
Antibodies exemplify nature’s use of molecular
diversity to solve complex chemical problems.



1. Introduction

Our ability to create new molecular structures with novel
physical, chemical, or biological properties has had a major
impact on many fields of science including the biomedical
sciences, chemistry, and solid-state physics. Examples range
from the synthesis of antibiotics and genes to photoresists and
high-temperature superconductors. As the structural and
functional complexity of target molecules increases, our
ability to define the precise structural requirements that
result in a desired set of properties becomes increasingly
limited. This in turn leads to a large increase in the number of
molecules that must be iteratively synthesized and tested to
identify those structures with a desired functionÐa time- and
resource-intensive process. Among the strategies being de-
veloped to meet the challenges created by the ever growing
need for molecules with new or enhanced properties are a
number of biologically inspired approaches. The latter derive
from our recognition that nature has produced an impressive
array of complex molecular structures and assemblies with
functions ranging from gene regulation and signal trans-
duction to photosynthesis and protein biosynthesis. As we
begin to understand the structures and molecular mechanisms
involved in these processes, we can combine these biological

insights, as well as the processes themselves, with the tools of
the physical sciences to create new molecules with functions
found neither in nature nor the laboratory.

One such example of this synergy between chemistry and
biology is the development and application of combinatorial
strategies. This approach, in which large, diverse collections,
or ªlibrariesº, of molecules are generated and subsequently
screened or selected for novel functions, stems from the
combinatorial processes in nature. For example, both the
humoral and cellular arms of the immune system have
developed highly sophisticated combinatorial genetic mech-
anisms for generating molecular diversity and selecting
receptors that can recognize foreign antigens with high
affinity and selectivity. The mechanisms of these processes
are relatively well understood.[1±3] The three-dimensional
framework of the antibody molecule consists of two polypep-
tide chains (heavy (H) and light (L)) containing six loops on
an eight-stranded b-sheet framework.[4] This structure is
assembled from four different gene segments, variable (V),
diversity (D), joining (J), and constant (C), each of which can
be chosen from a number of distinct genes. The combinatorial
association of V, D, and J gene segments with additional
junctional diversity occurring at the VLÿJL, VHÿD, and DÿJH

joining regions leads to a structurally diverse population of
germ-line antibodies (Figure 1). After a ªleadº antibody
structure is selected from this pool based on its ability to bind
a foreign substance, its affinity is increased as the immune
response proceeds by somatic mutation. This process, which
alters bases throughout the DNA sequences encoding the
variable region, results in additional diversity. Thus, in its most
basic form, the combinatorial process involves the synthesis of
large numbers of distinct structures around a central frame-
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Figure 1. Combinatorial association of V, D, and J genes to form an
antibody molecule.

work from sets of building blocks. The choice of framework
structure and building blocks is best made based on empirical
and theoretical models at hand. Those structures with a
desired function then are identified and further optimized by
repeated rounds of screening or selection and mutation.

This combinatorial approach is applicable to any molecular
structure that can be assembled either in a stepwise or
concerted fashion from a set of molecular precursors, and
where a screen or selection for a desired function exists. This
includes oligomeric molecules such as nucleic acids and

peptides, nonpolymeric molecules such as natural products, or
even solid-state materials such as superconductors or poly-
mers. To illustrate the utility and scope of this new synthetic
strategy, as well as the challenges that remain, a number of
examples, both from our laboratory and many others, will be
described. These applications cover a broad spectrum, ranging
from biological catalysis and drug discovery to materials
science.

2. Protein and Polypeptide Protein Diversity

2.1. Immunological Diversity and Catalytic Antibodies

The notion that natural immunological diversity can be
used to generate novel chemical function was first illustrated
with the generation of catalytic antibodies.[5±7] Immunological
diversity is clonally selected on a time scale of weeks (in
contrast to evolutionary diversity), and is thus ªprogram-
mableº in the laboratory setting. However, binding affinity
rather than catalytic activity serves as the basis for antibody
selection, and therefore mechanistic principles such as
selective binding and stabilization of the transition state must
be used to generate catalytic antibodies. For example, to
generate an antibody that catalyzes the insertion of a metal
ion into porphyrin (the last chemical step in heme biosyn-
thesis), antibodies were generated against N-methylprotopor-
phyrin (1). This molecule mimics the putative transition state,
a conformationally distorted porphyrin ring, of the metalation
reaction. An antibody specific for 1 catalyzes the insertion of
metal ion into mesoporphyrin with rates similar to that of the
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natural biosynthetic enzyme, ferrochelatase.[8] Resonance
Raman studies revealed that both the enzyme and antibody
facilitate the reaction by distorting the planar porphyrin
substrate, which is consistent with the proposed reaction
mechanism. This distortion involves doming of the porphyrin
ring in the case of the enzyme, and for the antibody an up ±
down distortion mimicking that in N-methylmesoporphyrin[9]

(Figure 2). Crystallographic analysis of the antibody ´ N-
methylprotoporphyrin complex has revealed the structural
basis for this distortion, and shown that somatic mutations in
response to 1 play an important mechanistic role.[10]

Figure 2. Representation of N-methyl protoporphyrin (1) distortion
induced by an antibody with ferrochelatase activity.[10]

A second example involves a transesterification reaction
catalyzed by an antibody generated against a phosphonate
diester transition state analogue.[11] The antibody catalyzes the
corresponding acyl transfer reaction of thymidine and an
alanyl ester with an effective molarity of 3� 104m ((kcat/Km)/
kuncat� 108). Moreover, the antibody does not catalyze acyl
transfer to water. NMR studies of the Michaelis complex
suggest that the high catalytic efficiency and selectivity of this
antibody result largely from an optimal orientation of the acyl
donor and nucleophile in the antibody active site, reflecting
the orientation of the phosphonate moiety in the hapten.[12]

Thus, by selecting the natural diversity of the immune system
on the basis of mechanistic criteria (for example, distortion of
a planar porphyrin ring or proximity of reactive groups), it is
possible both to generate antibodies with enzyme-like proper-
ties as well as to test basic principles of enzymic catalysis.

