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Chemistry for Chemical Genomics
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Summary
New methods and strategies have been developed to design and use small molecules

that allow the functional dissection of molecular pathways, cells, and organisms by selec-
tive small-molecule ligands or modulators. In this overview, we are focusing on diver-
sity aspects, design methods, and chemical synthesis strategies for the application of small
molecules as tools for chemical genomics. Examples for different successful chemical-
genomics strategies include the selection of diverse drug-like molecules, target family–
focused compound libraries, natural-product chemistry, and diversity-oriented synthesis.

Key Words: Chemical diversity; compound design; diversity-oriented synthesis; drug-
like compounds; molecular properties; natural products; rule of five; structure–activity
relationship; target-focused compound libraries.

1. Introduction
Organic chemistry is the science of the synthesis and properties of mole-

cules that are constructed from only a few atom types, such as carbon, hydrogen,
nitrogen, oxygen, and sulfur, with carbon atoms constituting the majority of the
core of these chemicals. As these atoms are also the building blocks of naturally
occurring peptides or oligonucleotides, this chemistry was termed organic, as
opposed to other disciplines of chemistry. Such chemicals, commonly referred
to as small molecules, are valuable as medicines to treat diseases ranging from
headache to cancer.

Small molecules have recently proven to be extremely useful tools to explore
the functions of the cell at the genome level, giving rise to the new paradigm of
chemical genomics. The functional dissection of molecular pathways, cells, and
organisms by having a small-molecule ligand or modulator for every gene prod-
uct, was the vision of Stuart L. Schreiber, one of the pioneers of the chemical
genomics field (1).
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Several recent reviews and books deal with the implication of chemical gen-
omics towards drug discovery (2–5). The chemical genomics paradigm is seen
as a logical follow-up of the Human Genome Project, and several public initia-
tives on chemical genomics have been started on national levels. Thus, in the
United States, the National Human Genome Research Institute has set up a
chemical libraries plan that moves the National Institutes of Health into high-
throughput screening and small-molecule development to “determine function
and therapeutic potential of genes and to define molecular networks.” In Ger-
many, the Nationale Genomforschungsnetz initiated a chemical genomics plat-
form by assembling synthetic compound libraries as probes for protein function.
These compounds will help to validate new targets for novel therapies more
rapidly, and will enable researchers in the public and private sectors to take these
targets and move them through the drug-development pipeline.

In this overview we would like to focus on some chemical aspects, problems,
and solutions to the application of small molecules as tools for chemical genomics.

2. Diversity of Small Molecules
What are small molecules? For the sake of simplicity, let us consider only

those organic chemicals as small molecules that have a molecular weight of less
than 1000 Dalton. Such a definition is by its nature arbitrary, but allows separat-
ing out other classes of organic molecules such as molecules that are oligomers
of smaller building blocks such as, for example, proteins, oligonucleotides, or
oligosaccharides. The number of all possible and different small molecules
with a molecular weight below 1000 is assumed to exceed 1060. To be a speci-
fic modulator of a target protein, a small molecule has to act as a ligand, binding
to its target. As opposed to to large molecules, small molecules have an aver-
age interaction area of up to 400 Å2 with their target—which is, for example,
the size of a typical enzyme substrate site. This relatively small interaction area
poses a serious problem to the whole concept of chemical genomics—is it at
all possible to find a specific small molecule for each gene product? Indeed, it
appears more likely that small molecules are promiscuous and may interact
rather with a range of targets that have similar binding sites. Many of these
“unwanted” interactions might not result in undesired effects, giving way to
selective drugs in vivo. In odd cases, such secondary interactions may cause
toxicities or other side effects; in lucky cases, these secondary interactions might
be the real reason why a particular small molecule is an effective drug. There-
fore, the rational design of such dual- or triple-action compounds has emerged
as a new paradigm (6).

