X 1-cm square.

In a light-directed chemical synthesis, the products
depend on the pattern of illumination and on the order
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Figure 4. Detection of binding events with laser confocal fluorescence microscopy. After synthesis, the array of compounds is
mounted on a thermostatically regulated flow cell and then interrogated with fluorescently-labeled target molecules. Binding events
are detected by their fluorescence emissions, which are scored with a photomultiplier tube as described in the text.

of addition of reactants. By varying the lithographic
patterns, many different sets of compounds can be
synthesized in the same number of steps; this leads to the
generation of many different masking strategies. As an
example, an eight-step synthesis is shown in Figure 5. The
reactants are the ordered set {A, B,C, D, E, F, G, H}. In
the first cycle, illumination through photolithographic
mask M; activates the left one-quarter of the synthesis
area. Building block A is added and reacts only at the
previously illuminated region. Illumination through M,
activates the second one-quarter of the substrate, followed
by addition of building block B. This process is continued
through the first four cycles and results in the pattern of
compounds shown in the first half of Figure 5a. M;then
illuminates across the patterns generated in the first four
cycles. This one illumination through M5 now generates
fourdistinct dimers. The process is continued to generate
the set of 16 compounds shown in the Figure 5. The final
product set is {AE, AF, AG, AH, BE, BF, BG, BH, CE, CF,
CG, CH, DE, DF, DG, DH}.

This strategy can be applied to a large set of building
blocks. For example, the complete set of 400 dipeptides
can be formed from the set of 20 L- or D-amino acids.
Analogous to Figure 5a, the synthesis may be performed
via two rounds of 20 coupling cycles per round. In cycle
1 of the first round, M; activates 1/20th of the substrate
for coupling with the first of 20 amino acids. An additional
19 translations and illuminations followed by 20 coupling
cycles are required to complete round 1. The substrate
now consists of 20 rectangular stripes each bearing a
distinct member of the 20 amino acid “building blocks”.
The masks of round 2 are perpendicular to round 1 masks,
and therefore, a single illumination—coupling cycle in round
2 yields 20 dipeptides. The other 19 cycles in round 2
complete the synthesis of 400 dipeptides.

A general formalism describes the combinatorial syn-
thesis for any spatially addressahle chemical synthesis.
The process is coveniently expressed in matrix notation!#®

A. Orthogonal Stripes

'AE BE CE DE
AF BF CF DF|
~ AGBGCGDG
AH BH CH DH
_ATC D - 4% .16 \'clll‘-p.'.\u':d<: .

B chemical steps

I GO mm

B. Binary Synthesis
A B C D

Mask; Mask, Mask 4
Compounds A A, L AB. B A, 2, AB B
orepared AC, C. ABC, BC

2'=16 ds
4 chemical steps

Figure 5. Synthesis strategies. (a) Orthogonal stripe method.
Using a strategy similar to the split-resin method, a layer of
monomers is formed by photolyzing stripes for each building
block. Dimers are formed by photolyzing stripes orthogonal to
the first set, preparing n? compounds in 2n chemical steps. (b)
Binary synthesis. Half of the synthesis surface is photolyzed
during each coupling step, with subsequent photochemical steps
overlapping one-half of the previous synthesis space. With this
strategy, 2" compounds are made in n chemical steps.