Other approaches have been developed to generate cata-
lytic antibodies including covalent catalysis, proximity effects,
and general acid ± base catalysis.[7] In addition, strategies have
been developed to directly select immunological diversity for
catalytic function both in vivo and in vitro. Such approaches
have been used to generate antibodies that catalyze a wide
array of enzymic and nonenzymic reactions. These include
stereoselective redox reactions, pericyclic reactions, re-
arrangement and acyl transfer reactions, as well as a number
of ªdifficultº chemical transformations including kinetically
disfavored exo-Diels ± Alder and anti-Baldwin cyclization
reactions.[13] A recent example involved the generation of an
aldolase antibody by means of a mechanism-based selection
with a hapten capable of forming a covalent bond with active-
site lysine residues. The catalytic efficiency and stereoselec-
tivity of this antibody are remarkably similar to those of Class
I aldolase enzymes.[14] Catalysis proceeds through imine
formation between the ketone substrate and the e-amino
group of an active site-lysine residue, followed by enamine
formation, condensation with an aldehyde, and subsequent
hydrolysis to give the aldol productÐa mechanism similar to
that of the enzyme. At the same time the antibody tolerates a
remarkably broad range of substrate structures (Figure 3) and
thus represents one of the most general stereoselective catalysts
to date for carbon ± carbon bond formation.[15] This example
beautifully illustrates the catalytic potential of immunological
diversity that can be harnessed with proper chemical instruc-
tion.

The characterization of catalytic antibodies also provides
important new insights into the evolution of binding and
catalytic function, as well as the combinatorial processes of
the immune system itself. For example, structural and
mechanistic analyses of antibody-catalyzed oxy-Cope re-
arrangement and Diels ± Alder reactions have illustrated a
number of mechanisms whereby binding energy can be used
affect the stereoelectronics of pericyclic reactions.[16±18] De-
tailed biophysical and structural studies have also been
carried out to examine the affinity maturation of an ester-
olytic antibody generated against a nitrophenyl phosphonate
transition state analogue. Nine somatic mutations resulted in
a catalytic antibody that binds hapten with 35 000-fold greater
affinity than its germ-line precursor. In contrast to the affinity-
matured antibody, which binds hapten in a ªlock-and-keyº
fashion, the germ-line antibody can adopt more than one
combining site conformation Both antigen binding and
somatic mutation stabilize the conformation with optimal
hapten complementarity (Figure 4). This result suggests that
conformational diversity (a key element of Pauling�s chemical
instruction model of antibody specificity) may play an
important role in expanding the binding potential of the
primary immune response.[19±21] This study further showed
that the binding and catalytic properties of the antibody are
greatly affected by mutations distant from the bound ligand,
an important lesson for those involved in efforts to modify
protein function. The study of catalytic antibodies has also
provided insights into the structural basis for the polyspeci-
ficity of families of germ-line antibodies, another factor that
likely contributes to the remarkable binding potential of the
primary antibody repertoire.[17] Thus, by generating new
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functions from antibody diversity, new insights are being
gained into the relationship between structure and function in
the immune system itself.

Researchers have expanded upon the natural diversity
generated by the immune system. In 1989 a novel vector
system based on the bacteriophage lambda was used to
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Figure 3. Schematic representation of
an antibody (Ab) aldolase with broad
substrate specificity.[14] Shown in the
sphere is the covalent enamine inter-
mediate that is formed from the ketone
substrate and the e-amino group of an
active-site lysine residue.

Figure 4. Conformational diversity in an antibody esterase. Whether the amino acid belongs to a heavy or light chain is indicated with the letter H or L
before the sequence number. a) Superposition of the germ-line Fab ± hapten complex (Fab� antigen-binding fragment of an antibody; purple) and the
affinity-matured Fab ± hapten complex (red). Somatically mutated residues (X!Y) are shown in green. b) Superposition of the structures of the germ-line
Fab domain without hapten (blue) and the germ-line Fab ± hapten complex (purple). Gray dotted lines denote hydrogen bonds in the structure of the germ-
line Fab without hapten, while black dotted lines denote hydrogen bonds in the germ-line Fab ± hapten complex.[19] Yellow dotted lines show the formation of
a ªdouble T-stackº arrangement between the side chains of three tyrosine residues.
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express a synthetic combinato-
rial library of Fab fragments of
the mouse antibody repertoire
in Escherichia coli.[22] This sys-
tem allowed rapid and easy
identification of monoclonal
Fab fragments that bind a given
antigen, in a form suitable for
genetic manipulation. For ex-
ample, monoclonal Fab frag-
ments against a transition state
analogue hapten were generat-
ed using this technique.

Phage display,[23±26] in which a
peptide or protein is expressed
on the surface of filamentous
phage, as well as other schemes
linking the polypeptide chain to
the encoding DNA,[27±29] have
also proven to be very powerful techniques for generating
diversity in vitro. By mutagenizing codons randomly or at
specific sites in a gene with synthetic oligonucleotides,
libraries of greater than 108 different polypeptide sequences
can be generated and expressed on the phage surface.
Subsequent screening by affinity-based techniques using
immobilized ligands, followed by elution of bound phage,
amplification, and additional rounds of screening can lead to
the isolation of high-affinity receptors or ligands. The identity
of a particular member of the library is determined by
sequencing the phage DNA.

With phage display techniques, synthetic combinatorial
libraries of antibody genes from multiple species (including
human), or from large synthetic repertoires of antibody
encoding genes, have been expressed on phage as single-chain
Fv or Fab fragments (Figure 5).[30, 31] High-affinity antibodies
have been isolated that bind a wide variety of small ligands
and macromolecules including viral and tumor antigens, and
that catalyze a number of chemical reactions.[24, 32] More
recently, methods have been developed that allow the direct
chemical selection of catalysts from phage displayed Fab
libraries.[33] For example, an antibody glycosidase was isolated
using a mechanism-based inhibitor that produced a reactive
quinone methide, resulting in the covalent trapping of
catalytic clones onto a solid support for further rounds of
amplification and selection. In vitro methods for generating
antibody diversity may become as important as hybridoma
technology in the development of monoclonal antibodies for
diagnostic, therapeutic, and chemical applications. Phage
display methods are also being used to identify other protein
frameworks, such as the loops of four-helix bundle proteins,
which when randomized might function as miniantibodies.[34]

Most recently, we have developed a general scheme for the
in vitro evolution of protein catalysts that directly links substrate
turnover to a selective advantage in a biologically amplifiable
system.[35] Substrate is covalently and site-specifically attached
by a flexible tether to the pIII coat protein of a filamentous
phage that also displays the protein catalyst. Intramolecular
conversion of substrate into product provides a basis for
isolating active catalysts from a library of proteins, either by

release or attachement of the phage to a solid support, or by
the capture of the product by a product-specific antibody
(Figure 6). This methodology was developed using the
enzyme staphylococcal nuclease (SNase) as a model. Phage

Figure 6. A general scheme for the in vitro evolution of protein catalysts.