The functional, biological diversity of small molecules appears to be inherently
more limited than that of large molecules. Whereas the diversity of oligomers
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can be described by metrics like sequence and secondary, tertiary, and quaternary
structure, the diversity of small molecules is harder to capture. The development
of qualitative and quantitative measures for the chemical diversity of small mole-
cules has only started to evolve with the advent of combinatorial chemistry, which
enabled the synthesis of a large number of small molecules in one experiment.

As opposed to large molecules, the required high functional diversity of small
molecules has to be packed into a rather small volume made up of only 20–30
non-hydrogen atoms. To bind efficiently at a protein-ligand site, most of the
small-molecule ligand’s binding energy must come from sites not exploited by
the natural protein ligand. The limited molecular volume has to interact with the
target protein with a maximum binding energy per atom to achieve both the
required affinity and specificity. This binding energy has been calculated for
maximal free-energy contributions per non-hydrogen atom with approx 1.5 kcal/
mol across a wide variety of macromolecule–small-molecule interactions. The
empirical data also revealed a significant trend to smaller contributions per
atom as the relative molecular mass of the ligand increases (6). Thus, small-
molecule ligands are binding to their targets with approximately three times
more binding energy per unit area than protein ligands (8). As subnanomolar
binding can be achieved with ligands containing as few as 10–20 atoms, the
remaining 10–20 atoms could potentially be used to obtain selectivity. The like-
lihood of obtaining the desired functional diversity for small molecules is also
correlated to the nature of the biological targets of interest. Thus, it is more
likely to find enzyme inhibitors than small molecules that block protein–pro-
tein interactions (8).

Functional diversity of small molecules for chemical genomics experiments
can therefore be defined in terms of obtaining maximum affinity to a given tar-
get protein by a minimum of molecular volume in order to minimize unwanted
binding to other proteins. The realization of this Max–Min concept in a library
of small-molecule compounds poses a serious challenge to organic chemists.
As the molecular volume of small molecules is rather similar and does not leave
enough room for major variations, the only way to obtain both affinity and selec-
tivity is a maximum diverse distribution of atoms in this small volume. This can
not be achieved by varying a small number of building blocks like the 20 amino
acids for proteins, but requires the whole repertoire of organic chemistry to
assemble novel chemical scaffolds. This recent understanding has led not only
to a reappreciation of natural-product chemistry but also to a series of initiatives
that aim at the development of novel chemistries to obtain chemical diversity.

2.1. Drug-Like Compound Libraries

A large range of small-molecule physico-chemical properties can be com-
puted and used for diversity selection and drug likeliness. Thus, drug-like mole-
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cules should follow the “rules of five” that requires a logP <= 5, molecular weight
<= 500, number of hydrogen bond acceptors <= 10, and number of hydrogen
bond donors <= 5. Molecules violating more than one of these rules may have
problems with bioavailability (9) or the likelihood of having good drug proper-
ties (10). A polar surface area of <120 Å2 has been shown to correlate with bio-
availability and can be computed in a straightforward way (11). A new method
based on quantum chemistry performs the rapid, automated fragment-wise con-
struction of an approximate charge density (�-profiles) on the molecular sur-
face—describing better the surface of the ligand a target protein will interact
with (12).

An optimally diverse compound library of drug-like molecules for chemical
genomics experiments would be a collection of representatives from a variety of
compound clusters of similar molecules. A comparison between various simple
and more complex structural descriptors and clustering methods has been given
by Brown and Martin (13), using large sets of different molecules. Interestingly,
the simplest method, counting 153 different substructure keys using a priori
knowledge about substructure elements from a fragment dictionary, provided
a better similarity measure than using more complex two- or three-dimensional
criteria. This points to the difficulty of generating general representations of
molecules, and it is probably impossible to hope to characterize a large, diverse
data set by a small set of representatives. Calculated octanol-water partition
coefficients, molar refractivities, or dipole moments can be used as additional
criteria to assemble a useful library for biological testing (14). Exclusion crite-
ria should also include knowledge on promiscuous or reactive substructures such
as, for example, excluding compounds that exhibit thiourea, nitro, or �-halo-
keto groups such as defined by Rishton (15).