and is based on the notion that at any given synthesis site
the decision as to whether or not to add a monomer of the
building block set is a binary process. If a particular
position is to receive a new monomer group, it is addressed
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by a 1 (light on condition), if not, it receives a 0. For
example, to form ACD from the ordered set {A, B, C, D},
the light switch consists of a vector (switch vector) [1,0,1,1].
Each product element is, therefore, given by the dot
product of two vectors, a chemical reactant vector and a
binary vector ([A,B,C,D]-[1,0,1,1] = ACD in the previous
example). This formalism is very powerful in defining a
complex chemical synthesis. For example, consider a four-
step synthesis with the ordered set of reactants {A, B, C,
D}. Any switch vector consists of four bits for the four
chemicalreactants. There are 16 four-bit vectors [0,0,0,0]
to [1,1,1,1]; hence, a maximum of 16 different products
can be made from the ordered set of four reagents (one of
the four compounds is the null or zero compound). For
the example shown in Figure 5a, there was an ordered set
of eight chemical reactants, and 16 compounds were
formed. A more efficient synthesis strategy would create
all 28 (256) possible compounds. Thus, a “binary masking
strategy” where the maximum number of compounds are
generated in the fewest number of steps when using pure
monomers in each step (Figure 5b) was developed. For
nnumber of steps, 2" number of compounds are generated.
Since one of these compounds is the linker where no
polymer has been assembled, 2" - 1 polymers are made in
this strategy. A 16-step binary synthesis, for example,
would result in 216 (65 536) regions for screening, of which
65 535 would represent peptides or oligonucleotides. This
strategy also creates a distribution of chain lengths, ranging
from 1 to n, with the maximum number of polymers being
n/2 in length. The binary strategy generates all possible
permutations of the building blocks while preserving their
order of introduction. Hence all deletion sequences
possible in the starting sequence are obtained, as well as
all possible truncation sequences. This type of strategy
has proven useful in epitope mapping experiments with
an anti-dynorphin B antibody, D32.39. A binary strategy
was employed to generate all permutations about the
C-terminusregion of dynorphin B, from which RQFKVVT
was identified as the minimal binding subunit.13%-14

There are circumstances where biopolymers in the array
should be the same length, and other masking strategies
have been developed to accomodate these applications. It
may alsobe desirable to generate sets of biopolymers where
all members of a certain class are represented in one array
and to rank order the relative affinity of each member of
the set. A common strategy in ligand optimization is the
substitution of a set of novel monomers (e.g., 20 L-amino
acids or D-amino acids) for each monomer in a lead
compound. This can be accomplished with relatively few
steps in a combinatorial synthesis. The number of steps
required tosubstitute x monomersintoa polymer of length
n is given by 2(n - 1) + x. For example, substitution of
20 novel amino acids into each position of an octapeptide
represents 160 peptides (8 X 20), which would require up
to 1280 individual steps (160 X 8) if carried out conven-
tionally; combinatorial strategies can create an array of
these 160 peptides in 34 reactions.

The maximum number of compounds that can be made
in the array is governed largely by the lithographic
performance of thesystem. Practicallimitationsonspatial
resolution, or the desire for a specific class of compounds,
may require one to select a particular subset of the possible
compounds for a given synthesis. Among other things,
the masking resolution is dependent on the wavelength of
the light employed and the distance between the mask
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and the substrate. It has been possible to generate arrays
of up to 65 536 compounds in an area slightly greater than
1cm?2 Furtherimprovements in resolution will allow even
higher density arrays to be generated.

Combinatorial Libraries of Soluble Peptides. The
“gplit synthesis” algorithim isreadily adapted to generating
equimolar mixtures of soluble peptides that may be
screened in a variety of competition binding or functional
bioassays. This approach has been most extensively
investigated by Houghten et al., and bioactive peptides
have been identified from libraries containing more than
50 million different sequences.134142-146 Thege hexamer
libraries consist of sets of sublibraries that are conveniently
prepared by the tea-bag technique in one of two formats:
(i) the dual-fixed position series D;-Dy-*-*-*.* in which a
mixture of amino acids is randomly incorporated at four
positions of the peptide while two residues (D;) are
explicitly defined, and (ii) the positional scanning series
Dy-#-kokkok Dok kok ok kR Do kd ok kK k], kk Kk
*%.Ds-*, and *-*-*.*.*.D¢ where single positions are
defined throughout the sequence. For libraries con-
structed from 20 amino acids, 400 distinct dual position
sublibraries and 120 positional scanning sublibraries must
be synthesized. Active peptides are identified from dual-
position libraries by an iterative process of screening and
sublibrary resynthesis in a manner that is completely
analogous to the mimotope resolution strategy. Thus at
each stage of the screening, an additional residue is defined
explicitly by evaluating 20 sublibraries in the assay. By
contrast, the positional scanning strategy is used to define
the most preferred residue or residues at each position of
the sequence. All possible combinations of amino acids
with activity exceeding some threshold level are then
prepared and tested to identify explicit sequences with
potent activities.143.144