Figure 5. Phage display and screening of an antibody library. SD�Shine ± Dalgarno sequence (ribosome
binding site on prokaryotic mRNA); Ig� immunoglobulin domain.
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displaying SNase can be enriched up to 1000-fold in a single
step from a librarylike ensemble of phage displaying non-
catalytic proteins. Additionally, this approach should allow
one to functionally clone natural enzymes based on their
ability to catalyze specific reactions (for example, glycosyl
transfer, sequence-specific proteolysis or phosphorylation,
polymerization), rather than their sequence or structural
homology to known enzymes.

2.2. Peptide Diversity

Libraries of linear and cyclic peptides displayed on phage
have been used to identify high-affinity, selective ligands
which bind a range of biological receptors including anti-
bodies, enzymes, lectins, cell surface receptors, signal trans-
duction proteins, and even nucleic acids.[24] One of the most
impressive examples was the isolation of a disulfide-bonded
cyclic peptide containing 14 amino acids with the consensus
sequence YXCXXGPXTWXCXP (where X can be several
amino acids), that binds and activates the receptor for the
cytokine erythropoietin (EPO).[36] The successful isolation of
this peptide required both variations in the stringency of the
screening (by varying binding avidity and elution conditions)
and the generation and screening of libraries derived from
low-affinity peptides. The isolated peptide binds the extra-
cellular domain of the EPO receptor (EPOR) with an IC50 of
roughly 0.2 mm, and stimulates erythropoiesis in mice through
a signaling pathway that appears to be identical to that
induced by the natural ligand. The molecular basis for the
agonist activity of this peptide was determined by analysis of
the three-dimensional crystal structure of the complex of
EPOR and a related 20 amino acid peptide (Figure 7).[37] The

Figure 7. Complex of a 20-residue peptide isolated from a phage peptide
library with the extracellular domain of the EPO receptor.[37]

structure reveals that the peptide forms a dimer consisting of a
four-stranded, anti-parallel b-pleated sheet and two type I b

turns. The peptide induces an almost perfect twofold dimer-
ization of the receptor through a combination of hydrophobic
and hydrogen-bonding interactions with segments of four
loop regions of EPOR. The successful isolation of this novel
peptide, which may define a minimal epitope for activation of

EPOR, suggests that peptides may be able to recapitulate
many of the other functions of larger proteins.

Another interesting application of phage display techniques
is the determination of substrate specificities of proteases by
screening peptide libraries with an assay based on peptide
hydrolysis.[38] In this case the amino terminal domain of the
pIII protein of filamentous phage is fused to a tag by a
randomized peptide linker. Phage are then bound to an
affinity support specific for the tag. Upon protease treatment,
phage displaying peptides that are good substrates are cleaved
from the support. After several rounds of binding, proteolysis,
and amplification, sensitive and resistant substrate sequences
were identified for the proteases subtilisin BPN' and fac-
tor Xa. Peptide libraries presented on phage have also been
panned directly against cells to identify peptide sequences
that bind and/or enter specific cell types. These peptides may
ultimately provide the basis for intravenously delivered gene
therapy vectors[39] or tissue-specific therapeutic agents.[40]

2.3. Evolving Protein Function

The natural rate of genetic diversification by point mutation
can be increased with UV, chemical, or enzymatic mutagenesis,
or genetic methods such as the use of mutator strains. Proteins
with random mutations generated by these methods can be
subjected to an appropriate screen or selection to isolate
mutants with altered properties. For example, these methods
have been used to change the substrate specificity of b-galac-
tosidase,[41] ribitol dehydrogenase,[42] and alkylamidases.[43]

More recently, a number of highly efficient methods have
been developed for generating larger and more diverse
libraries of mutants including cassette mutagenesis,[44, 45]

error-prone polymerase chain reaction (PCR),[46] and the
technique of DNA shuffling[47, 48] These methods have accel-
erated our ability to carry out artificial evolution by introduc-
ing diversity at a higher rate, and have been used to modify
the stability, catalytic activity, and specificity of proteins.[49±54]

In particular, DNA shuffling mimics the combinatorial
processes of the immune system and natural evolution by
combining both random point mutagenesis of a gene with in
vitro homologous recombination to generate libraries of
structurally diverse mutants (Figure 8). This approach allows
one to more efficiently search large sequence spaces for
mutations that lead to additive or even cooperative enhance-
ments in binding or catalytic function. When directly com-
pared with processes such as error-prone PCR that iteratively
build up beneficial mutations without recombination, DNA
shuffling has yielded evolved proteins with higher desired
activities in fewer rounds of selection.[47] DNA shuffling has
been used to enhance the properties of a number of proteins
including glycosidases, b-lactamases, antibodies, green fluo-
rescent protein (GFP), and growth factors.[48] For example,
three cycles of DNA shuffling and two cycles of backcrossing
(recombination with the wild-type gene) with selection on
increasing concentrations of the antibiotic cefotaxime result-
ed in a b-lactamase with six mutations which conferred to the
cell a 32 000-fold higher resistance to the antibiotic.[47] The
mutations, like the somatic mutations in affinity-matured
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antibodies, are distributed throughout the protein, making the
rational design of the mutant proteins difficult, if not
impossible.

Recently, the technique of DNA shuffling has been applied
to the evolution of an ªorthogonalº suppressor tRNA and
aminoacyl-tRNA synthetase pair that may allow one to site-
specifically incorporate into proteins in vivo amino acids with
novel structural or electronic properties not specified in the
genetic code.[55] The orthogonal suppressor tRNA was con-
structed by introducing eight mutations into tRNAGln

2 based
on analyses of the X-ray crystal structure of the GlnRS ±
tRNAGln

2 complex (GlnRS� glutaminyl-tRNA aminoacyl
synthetase) and previous biochemical data. The resulting
tRNA satisfies the minimal requirements for the delivery of
an unnatural amino acid: It is not acylated by any endogenous
E. coli aminoacyl-tRNA synthetase, including GlnRS, and it
functions efficiently in protein translation. Repeated rounds
of DNA shuffling and oligonucleotide-directed mutagenesis
were then used to generate a large library of directed and
random mutants of GlnRS. This library was selected for
mutant enzymes that efficiently acylate the engineered tRNA
with glutamine in vivo, based on suppression of an amber
codon (termination codon UAG) in the lacZ gene (Figure 9).
With this approach an ªorthogonalº mutant GlnRS/tRNA
pair has been generated that functions in vivo. Currently,
DNA shuffling and cassette mutagenesis are being used to

select for synthetase mutants
that acylate orthogonal
tRNAs with novel amino
acids.[56] Clearly, both structur-
al information and diversity
play a critical role in the
design of these experiments.