The above principles have been applied with success to select compound
libraries for chemical genomic experiments. We would like to give two represen-
tative examples for such a successful selection.

Monastrol was identified as a novel antimitotic compound from a selected
library of 16,320 commercially available compounds (16). The library was
screened by applying a series of phenotype-based screens, selecting 139 com-
pounds that induced phosphonucleolin levels, than subsequently eliminating
52 compounds from these 139 that targeted tubulin and a further 42 antimitotic
compounds that target the interphase cytoskeleton, leaving overall only 5 com-
pounds with the desired cellular effect. From these, monastrol arrests mamma-
lian cells in mitosis with mono-astral spindles surrounded by a ring of chromo-
somes. The target of monastrol was found to be the mitotic motor protein Eg5,
a bipolar kinesin known to be required for spindle bipolarity. This cellular activ-
ity of monastrol is very sensitive to structural changes: the chemically similar
DHP2 compound is already completely inactive (Fig. 1).
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In a conceptually similar experiment, compounds were selected from com-
mercial vendors to give a screening library of 73,400 diverse, drug-like mole-
cules that comply with the rules of five. Screening of this library in a permeable
yeast two-hybrid system was accomplished to select molecules that block the
protein-protein interaction of cI-DBD-H-Ras(G186) with AD-Raf-1, but not of
LexA-DBD-hsRPB7 and AD-hsRPB4. From this library, 38 active compounds
were selected for further screening in mammalian cells to inhibit serum-induced
transcriptional activation through SRE and AP-1 sites from the c-fos promoter.
MCP1 was than selected by performing additional cell-based screening to remove
unselective or toxic compounds (17). Interestingly, the chemical structure of MCP1
resembles other structures that are able to inhibit protein–protein interactions,
such as, for example, FKB-001 (18), featuring flexible side chains that enable
the molecule to fold into cavities at the protein surface. On the other hand, both
molecules (Fig. 2) are accessible via fast and parallel synthesis methods (19).

As opposed to selecting libraries of general molecules from historic com-
pound collections, for combinatorial libraries the problem of a diversity metric
is simplified due to the limited number of building blocks that are used for their
synthesis. Using volume, lipophilicity, charge, and H-bond donor or acceptor
descriptors, it was shown that combinatorial libraries may be designed to exhibit
the same diversity as commercial drugs with respect to the density of these structu-
ral fragments (20). Subsets from a large virtual library can then be chosen by D-
optimal design to assemble an information-rich diverse library. More advanced
methods (CATS and TOPAS) have been developed recently to select and syn-
thesize compounds for screening based on two-dimensional criteria (21,22).

2.2. Target-Family Compound Libraries

Proteins of a certain family usually exhibit structurally similar binding sites;
a prominent example is the adenosine triphosphate (ATP)-binding site of the

Fig. 1.
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approx 518 kinases identified so far, also called the human kinome (23). Not
surprisingly, compounds that mimic the structural features of ATP are used with
success to synthesize more or less selective kinase inhibitors. These inhibitors
can be used both as tool compounds to study the effect of a particular kinase in
cell signaling events or as potential drug candidates. A great deal of chemical,
biological, and biostructural information on kinase inhibitors is available and
provides a straightforward starting point for designing compound libraries that
target kinases. In a recent example, biostructural information was used to clas-
sify kinases according to the similarity of their small-molecule ligands, and
develop a fast virtual screening method—structural interaction fingerprint
(SIFt)—that allowed rapid identification of novel and selective transforming
growth factor-� kinase inhibitors. This method, based on experimental data,
combines for the first time protein sequence homology and the chemical struc-
ture information of the ligand into one truly chemo-genomic method (24).