Using competition ELISA experiments tomap the linear
epitopes recognized by two different monoclonal antibod-
ies, both screening strategies converged to equivalent
peptide sequences.134142.143 Qimilarly, either dual fixed
residue or positional scanning screening of these hexapep-
tide libraries rediscovered the methionine and leucine
enkephalin peptide families as competitive inhibitors of
the binding of the u-opioid-specific ligand [FHIDAMGO
to crude rat brain homogenates.144145 As the presence of
a positively charged N-terminal amino group is generally
regarded as a critical determinant for high-affinity peptide
binding at the opioid receptors, the recent finding that
potent ligands can identified from an N-terminally acety-
lated hexapeptide library is of particular interest.1*¢ The
peptides Ac-RFMWMT-NH;, AccRFMWMK-NH,, and
Ac-RFMWMR-NH,; have low nanomolar affinities for the
-, 6-,and k3- receptors and behave as potent y-antagonists
in the guinea pig ileum assay. Removal of the N-terminal
acetyl group from these peptides results in a 500-1000-
fold decrease in affinity for u-receptor, and the compounds
have been termed “acetalins” to reflect the critical
contribution of the N-terminus to the opioid binding
characteristics.¥¢ Another noteworthy application of these
soluble hexamer libraries includes the discovery of novel
antimicrobial peptides with activities against both Gram-
positive and Gram-negative bacteria by iterative microdi-
lution assays.134142

Inhibitors of the human immunodeficiency virus (HIV)
protease have been identified by screening sets of equimo-
lar peptide mixtures, together containing more than
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240 000soluble tetrapeptides.}4” Thelibraryincorporated
the aspartyl protease transition-state mimetic statine at
one position of the tetramer sequence, along with 22 other
amino acid monomers. The preferred residue at each
position in the sequence was identified through the
standard iterative cycle of assay and library resynthesis
and yielded the peptide Ac-Phe-Ile-Sta-D-Leu-NHj; (ICs
value of 1.4 uM) as the most potent protease inhibitor.
This compound provided the basis for further substitu-
tional analysis and was elaborated to a pentapeptide analog
with an ICso value of 5nM. Antibody epitopes have been
mapped by another iterative assay strategy using com-
petition ELISA in a way that attempts to minimize the
total number of sublibraries that need be synthesized and
screened.12?

Zuckermann and co-workers have employed an auto-
mated robotic synthesizer to prepare equimolar peptide
mixtures according to the split synthesis method.14® A
library of 361 different compounds formed by randomly
incorporating 19 amino acids at each of two positions within
a decapeptide known to bind an anti-gp120 monoclonal
antibody was screened with this antibody in a two-step
procedure. After establishing an amino acid preference
at one of the degenerate positions by competition ELISA
measurements, the optimal substitution at the other
residue was identified by affinity purifying a 19-component
peptide mixture on the antibody using gel-filtration
chromatography. The affinity-selected peptides were
identified by mass spectrometry and amino acid analysis,
and the relative amounts of each component recovered in
the purification correlated with the peptides’ receptor-
binding affinities. This strategy has also been applied to
the analysis of a 512-component hexamer library incor-
porating a limited set of nonnatural amino acid substitu-
tions.14