A variety of other proteins
with modified binding affini-
ties and specificities, including
growth hormones[57] and
DNA-binding proteins,[58±60]

have been isolated from large
libraries of mutants. For ex-
ample, the zinc finger DNA-
binding motif of Zif 268 pro-

tein has been expressed on filamentous phage, and libraries of
mutants have been selected against duplex DNA sequences
containing wild-type and mutant binding sites.[61] This ap-
proach has resulted in the generation of a DNA-binding
peptide comprising three zinc fingers that binds to a unique
nine base pair region of a BCR-ABL fusion oncogene with a
dissociation constant Kd of 6.2� 10ÿ7m. Its binding affinities
for genomic BCR and C-ABL sequences (which differ by as
little as one base pair) differ by an order of magnitude.
Binding of the peptide to the target oncogene in transformed
cells in vitro resulted in blockage of transcription. Techniques
other than phage display can also be used to generate DNA-
binding proteins with altered specificities. For example, helix-
turn-helix and leucine zipper proteins with novel specificities
have been generated from large libraries of mutants using
selections based on interference with transcription of anti-
biotic resistance genes.[62, 63] Studies of this sort are also
helping to define the recognition codes between the amino
acid sequences of DNA-binding proteins and their cognate
recognition sites.

Large libraries of mutant proteins have also been used to
investigate the factors that influence the structure and
stability of specific protein folds. For example, cassette
mutagenesis has been used to randomly alter seven residues
in the hydrophobic core of the N-terminal domain of phage l

repressor.[64] By selecting for functional repressors (phage-
resistant transformants), it was shown
that many different sequences can form
a stable core. The main determinant of
whether a particular sequence is com-
patible with the wild-type fold was
hydrophobicity, although the van der
Waals volume of the core and steric
interactions between residues also lim-
ited the number of functional sequences.
More recently, the sequence determi-
nants that dictate the four helix bundle
structure have been investigated.[65] A
library of cytochrome b562 mutants was
generated in which amino acids at
defined positions were replaced with
any of the hydrophobic amino acids Phe,
Leu, Ile, Met, or Val, or any of the

Figure 8. DNA shuffling involves random fragmentation of a gene into discrete fragments, reassembly of these
fragments by PCR without primers, final PCR amplification with primers, and cloning of the mutated and
recombined genes.[47]

Figure 9. Selection of an orthogonal GlnRS/tRNA pair from a library of GlnRS mutants.[55]
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hydrophilic amino acids Glu, Asp, Lys, Asn, Gln, or His to
generate a binary pattern of nonpolar and polar amino acids.
Bacterial expression of soluble, protease-resistant protein was
assayed spectrophotometrically by monitoring heme absorb-
ance. It was found that 29 of 48 sequences examined expressed
protein that was both soluble and resistant to intracellular
degradation. Two proteins that were characterized by urea
denaturation experiments were stabilized by 3.7 and
4.4 kcal molÿ1 relative to the unfolded form. A similar strategy
has been applied to a random sequence of 80 to 100 amino
acids consisting of Gln, Leu, and Arg. Bacterial expression of
these ªQLR proteinsº revealed that 5 % of the sequences
were expressed at readily detectable levels. Several of the
characterized proteins possessed features of native proteins
such as a-helical content and highly cooperative folding,
suggesting that folded proteins occur frequently in libraries of
random amino acid sequences.[66]

The relationship between protein sequence and structure
has also been examined using libraries created neither in vivo
nor in vitro, but rather by computational methods. Recently, a
design algorithm based on chemical potential functions and
stereochemical constraints was used to search 1.9� 1027 amino
acid sequences for those that adopt a b-a-b zinc finger motif.
The resulting designed sequence (FSF-1) possesses little or no
identity to any known protein sequence. The synthesis and
subsequent NMR spectroscopic investigation of FSF-1 in
solution revealed a compact structure in excellent agreement
with the design target. This experiment demonstrates the
potential power of computational methods to screen combi-
natorial libraries ten or more orders of magnitude larger than
any created in the laboratory.[67]

3. Nucleic Acid Diversity

Combinatorial methods have played an important role in
investigating the scope of nucleic acid function and its possible
role in the prebiotic world. In these experiments libraries
containing up to 1015 random single-stranded RNA or DNA
sequences are generated using a combination of chemical
synthesis, PCR, and runoff transcription (in the case of
RNA).[68±71] These libraries are then selected for individual
molecules that either 1) bind specific ligands using affinity-
based methods or 2) carry out specific chemical transforma-
tions using in vitro selections or screenings. Amplification of
an enriched population of binders or catalysts is followed by
subsequent rounds of selection. With these techniques, nucleic
acids have been generated that selectively bind small mole-
cules, proteins, and nucleic acids; and catalyze a number of
reactions ranging from phosphoryl and acyl transfer reactions
to metalation and pericyclic reactions.

3.1. Selecting for Binding Function

Single-stranded RNA and DNA oligomers (or aptamers)
have been isolated from large, random oligonucleotide
libraries that selectively bind a wide array of molecules
including T4DNA polymerase, human immunodeficiency

virus (HIV), HIV Rev protein, thrombin, amino acids, organic
dyes, and cofactors.[68, 69, 72±78] For example, by screening a
library of 1013 transcripts with ATP immobilized on agarose,
an RNA was isolated that binds adenosine with a dissociation
constant Kd of 0.7 mm.[74] The solution structure of a 40
nucleotide RNA containing the consensus ATP-binding motif
complexed with AMP (which binds with affinity similar to
that of ATP) has been determined by NMR spectroscopy.[79]

The AMP molecule is bound in a ªGNRA-likeº hairpin
fold[80] with the intercalated adenine involved in an A ´ G
mismatch pair and the 2' and 3' hydroxyl groups of the ribose
sugar forming hydrogen bonds to the RNA. The binding of
AMP was shown to induce a conformational transition in the
ATP binding site on the RNA. RNA aptamers have also been
isolated from oligonucleotide libraries that bind the purine
theophylline with high affinity (Kd� 0.1 mm). These aptamers
do not bind appreciably to caffeine (Kd� 3 500 mm), which
differs from theophylline by only a methyl group at nitrogen
atom N7.[81] Experiments of this sort demonstrate that RNA,
like proteins, can bind a wide array of small molecules with
extremely high specificity, by a combination of van der Waals
packing, hydrogen-bonding, and electrostatic interactions.