In another example of combinatorial parallel chemistry, we have recently
used the Ugi three-component reactions (Ugi 3-CR) to construct a library of
16,840 protease inhibitors (25). It has been demonstrated previously that the
Ugi-3CR reaction provides a useful chemical scaffold for the design of serine
protease inhibitors: N-substituted 2-substituted-glycine N-aryl/alkyl-amides
have been identified that are potent factor Xa, factor VIIa, or thrombin inhi-
bitors. The three variable substituents of this scaffold, provided by the amine,
aldehyde, and isonitrile starting materials, span a favorable pyramidal pharma-
cophoric scaffold that can fill the S1, S2, and S3 pockets of the respective pro-
tease. This library was screened against five proteases (factor Xa, trypsin, uro-

Fig. 2.
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kinase, tryptase, and chymotrypsin) at different concentrations to create an ex-
haustive structure–activity relationship (SAR) data set. Using this SAR, both
selective and potent inhibitors could be identified against all five proteases,
such as the four prototypic factor Xa inhibitors shown in Fig. 3.

2.3. Natural Products
By intuition, natural products are thought to exhibit a higher degree of com-

plexity than traditional synthetic drugs (26). This hypothesis was verified by
analyzing the chemical core structures of natural products (27). In addition,
natural products tend to have a higher molecular weight, more oxygen atoms,
and fewer nitrogen atoms than synthetic drug molecules. A quantitative index
of complexity was developed that uses the number and size of rings and the con-
nectivity of each atom (28). Alternatively, complexity can be defined as the
number of domains or substructures contained in a molecule that are available
for interacting with the target. A molecule with low complexity has fewer inter-
action sites than a molecule with greater complexity, that can therefore be more
selective than simple compounds, also yielding fewer hits in primary screens
(29). Libraries of natural products can be obtained either as purified compounds
or as extracts from microbes or plants. Although most natural products do not
follow the rules of five, finding natural-product drug candidates has been a suc-
cessful enterprise in the past—almost half of the small-molecule drugs on the
market are either directly natural products or chemically derived from those.

However, the total synthesis of these complex structures poses a serious chal-
lenge to organic chemistry, resulting often in the inability to follow up first
hits quickly by resynthesis and derivatization. Thus, the synthesis of complex
natural products using efficient strategies, often accompanied by the develop-
ment of novel reagents and reactions, was considered the “royal” discipline of
organic chemists in the past. Today, we observe that those natural-product-
oriented organic chemists are broadly using the developed know-how to bring
together the pharmacophores of structurally diverse natural products with
methods of combinatorial chemistry.

As a representative example, the rather complex natural-product dysidiolide
was synthesized by methods amenable to combinatorial synthesis (30). Using
a cycloaddition-based approach to the dysidiolide core, a solid-phase synthesis
of epi-dysidiolide (Fig. 4) and analogs thereof was developed.

The total synthesis proceeds in >10 steps on solid phase and includes vari-
ous transformations, including an asymmetric Diels-Alder reaction, oxidation
with singlet oxygen, and olefin metathesis. This synthesis sequence is among the
most advanced and demanding solid-phase syntheses developed so far for chem-
ical genomics experiments. It demonstrates that the total synthesis of complex
natural products in multi-step sequences on solid phase is feasible.
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Moreover, the biological investigation of dysidiolide analogs has yielded
selective Cdc25 inhibitors with high potency in enzymatic and cellular assays.

3. Diversity-Oriented Synthesis
Many natural products have been directly developed in the past as drugs—

without the possibility for a significant synthesis of potentially better analogs.
This observation has inspired a new strategy of synthesizing natural-product-
like compounds using combinatorial, diversity-oriented synthesis (DOS) (31).
Thereby, the generation of molecular complexity by reaction sequences that
are amenable to combinatorial chemistry has become an important theme of
recent research (32). Optimized reactions have been utilized to create compound
libraries that are comparable in terms of structural diversity with natural prod-
ucts. In one example, the alkaloid martinellic acid has been the target for tran-
sition metal–catalyzed hetero-Diels-Alder reactions. Surprisingly, a reaction
was found that yielded the desired scaffold in one step by a novel three-com-
ponent coupling. In another example, a hetero-Diels-Alder scaffold was used
to synthesize peptidomimetics, aiming to arrive at conformationally and pro-
teolytically stable products derived from biologically active peptides (33).