Peptide Libraries Tethered to Solid Supports.
When the split synthesis method of library construction
is performed with beaded resin equipped with a non-
cleavable linker moiety, the resulting libraries consist of
collections of particles, each bearing (ideally) a single
peptide sequence. These libraries can be screened for
interaction with soluble receptors bearing some reporter
group, and individual beads that bind the target protein
subjected to Edman microsequence analysis to determine
thesequence of the corresponding peptide ligands.133,150.151
Lam et al. have used this method to prepare a library of
~2.5 X 108 pentapeptides from 19 L-amino acids. Inone
assay the library was screened for binding to an anti-3-
endorphin mAb 3E7 that was conjugated to alkaline
phosphatase, and beads that were stained by ELISA were
selected with a micromanipulator and sequenced.133150The
majority of the deduced sequences were clearly enkephalin-
related, and as soluble peptides, several had affinities for
the mAb within the range of 15 nM to 10 uM. That lower
affinity (K; > 10 uM) enkephalin analogs could also be
identified in this screen was attributed to the presence of
a high density of ligands on the bead surface simulating
a high concentration of the ligand in solution.!®® Although
this explanation is probably partially accurate, it is likely
that the bivalency of the antibody used in this assay
permits the formation of high avidity, multivalent inter-
actions between the receptor and tethered ligands with
low intrinsic affinity for the mAb. This method of library
synthesis and ligand identification has been subsequently
adapted for screening soluble peptide mixtures. Incor-
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porating multicleavable linker groups into the beads
permits the release of equimolar quantities of ligand at
independent steps, such that after the screening sufficient
peptide is retained on each bead for Edman sequence
analysis.152

The nature of the bead material used in the construction
and screening of support-tethered libraries has an im-
portant impact on the utility of this display format in
ligand discovery. The beads must be resistant to all the
organicsolvents and reagents used in ligand synthesis and
yet be well-behaved in the aqueous media where protein
receptor binding studies are conducted. In particular, the
polymer support should have low nonspecific protein
binding characteristics to maximize the opportunity of
detecting specific receptor interactions with the im-
mobilized ligands. Some workers have preferred to use
receptors that are directly radiolabeled in their binding
studies with bead libraries to minimize the background
signals associated with enzyme-linked immunoassays.15!
The choice of the linker or spacer moiety on the bead from
which the compounds are synthesized can also influence
the accessibility of the ligands to macromolecular receptors
insolution. Poly(dimethylacrylamide) resins derivatized
with ethylenediamine, aminocaproic acid and $-alanine
spacers have been successfully used in several studies.133.150
Recently, a polyethylene-grafted cross-linked polystyrene
resin termed TentaGel has been made commercially
available by Rapp Polymere (Tubingen, Germany) for use
as a carrier in tethered peptide library construction. The
hydrophilic poly(oxyethylene) spacer moiety is equally
well solvated in organic and aqueous solvents, and the
relatively monodisperse bead material is available in a
variety of diameters and with several different reactive
functional groups (e.g., NH;, OH, SH, Br, CO;H). The
90-um-diameter NH; beads for peptide synthesis give rise
to ca. 2.9 X 108 beads/g of resin with a loading of 80-100
pmol per bead. Since the detection limit in conventional
phenylthiohydantoin (PTH)-based Edman peptide mi-
crosequence analysis is ca. 1-5 pmol, each bead provides
adequate material for direct ligand analysis after selection
from a binding assay.

Encoded Combinatorial Synthesis. An important
goal in screening diverse libraries of molecules produced
through combinatorial synthesis is, of course, the iden-
tification of novel structures that interact with receptor
targets of biological interest. For any given target protein,
the probability of successfully identifying potent ligands
through a process of randomly screening molecular
repertoires in affinity-sensitive assays will undoubtedly
increase as the size and structural diversity of the library
is also increased. The generation and screening of very
large combinatoriallibraries assembled from an expanded
set of molecular building blocks provides substantial
challenges to the diversity technologies previously outlined
in this section.