Aptamers have also been isolated that bind selectively to
macromolecules, including proteins and nucleic acids. For
example, single-stranded RNAs have been isolated that bind
sequence-selectively to duplex DNA through the formation of
triple-helical structures involving Hoogsteen base pairs.[82]

Single-stranded DNAs have been isolated that bind to
thrombin through the formation of a highly conserved
guanine-rich structure of 14 ± 17 nucleotides. In this case the
binding affinity was 25 ± 200 nm, and several aptamers inhib-
ited thrombin-catalyzed fibrin clot formation in vitro at
nanomolar concentrations.[77]

3.2. RNA Catalysis

The earliest use of in vitro selection schemes to isolate
RNAs with novel phenotypes from pools of mutants were
those of Spiegelman et al.[83] In these experiments Qb

replicase, a template-specific RNA-directed polymerase, was
used in a Darwinian selection system to isolate a structured
RNA that had reduced affinity for the intercalating dye
ethidium bromide. The mutant arose by sequential mutation
during the course of the experiments, and was not a
preexisting variant of the original RNA pool.

The use of in vitro selections to isolate RNAs with novel
catalytic activities has involved either libraries generated by
mutagenesis of naturally occurring ribozymes, or synthetic
libraries of randomized RNA sequences. For example, the
Tetrahymena group I ribozyme has been used as a starting
point to isolate a new ribozyme that cleaves DNA.[70, 71] The
selection required the ribozyme to complete a phosphoryla-
tion reaction with an alternative DNA substrate that results in
the addition of nine bases to the 3'-terminal hydroxyl group of
the ribozyme (Figure 10). This 3'-terminal extension permits
successful annealing of an amplification primer necessary to
complete the cycle of selection. With a much larger pool of
mutants (1013), variants were isolated that catalyze the
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Figure 10. Selection of a Tetrahymena ribozyme mutant that uses an
alternative DNA substrate.[70, 71] Wavy lines represent DNA strands.

reaction under physiological conditions at a rate up to 65
times faster than the wild-type ribozyme. Other selection
schemes using naturally occurring ribozymes have yielded
RNAs with self-copying functions[84] and altered metal
requirements.[85]

One of the most impressive examples of the selection of
RNA catalysts from complex libraries of random sequences
was the isolation of a RNA ligase that can act as a RNA
polymerase.[86, 87] Beginning with a pool of approximately 1015

distinct transcripts, iterative rounds of amplification and
selection were carried out based upon the ability of the
ribozyme to ligate its own 5'-terminal triphosphate group to a
substrate oligonucleotide containing a 5' ªtagº (Figure 11). A
ribozyme that catalyzes 3',5'-phosphodiester bond formation
with kcat greater than 1 sÿ1 was isolated;[86, 87] when fused to a
template strand, this RNA ligase was shown to catalyze RNA
primer extension by up to six nucleotides in a template-
directed fashion.[88] Nucleotides complementary to the template

are added up to 1000 times more efficiently than mismatched
oligonucleotides. Although a number of obstacles remain to
generate an RNA replicase (for example, strand separation
after polymerization, nonspecific binding of template and
primer, and sequence fidelity) these experiments illustrate the
potential to evolve RNAs that catalyze reactions which may
have been required in the prebiotic world.

Selections and affinity-based methods have also been used
to expand the scope of RNA-catalyzed reactions to other
classes of reactions including isomerization, carbon ± carbon
bond forming, metalation, and alkylation reactions. For
example, by exploiting the same notions of transition state
theory that were used in the initial generation of catalytic
antibodies, an RNA was isolated that catalyzes the isomer-
ization of a bridged biphenyl substrate to its diastereomer
(Figure 12).[89] In this case a library of 1013 random RNA

O

O
O

O O

O

O

O

O

linker–agarose

2

Figure 12. Atropisomerization between diastereoisomeric 1,1'-biphenyls.
Structure 2 is an analogue of the transition state for this reaction 2.[89]

molecules was screened based on binding affinity to the
planar biphenyl transition state analogue 2 immobilized on a
solid support. A similar approach has been used to generate

single-stranded RNAs and DNAs
that catalyze porphyrin metala-
tion.[90, 91] More recently, selections
based on covalent linkage of a
ribozyme to a solid support have
been used to generate RNAs that
catalyze a Diels ± Alder reaction
between a diene and dienophile.[92]

3.3. Other Applications

Many other novel uses of nucleic
acid libraries continue to appear
including in vivo applications. One
such example involves the use of
genomic expression libraries for
immunization, a technique that
makes use of genetic immunization
(immunization with the gene encod-
ing the protein antigen rather than
the protein itself) and the fact that

Figure 11. Selection scheme for generation of an RNA ligase.[86, 87] Biotin and avidin are represented by
B and Av, respectively.
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all antigens of a pathogen are encoded in its DNA.[93] Indeed,
it has been shown that even partial expression libraries made
from the DNA of Mycoplasma pulmonis, a natural pathogen
in rodents, provide protection against challenges from the
pathogen. Libraries of nucleic acids have also been used in
vivo to identify cis-acting sequences that lead to localization
of RNAs in the nucleus of Xenopus laevis oocytes.[94] Clearly,
libraries of nucleic acids, like those of peptides and proteins,
will find many applications in the search for new biological
and chemical functions, and in our efforts to better understand
complex biological processes.

4. Diversity in Chemical Synthesis

The biosynthetic machinery used by living cells to generate
diverse populations of molecules is limited to specific classes
of chemical structures including oligomeric molecules such as
polypeptides, oligonucleotides, and polysaccharides, and a
variety of natural products such as the polyketides. Moreover,
these structures are generated from restricted sets of building
blocks. The development of methods for generating large,
diverse populations of synthetic molecules has extended the
scope of this approach to new classes of molecules with a
broader range of chemical, biological, and physical properties.

4.1. Approaches to Synthetic Diversity

Virtually all of the efforts aimed at generating and screen-
ing large populations of synthetic diversity are based on the
method of solid-phase synthesis developed by Merrifield.[95]

The initial work focused on polypeptides, which can be rapidly
assembled by iterative chemical synthesis from a diverse set of
commonly occurring and unnatural amino acids. Methods
were first developed that simply involved the simultaneous
synthesis of multiple discrete peptide sequences using either
polyacrylic acid grafted polyethylene pins arranged in micro-
titer format,[96] or later resins sealed in porous polypropylene
bags (the ªtea bagº technique).[97]

These experiments were followed by efforts aimed at
generating more diverse populations of molecules by con-
necting sets of building blocks in all possible combinations,
again mimicking the combinatorial strategies used by nature
to efficiently generate molecular diversity. These methods
involve either the generation of spatially separated libraries of
molecules, or mixtures of resins each containing a discrete
structure or small number of related structures. One example
of the former approach involves the ªmimotopeº strategy in
which peptides are again synthesized on pins, but in this case
by randomly incorporating residues from mixtures of activated
amino acids to give all peptide sequences.[98, 99] Two positions
in a peptide containing n residues are then iteratively defined
by multipin synthesis of 400 discrete mixtures, each containing
all possible (nÿ 2) peptide sequences with one of the 400
possible pairs of the common l-amino acids defined. This
technique has been used in conjunction with ELISA (enzyme-
linked immunosorbent assay) screening methods to identify
peptides that selectively bind antibodies and other receptors.

