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Chemical ligands, genomics and

drug discovery

George R. Lenz, Huw M. Nash and Satish Jindal

The sequencing of the human genome and numerous
pathogen genomes has resulted in an explosion of po-
tential drug targets. These targets represent both an
unprecedented opportunity and a technological chal-
lenge for the pharmaceutical industry. A new strategy
is required to initiate small-molecule drug discovery
with sets of incompletely characterized, disease-
associated proteins. One such strategy is the early ap-
plication of combinatorial chemistry and other technol-
ogies to the discovery of bioactive small-molecule

ligands that act on candidate drug targets.

Therapeutically active ligands serve to concurrently
validate a target and provide lead structures for down-
stream drug development, thereby accelerating the

drug discovery process.

Opportunities and challenges for small-molecule
drug discovery in the post-genomic era

The future of drug discovery holds great promise, largely
because of the introduction of new technologies that are
beginning to revolutionize the scale and success rate at
which truly novel and high-value drugs can be brought
to market. New biological (genomic) technologies now
enable genome-wide DNA sequencing and genome-wide
gene expression analysis, thereby providing an opportunity
to identify the best drug discovery targets that will lead to
the best small-molecule drugs for many major diseases. The
accompanying challenge is how to be the first to identify
these targets from thousands of candidate macromolecular
targets (primarily proteins, but also including nucleic acids).

Given the ubiquitous nature of most primary genomic
information, drug discovery is an increasingly dynamic
competition that will favor developers and early adapters of
new technologies.

Genomic technologies

Currently, biological technologies (both computational and
empirical) at the level of the genome are unable to provide
unique solutions to the question of which protein is the
best small-molecule drug target for a given disease. Instead,
these genomic technologies identify intermediate sets of
partially characterized, disease-associated proteins. These
technologies can be grouped into two general
categories:

e Global strategies to identify proteins that are associated
with a particular disease

e Target-specific strategies to provide partial characteriz-
ation of the disease-associated proteins.

Global strategies for identification of candidate drug tar-
gets include computational homology alignments (.e.
between host and pathogen genomes)!, differential gene
expression analyses (i.e. cDNA or mRNA quantitation)? and
whole proteome analyses [i.e. 2-D PAGE (two-dimensional
polyacrylamide gel electrophoresis) or LC-MS/MS (reverse-
phase liquid chromatography coupled to two-dimensional
mass spectrometric analysis)® to identify disease-specific
changes in protein expression levels or isoforms. Both tran-
scriptional and proteomal technologies suffer from an
inability to discriminate between the root
cause(s) of a disease and the much greater number of mol-
ecular effects (or symptoms), which is especially important
in the analysis of human diseases.

Target-specific strategies include targeted gene disruption

molecular

(gene knockouts), antisense and ribozyme inhibition of
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Figure 1. The post-genomic drug discovery pathway, where target validation and detailed functional determination of candidate
target proteins are placed upstream of assay development and high-throughput screening. This pathway cannot be scaled rapidly
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mRNA function, and computational modeling to predict the
structure and/or function of gene products. Gene knock-
outs are laborious to perform in mammalian cells, thus lim-
iting the scalability of this approach for studying human
diseases, and this technology relies on the mouse as a
model for human biology. In addition, the resultant knock-
out mice can yield inconclusive results because of develop-
mental compensation or other forms of functional redun-
dancy.

By comparison, knockouts in pathogens are relatively
simple and rapid, and can efficiently identify the essential
genes for survival or pathogenicity of the microorganism.
Such studies have indicated that, on average, one-third of
the genes within a microbial genome are essential for
viability, usually in the order of hundreds to thousands®.
Furthermore, knockout strains do not provide information
on the relative susceptibility of each essential gene product
to functional antagonism by a small molecule (sometimes
referred to as the drugability of the protein).