For example, toscreen an immobilized synthetic peptide
library containing 109 members constructed from the bead
support described above would require treating kilograms
of resin with liters of soluble receptor, clearly animpractical
undertaking. A decrease in the bead diameter might
permit a library of this diversity to occupy a manageable
volume, but the quantity of peptide associated with any
selected particle would quickly fall below the threshold
required for microsequence analysis. The ability to
dramatically expand the amino acid monomer set to
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include D-amino acids and nonnatural amino acids is also
limited by the necessity of resolving chromatographically
the PT'H-derivatives of every building block used in the
library. Moreover,directligand microsequencing remains
an analysis option for peptides (Edman degradation) and
oligonucleotides (Sanger dideoxy sequencing) only.

The iterative strategy of assaying compound mixtures
and then synthesizing and retesting sublibraries avoids
the problems associated with direct ligand structural
analysis. However, this process can be very laborious,
particularly with large libraries, since unique structural
deconvolutions that lead to potent ligands are likely to be
very rare. Furthermore, the complexity of nontethered
libraries is limited in practice by the solubility of the
mixtures, since the concentrations of individual compo-
nents in the pools eventually become too small to exert
any independent measurable effect on receptor binding
or function.

In attempting to address some of these limitations, it
was recognized that the products of a combinatorial
synthesis on resin beads could be explicitly specified if it
were possible to attach an identifier tag to the beads
coincident with each monomer coupling step in the
synthesis.!® Each tag would then convey which monomer
was coupled in a particular step of the synthesis, and the
overall structure of a ligand on any bead could be deduced
byreading theset of tags on that bead. Anencoded version
of the combinatorial synthesis previously outlined in Figure
2 is illustrated schematically in Figure 6.

Ideally, such tags should have a high information
content, be amenable to very high sensitivity detection
and decoding, and must be stable to reagents used in the
ligand synthesis. A method using single-stranded oligo-
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nucleotides to encode combinatorial peptide syntheses on
10-um-diameter polystyrene beads has recently been
developed.!%* Peptides and nucleotides are assembled in
parallel, alternating syntheses so that each bead bears
many copies of both a single peptide sequence and a unique
oligonucleotide identifier tag. The average stoichiometry
of peptide to oligonucleotide per particle is readily
controlled by varying the ratio of differentially function-
alized linker residues coupled to the beads and can be
heavily weighted in favor of the peptide molecules. Each
amino acid monomer used in the synthesis is assigned a
distinct contiguous nucleotide sequence or “codon” and
hence the structure of the peptide assembled on any bead
is reflected in the oligonucleotide sequence of the cor-
responding tag. The oligonucleotides share common 5'-
and 3’-PCR priming sites and thus the beads can serve as
templates for the PCR.

An oligonucleotide-encoded synthetic library of ap-
proximately 8.2 X 10° heptapeptides was screened for
binding to an anti-peptide monoclonal antibody using a
fluorescence activated cell sorting (FACS) instrument to
select individual beads that strongly bind the antibody.!5¢
After PCR amplification of the oligonucleotide tags on
sorted beads, the DNA was sequenced to determine the
identity of the peptide ligands. This experiment clearly
defined a consensus peptide sequence recognized by the
mADb, and the affinities of peptides identified in this assay
for the antibody ranged from 0.3 nM to 1.4 uM.

The concept of an oligonucleotide-encoded chemical
synthesis has also been proposed independently by Bren-
ner and Lerner.15%15%6 They envisaged screening a library
of soluble ligand-oligonucleotide hybrid molecules for
receptor binding and proposed that the nucleotide tag
could serve both as a coding device and as a handle for
selectively enriching active ligands from the pool. More
recently this group has disclosed the design of an
orthogonally-protected polyfunctional linker group that
can be used for the parallel, alternating solid-phase
synthesis of peptides and oligonucleotides. They report
that soluble peptide—oligonucleotide chimeras generated
on this matrix can bind as anticipated to an anti-peptide
antibody, as well as functioning as templates for ampli-
fication by the PCR.157