A second method for the spatially addressable synthesis of
combinatorial libraries makes use of photolithography to-
gether with solid-phase synthesis to generate high-density,
combinatorial arrays of peptides on a glass substrate.[100, 101] By
illuminating specific regions of the glass substrate containing
growing peptide chains, in which the terminal amino group is
protected with a photolabile group, the spatial distribution of
individual amino acid coupling steps can be controlled
(Figure 13). With n binary masks in which half of the

Figure 13. Light-directed synthesis of combinatorial arrays.

surface is photolyzed during each coupling step, 2n com-
pounds can be synthesized. The sequence of masks and
coupling steps defines the identity of the peptide at each site.
Binding of fluorescently labeled receptors to the surface is
detected by fluorescence emission. Although this technique
was developed for peptide synthesis, it has proven to be most
useful for generating high-density arrays of oligonucleotides
(see below).

Another approach that has been used to generate combi-
natorial libraries of peptides is the split synthesis meth-
od.[102±104] This technique involves dividing the resin support
into n equal fractions, coupling each fraction with a single
activated monomer (or in some cases, a small number of
monomers), and then recombining the fractions (Figure 14).
Iteration for x cycles leads to a stochastic population of nx

peptides. This approach has been used in conjunction with the
ªtea bagº technique and beaded resins equipped with non-
cleavable linkers to generate large combinatorial libraries of
up to 50 million different sequences. However, since mixtures
of resins are generated, this technique also requires methods
to identify the sequence of a high-affinity ligand isolated from
an affinity-based assay.

A number of strategies have been developed to determine
the identity of a peptide ligand isolated from pools of random
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Figure 14. Preparation of a combinatorial library by the split synthesis
method.

sequences. These include methods based on the iterative
ªmimotopeº deconvolution strategy described above,[105] as
well as direct Edman peptide microsequencing, which can be
used with beads containing 80 ± 100 pmol of peptide.[106] Mass
spectrometry can also be used to identify the sequence of a
peptide, if in each step of the synthesis a small fraction of the
growing polypeptide chain is capped, resulting in a small
amount of truncated chain at each step in the synthesis of the
full length peptide.[107]

More recently, a number of methods have been developed
for generating libraries of peptides on resin beads in which
each bead is attached to a molecular ªtagº that allows rapid
and sensitive identification of the associated polypep-
tide.[108±111] The tags are attached to the bead coincident with
each monomer coupling step. Consequently, they must be
stable under the conditions of polymer synthesis and depro-
tection, their attachment must not interfere with the synthesis

of the polypeptide, and they must have high information
content that can be detected with high sensitivity. A number
of tagging techniques have been developed (Figure 15),
including the use of oligonucleotide tags that can be detected
by PCR amplification and DNA sequencing,[109] and a
set of related halocarbon tags that can be separated
and detected be electron capture capillary gas chromatog-
raphy.[111] The high detection sensitivity of both these tags
should facilitate the synthesis of increasingly diverse chemical
libraries.

The techniques described above have been used to identify
natural and unnatural polypeptides that bind a host of
molecules including antibodies, enzymes, and receptors.[24]

For example, antimicrobial peptides with activities against
both gram-positive and gram-negative bacteria have been
generated.[112] The binding specificities of synthetic steroid-
and macrocycle-based hosts for peptide ligands have also
been determined.[113±115] In addition, these techniques have
been used to analyze protein ± protein interactions involved in
cellular processes.[116] In one such study, two different SH3
domains conjugated to fluorescein were used to screen a
peptide library for ligands that possessed affinity for SH3
domains. Analysis of the resulting sequences suggested a set
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Figure 15. The use of molecular tags to identify members of a library.[108±111]



REVIEWS P. G. Schultz and D. R. Liu

48 Angew. Chem. Int. Ed. 1999, 38, 36 ± 54

of rules governing SH3 ± ligand interactions, and subsequent
structural studies revealed a detailed mode of ligand binding
by the SH3 domain.[116]

4.2. Extension to Other Polymeric and
Nonpolymeric Frameworks

Molecular diversity has also been used to explore the
chemical and biological properties of heteropolymers com-
posed of building blocks other than amino acids. These
unnatural polymeric frameworks may have novel properties
such as improved pharmacokinetic properties (including
membrane permeability and biological stability) that increase
bioavailability, or altered conformational or hydrogen-bond-
ing properties that provide insights into biomolecular struc-
ture and folding. A number of novel ªunnatural biopolymersº
have been generated including oligocarbamates,[117] pep-
toids,[118, 119] oligoureas,[120±122] oligopyrrolinones,[123] oligoaza-
tides,[124] oligosulfonamides,[125] and b-peptides.[126±128] Because
these oligomeric compounds can be assembled from a set of
diverse building blocks, large molecular libraries can be
rapidly generated and screened for desired properties. For
example, oligocarbamates consisting of a chiral ethylene
backbone with a variety of side chains linked through
relatively rigid carbamate groups have been efficiently
synthesized by the stepwise coupling of N-protected amino-
p-nitrophenyl carbonate monomers. The monomers in turn
are readily derived from the corresponding amino acids
(Figure 16).[117] Libraries of these molecules have been
generated, and high-affinity selective ligands have been
identified that bind antibodies and integrin receptors.[111, 129]

Libraries of polypeptoids,[118, 119] a polypeptide backbone
composed of N-substituted glycine units, have also been

generated. Peptoids have been identified that selectively bind
the a-adrenergic receptor and a number of enzymes.[118]

Efforts are ongoing to determine the conformational and
pharmacological properties of these molecules.

The application of combinatorial approaches to creating
nonpolymeric small molecules came with the realization that
many such molecules can also be synthesized by the iterative
stepwise addition of building blocks on a solid support. The
most notable early example was that of the combinatorial
synthesis of a library of 1,4-benzodiazepines,[130, 131] a pharma-
cophore common to a wide variety of clinically important
therapeutic agents. A library of approximately 2000 structur-
ally diverse 1,4-benzodiazepine derivatives containing a
variety of chemical functionalities including amides, carbox-
ylic acids, amines, phenols, and indoles was constructed by
multipin synthesis from three components: 2-aminobenzo-
phenones, amino acids, and alkylating agents (Figure 17).
Ligands that selectively bind p60src, a cholecytokinin A
receptor, and DNA-binding antibodies have been isolated
from this library.