In a different approach, one may synthesize molecular scaffolds that have
not been found in nature. These templates are often also called new chemotypes,
expressing the hope of finding interesting and unexpected biological activi-
ties. For example, cycloadditions, imine formation, and Michael reactions are
used to generate such novel backbones (34,35).

Poly-substituted aromatic rings are difficult to synthesize—in a recent work,
inhibitors of the cholesterine ester transfer protein (CETP) were synthesized,
using a highly sophisticated assembly of basic organic reactions and comprising

Fig. 4.



20 Weber

a three-component reaction (36). This work certainly represents one of the best
examples of how combinatorial chemistry has merged with the synthesis of high-
diversity, complex compounds.

Multi-component reactions, first misinterpreted as rather rare exceptions in
organic chemistry, are now commonly regarded as useful tools to generate highly
diverse compound libraries. Only four synthetic steps are needed to generate
complex, almost baroque structures (37) using an Ugi-type MCR, a Diels-Alder
reaction, and a final olefin metathesis. Other examples of similar diversity-gen-
erating reaction sequences have been published, using oxidative bond forma-
tions or macrocyclization strategies by building up peptide scaffolds that are
than cyclized via olefin metathesis (38).

In most recent developments, it has been possible to devise synthetic strate-
gies whereby a variety of chemical scaffolds can be obtained in one scheme (39).
Whereas in former examples of combinatorial synthesis a large number of com-
pounds were synthesized that all shared the same chemical backbone, this new
technology is opening new ways toward a diversity that can be used for chemical
genomics in a designed strategy (40).

4. Summary
The success of merging genomics and chemistry will depend on finding

small molecules that can interact specifically with a given protein target mole-
cule. This goal might be especially difficult to achieve when dealing with pro-
teins that are similar in their sequence, three-dimensional structure, or function,
as are kinases. One way, as outlined in this chapter, is to improve chemical
methods to arrive at suitable small molecules. However, the concept of chemi-
cal genomics might also inspire and call for completely new technologies that
integrate chemistry and genomics even better.

As an illustration, we would like to cite the work of Shokat (41). To allow for
the fast selection of suitable molecules, the three-dimensional structure of the
v-Src kinase was changed through site-directed mutagenesis, creating a new
binding pocket in the vicinity of the active site while retaining its catalytic prop-
erties. It was then shown that an ATP analog, created through introducing a side
chain by chemical means into ATP, resulted in a highly specific substrate that
is converted only by the mutated v-Src kinase and not by other members of this
large enzyme family. It was thereby possible to study the pharmacological role
of v-Src kinase without affecting other kinases. This method is the first experi-
mental merger of genomics and small-molecule chemistry, allowing the cre-
ation of tools for chemical genomics studies. Other ideas along these lines may
include variants of dynamic combinatorial libraries (42) or click chemistry (43),
where the target protein assists the synthesis of the small molecule by selecting
a binding molecule out of a large pool of possible molecules.
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The examples described here in any case illustrate a new quality of investigat-
ing the interaction of small molecules within complex biological systems. How
can one use the chemical-genomics answers obtained to design better drugs,
more rapidly and more efficiently? Typically, the biological responses towards
a chemical entity are complex and multi-dimensional, such as gene-expression
patterns, protein binding, phenotype reversals, and phenotype inductions. Multi-
dimensional optimization algorithms will be required to translate such biolog-
ical feedback into the creation of better drugs. In low-dimensional optimization
spaces, traditional structure-activity relationships work well. Higher-dimen-
sional search spaces, as provided by chemical genomics, need heuristic optimi-
zation procedures, as exemplified by neuronal networks or genetic algorithms
(42). Genetic algorithms utilize biological genomics information in combina-
tion with a recently introduced, DNA-like description of small synthetic mole-
cules, to provide an opportunity for optimizing small molecules more efficiently
using nature’s evolutionary principles. Ultimately, one could envisage a co-evo-
lutionary drug-discovery process that would enable the discovery of novel drug
targets by using small molecules, which are then improved by respective bio-
logical feedback loops into highly potent and selective new drug candidates.
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