Zuckermann and co-workers have shown that by starting
with an orthogonally differentiated diamine linker, parallel
combinatorial synthesis can be used to generate a library
of soluble chimeric peptides comprising a “binding” strand
and a “coding” strand.'®® The coupling of either natural
or nonnatural amino acid monomers to the binding strand
was recorded by building an amino acid code comprised
of four L-amino acids on the “coding” strand. Compounds
were selected from equimolar peptide mixtures by affinity
purification on a receptor and were resolved by HPLC.
The sequence of the coding strand of individual purified
molecules was then determined by Edman degradation to
reveal the structure of the binding strand. An analogous
peptidic coding scheme has also been recently described
indetail by Nikolaiev et al.1% With the appropriate choice
of linker residues, either the binding or coding sequences
or both can be cleaved from the resin. Thus it is possible
to screen for receptor binding to tethered and to soluble
ligands using this technique and to separate the contribu-
tions of the ligand and ceding sequences to receptor
interaction.
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Still and colleagues'®® have disclosed an alternate
approach to encoding combinatorial syntheses on resin
beads wherein electron capture capillary gas chromatog-
raphy (ECGC) is used in the analysis of the coding moieties.
This scheme employs a series of chromatographically
resolvable halocarbon derivatives as molecular tags which,
when appended to reactive groups on the bead surface,
can constitute a binary code that reflects the chemical
history of any member of a library. In contrast to the
oligonucleotide or peptide-coding approaches where the
order of assembly of the chemical building blocks for any
library member is preserved in the sequence of a single
cognate tagging molecule, the binary strategy uses a
uniquely defined mixture of tags to represent each building
block at each particular step of the synthesis. Thus a set
of N distinguishable tags can be used to encode the
combinatorial synthesis of a library containing as many
as 2V different members.

The Still group has synthesized peptide libraries on 50~
80-um-diameter beads and determined the structures of
ligands for a monoclonal antibody!®” and synthetic recep-
tor!®! through the use of this coding strategy. The library
construction follows the “split synthesis” protocol except
that prior to each amino acid coupling, a substoichiometric
addition of a tag mixture is made to the beads so that
~0.5% of the growing ligand chain is terminated for each
tag added. The tags are coupled to the beads via a
photolabile carbonate linker that can be cleaved upon
irradiation at 365 nm (see Figure 7). After assembly, the
library is screened for interaction with labeled receptor
and stained beads are selected for analysis. Photolysis of
individual beads in ~1 uL of DMF releases the haloarene
tags for rapid analysis by ECGC. This technology seems
well suited for analyzing combinatorial libraries comprised
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of up to ~10% members, although the sensitivity of electron
capture detection may ultimately enable accurate sequence
information to be obtained from beads of even smaller
size than those used in this work. The chemically inert
nature of the halocarbon tags is a particularly attractive
feature of this coding approach, and should facilitate the
screening of nonsequenceable organic molecules prepared
by multistep combinatorial synthesis.

By contrast, encoding a combinatorial synthesis with
oligonucleotides offers the advantage that tremendous
levels of tag amplification can be achieved through the
polymerase chain reaction. Thus it is possible to work
with tiny quantities of DNA template and hence to use
solid supports of microscopic dimensions in the syntheses.
For example, the 10-um-diameter beads described above
giverise to 5 X 10° beads/g with a maximum ligand loading
of ~20 fmol/bead. By using a combination of magnetic-
activated and fluorescence-activated bead sorting tech-
niques together with DNA sequence analysis, it should be
practical to screen libraries containing as many as 108-10°
synthetic compounds in soluble receptor binding assays.
It seems likely that constraints on the sensitivity and/or
throughput of other analytical procedures will ultimately
restrict the scope of the nonamplifiable coding approaches
to analyzing libraries of more limited diversity.
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