Combinatorial libraries for a large number of small organic
molecules have since been generated including b-turn mimet-
ics,[132] hydantoins,[133] protease inhibitors,[134] pyrrolidines,[135]

b-lactams,[136] and tyrosine kinase inhibitors.[137] In addition, a
library of 1300 di- and trisaccharides was recently synthesized
on beads and screened against Bauhinia purpurea lectin con-
jugated to a reporter enzyme.[138] Two ligands were isolated
that bound to the lectin more tightly than the natural ligand.
Similar approaches provide promising routes to the identi-
fication of carbohydrate-based ligands for other receptors.

Finally, considerable effort is also being focused on the
development of new solid-phase synthetic methodologies for
generating small-molecule libraries,[139, 140] as well as theoret-
ical and empirical methods for library design. For example,

the structure-based design of nonpeptide
libraries containing the hydroxyethyl-
amine pharmacophore of pepstatin
yielded potent inhibitors (Ki� 9 ±
15 nm) of cathepsin D.[141] Clearly, the
use of libraries of synthetic oligomeric
and nonpolymeric molecules will con-
tinue to have a significant impact on the
pharmaceutical industry.

4.3. Natural Products

Not only can chemical synthesis be
used to generate libraries of small or-
ganic molecules, recently it has been
shown that the biosynthetic machinery
of cells can be exploited to produce
libraries of natural products such as the
polyketides, which include the well-
known antibiotics erythromycin, aver-
mectin, and spiramycin.[142] These com-
pounds are synthesized by modular pol-
yketide synthases (PKSs), large multi-
functional enzyme assemblies that
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catalyze the stepwise biosynthesis of these natural prod-
ucts.[143, 144] These modules encode sets of enzymes (ketosyn-
thases, acyl transferases, ketoreductases, dehydratases, and
enoyl reductases) that processively carry out rounds of
polyketide chain elongation with concomitant alterations in
oxidation level and stereochemistry after each elongation
step. Deleting individual modules, altering the specificity of
individual enzymes in a module, or adding new enzymatic
activities results in the synthesis of a large number of different
macrolides.[142] Most recently, it has been shown that exoge-
nous addition of synthetic diketide mimics to deoxyerthro-
nolide B synthase containing a genetic block in the KS-1 gene
results in the synthesis of a novel polyketide containing the
synthetic building block (Figure 18).[145] As more nontem-
plated biosynthetic pathways are isolated and characterized
(e.g., cyclic peptides, ene-diynes, and bleomycins) and our
ability to manipulate their function increases, this approach is
likely to provide an increasingly diverse collection of chemical
structures to screen for novel biological properties.

4.4. Genomics

Combinatorial synthetic methods have also found impor-
tant applications in genomics. For example, the photolitho-
graphic chemical synthesis methods developed for peptides

have made it possible to synthesize spatially
addressable, high-density arrays of oligonu-
cleotides of known sequence.[146, 147] This tech-
nique has been used to generate more than
260 000 specifically chosen oligonucleotide
probes (in an area of about 6.5 cm2) that
hybridize to all open reading frames (ORFs) in
the yeast genome (twenty 25-mers comple-
mentary to segments within each ORF; Fig-
ure 19).[148] With this array one can monitor the
expression levels of nearly all yeast genes in a
quantitative, sensitive, and highly reproducible
fashion due to the redundancy in the detection
and analysis of the data. Arrays of this sort are
likely to have a major impact on our ability to
analyze the information content of genomic
DNA, including mismatch scanning, homology
comparisons, and the detection of genetic
differences between strains. Other parallel,
high-throughput methods have also been de-
veloped for generating oligonucleotide ar-
rays,[149±156] including spotting methods with
presynthesized oligonucleotides.[157]

A recent example demonstrates how com-
binatorial libraries of small molecules, struc-
tural information, and oligonucleotide arrays
can be used synergistically to identify and
characterize selective kinase inhibitors.[158] A
combinatorial library of 2,6,9-trisubstituted
purines was generated based on structural
analysis of the novel binding mode of the
purine olomoucine to the ATP binding pocket
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Figure 18. Precursor-directed biosynthesis of novel polyketides containing
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of the cell cycle kinase CDK2.[159, 160] By iterating chemical
library synthesis and biological screening, high-affinity, selec-
tive inhibitors of human CDK2/cyclin A and yeast cdc28
kinases were identified. The CDK2/cyclin A kinase inhibitors
include compounds that selectively inhibit the growth of colon
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Figure 19. Fluorescence image of an array of oligonucleotide probes
following hybridization of a fluorescently labeled RNA sample prepared
from mRNA extracted from yeast cells.

cancer cell lines. The structural basis for the affinity and
selectivity of these purine derivatives was determined by
analysis of the three-dimensional crystal structure of their
complex with CDK2, providing a basis for further enhancing
the affinity and selectivity of the compounds. The cellular
effects of this class of compounds were further examined and
compared to those of the CDK2 inhibitor flavopiridol, as well
as to those arising from mutations in cdc28 itself, by
monitoring changes in mRNA expressions levels for all genes
in treated cells of Saccharomyces cerevisiae using high-density
oligonucleotide probe arrays.[148, 161] In particular, of the 105
transcripts that changed greater than threefold in response to
both compounds (335 for the purine and 267 for flavopiridol)
only seven were down regulated, all of which were associated
with progression of the cell cycle. These experiments also
began to delineate other common effects of these compounds
on cellular metabolism, stress response, signaling, and growth,
as well as reveal significant differences in the effects of
flavopiridol and the purine, despite their apparent in vitro
selectivity for CDKs. Information of this sort may, in general,
be useful in comparing compounds prior to clinical studies or
in identifying targets whose inhibition might potentiate the
effects of a primary drug. Moreover, the use of gene
expression profiles together with multiple copy overexpres-
sion libraries[162] may allow one to rapidly identify the targets
of compounds with interesting biological activities isolated
from phenotypic screening of whole cells. The combined use
of chemical libraries, novel in vitro and cellular screens,[163±165]

and genomics is likely to provide important new insights into
complex cellular processes.

5. Materials Science

The most recent application of combinatorial approaches
has been to solid-state and materials science. The properties
of many functional materials, such as high-temperature
superconductors, heterogeneous catalysts, ferroelectric mat-
erials, magnets, and even structural materials such as alloys
arise from complex interactions involving the host structure,
dopants, defects, and interfaces, all of which are highly

dependent on composition and processing. Unfortunately,
the current level of theoretical and empirical understanding
does not generally allow one to predict the structures and
resulting properties of these materials.[166] The situation is
further complicated by the complex compositions of many
modern materials (four or more elements) and the fact that
materials synthesis, unlike organic synthesis, is generally not a
kinetically controlled process. Given approximately 60 ele-
ments in the periodic table that can be used to make
compositions consisting of three, four, five, or even six
elements, the universe of possible new compounds with
interesting physical and chemical properties remains largely
uncharted. Combinatorial methods should make it possible to
rapidly synthesize, process, and analyze large libraries (hun-
dreds to hundreds of thousands of members) of inorganic and
organic materials and devices. This may lead to significant
increases both in the efficiency of materials discovery and
optimization, and in our information base relating materials
structure and properties.

5.1. Synthesis and Screening

The first application of combinatorial methods to materials
science involved the synthesis of libraries of thin-film copper
oxides containing high-temperature superconductors.[167] Li-
braries designed to explore many different materials compo-
sitions were synthesized by sequentially sputtering precursors
at different sites on a substrate using a series of precisely
positioned shadow masks (Figure 20). Low-temperature an-
nealing followed by high-temperature processing resulted in
formation of superconducting thin films. More recently,
quaternary and shutter masking systems, together with
photolithographic masking techniques and pulsed laser dep-
osition, have made possible the synthesis of high-quality,
diverse thin-film libraries of some 1000 to 10 000 samples on
an area of about 6.5 cm2.[168±170] Solution-based methods have
also been applied to materials library synthesis. For example,
scanning fluid delivery stems (inkjets) have been used to
rapidly and accurately deliver nanoliter volumes of precursor
solutions to generate libraries of metal oxides and organic
polymers.[171, 171] Processing conditions play an important role
in determining materials properties, and it is important to
include these variables in the design of a materials library.
Identical libraries synthesized simultaneously can be proc-
essed under different conditions to enhance diversity. Gra-
dient temperature ovens have been used to identify optimal
processing conditions for a library of metal oxides; similarly, it
may be possible to vary oxygen partial pressure by introduc-
ing oxygen on one side of the chip.[173]

A number of detection systems have been developed to
date for screening materials libraries for optical, electronic,
magnetic, or chemical properties of interest.[173] Optical
imaging systems have been used to evaluate libraries of
photoluminescent materials. For example, a scanning spec-
trophotometer and CCD array detectors (CCD� charge-
coupled device) were used to evaluate the photon output and
chromaticity of each member in phosphor libraries upon
excitation with monochromatic UV light.[168, 169] A novel
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a)

b)

Figure 20. a) In the quaternary masking scheme, deposition is carried out
using a series of n different masks which subdivide the substrate into a
series of nested quadrants. Each mask is used in four sequential deposition
steps with a 908 rotation of the mask in each step, generating up to 4n

compositions in 4n deposition steps. b) Photograph of the 1024-membered
library (deposited on a Si substrate with an area of 2.54� 2.54cm2) under
ambient light (top) and UV irradiation (bottom).

scanning-tip microwave near-field microscope (STMNM) has
been developed to nondestructively measure dielectric con-
stant and tangent loss of a library of ferroelectric materials
with submicron spatial resolution and high sensitivity (Fig-

ure 21).[170, 174] More recently, X-ray microbeam techniques
with a spot size of 3� 20 mm2 have been used to characterize
the composition and structure of samples in thin-film libra-
ries.[175] Infrared imaging thermography has been used to
qualitatively evaluate catalyst performance in a small member
library of hydrogen oxidation catalysts,[176] and mass spec-

a)

b)

c)

Figure 21. a) Schematic representation of a scanning tip microwave near-
field microscope for analyzing ferroelectric and dielectric libraries.
b) Composition of a region of a BaTiO3 ferroelectric library with dopands
indicated. c) Image of tangent loss (tan d) from this library obtained with
the near-field scanning microwave microscope.[174]
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trometry has been used to rapidly screen a library of oxidation
catalysts with high sensitivity.[177] Magneto-optical detectors
are being developed to image libraries of magnetic materials,
and many other detector systems can be envisaged to measure
a range of material properties (IR and Raman spectroscopy,
surface plasma resonance, nanoindentation, light scattering,
and polarized light microscopy).

5.2. Applications

Although there remains a great deal of work to be done in
developing methods for the combinatorial synthesis, process-
ing, and detection of materials libraries, a number of
applications of this approach has already been reported.
Combinatorial approaches have been used to identify a class
of cobalt oxide magnetoresistive materials of the form
(La0.88S0.12)CoO3.

[178] Magnetoresistance was found to increase
as the size of the dopant ion increased, in contrast to Mn-
containing compounds, in which the magnetoresistive effect
increases as the size of the alkaline earth ion decreases.
Combinatorial methods have also been applied to the
optimization and identification of luminescent materials.
Recently, two novel blue phosphorescent compounds,
SrCeO4

[179] and Gd3Ga5O12/SiOx,[168] were discovered in com-
binatorial libraries. Similar approaches have also been applied
to ferroelectric materials where the effects of transition metal
dopants on the dielectric constant and tangent loss of a library
of thin films of (BaxSr1ÿx)TiO3 were determined.[170] Combi-
natorial methods are likely to have a significant impact on
catalysis and polymer chemistry, and the first attempts to
apply combinatorial methods in this area have already
surfaced.[173±176, 180±182] It may also be possible to generate
combinatorial libraries of entire devices such as capacitors or
electroluminescent displays.[183]

6. Conclusion

The development of strategies for generating large diverse
libraries of biomolecules, small organic molecules, and solid-
state materials, together with novel screens and selections for
specific biological, chemical, or physical properties, is having
an enormous impact on science. These approaches are
significantly increasing the rate and efficiency with which
the scientific method can be used both to identify molecules
with novel properties and to understand the structural basis
for their function. Clearly, many challenges lie ahead includ-
ing 1) improved theoretical and computational methods for
designing libraries and analyzing the output of library experi-
ments; 2) the development of methods for increasing library
size (especially for polypeptides, proteins, and synthetic
molecules); 3) high-throughput screens for a broader range
of biological (cellular), chemical, and physical properties;
4) extension of biological selections and amplification to
synthetic diversity; and 5) further engineering improvements
in miniaturization and robotics. Nonetheless, molecular

diversity has already been exploited to produce a large
number of molecules with functions that would have been
difficult and, in many cases, impossible to realize using more
traditional synthetic approaches.
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