Computational methodologies for structure and function
prediction include sequence homology alignments [i.e. PSI-
BLAST (position-specific iterated basic local alignment
search tooD]’> and threading or ab initio* techniques for
structure generation. PSI-BLAST and threading algorithms
rely on mining large databases that are currently incomplete
in their population and annotation that, unfortunately, are
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unlikely to be filled for several years. For example, the
function of the genes that encode 40-60% of all pathogen
genomes sequenced and analyzed to-date and probably
most of the 140,000 genes that encode the human genome
are still unknown®’.

From a structural perspective, the Protein Data Bank
(PDB) contains high-resolution structural representatives of
only a few hundred-fold protein-fold topologies, with
1000-3000 of these topologies
Although ab initio methods for structure prediction do not
rely on the PDB, current algorithms cannot reliably predict
accurate structures at a meaningful resolution®!®. In addi-
tion, objective evaluations of current database-driven struc-
ture and function prediction algorithms have concluded
that these methods cannot predict the structure and func-
tion of most novel proteins at the necessary precision to
confidently assign function and develop HTS assays!!12.

estimated in nature®.

Strategic limitations of genomic technologies

Genomic technologies are therefore yielding intermediate
sets of putative targets that can overwhelm the downstream
discovery capabilities of even the largest pharmaceutical

* Ab initio techniques are strictly defined as structure-prediction
algorithms that rely exclusively on first principles of physical chemistry,
and are more loosely defined by some in the field to describe structure-
prediction algorithms that use pattern-recognition algorithms in the absence
of statistically significant homology to any protein of known structure.
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companies. As shown in Figure 1, target validation and
detailed functional determination of candidate target pro-
teins are placed ahead of assay development and HTS in the
conventional drug discovery pathway. For reasons already
discussed, target validation is costly and time-consuming
for human proteins, and detailed functional determination
is equally challenging for microbial and human proteins
with <20% homology to proteins of known function'®!*, In
both cases, these steps usually require the equivalent of 1-2
researchers (one PhD level scientist plus one research asso-
ciate) for 18-24 months, making it economically prohibitive
to analyze every candidate target protein in parallel. This
disconnection between the scales at which biological
technologies can identify putative targets and at which
high-resolution structural and functional determination and
HTS assay development can be performed is a serious bot-
tleneck that is holding back the full impact of genomics on
drug discovery.

Exacerbating this situation is the fact that, prior to the
advent of genomics, functional determination and target
validation studies were performed primarily in academic
and medical research institutions, with pre-clinical research
within the pharmaceutical industry usually being initiated at
the assay development stage (Fig. 1). These studies involve
both the genomic technologies already described and basic
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research methodologies, such as site-directed mutagenesis,
in situ hybridization and immunocytochemical assays.
Hence, genomics is increasing the cost and time of pre-
clinical drug discovery.

There is therefore a requirement for new strategies to ini-
tiate small-molecule drug discovery with intermediate sets
of incompletely characterized, disease-associated proteins.
Ideally, this should rationally and economically focus pre-
clinical drug discovery on the best drug targets emerging
from genomics. One such strategic model is the early and
extensive application of combinatorial chemistry and other
technologies to the discovery and analysis of biologically
active small-molecule ligands that act on these candidate
drug targets.

A role for small-molecule ligands in target validation
and lead discovery

Ligand-directed drug discovery model

An emerging strategic model for initiating small-molecule
drug discovery with novel proteins from genomics involves
the early discovery of biologically active ligands that act on
candidate drug targets. As shown in Figure 2, the ligand-
directed drug discovery pathway comprises three basic
steps. In step 1, genes encoding a set of putative target pro-
teins identified by any of the aforementioned genomic
technologies are cloned into stand-
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Figure 2. The ligand-directed drug discovery pathway, where the identification of a
therapeutically active ligand to a target protein can serve to concurrently validate the
target and provide a lead structure for downstream drug development.
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fied peptides) or small organic mol-
ecules to identify those molecules
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Validated
target

Drug
lead

[
e
+

Drug
lead

Drug
lead
general immune response assays).

Advantages of ligand-directed drug
discovery

A distinct advantage of ligand-direct-
ed drug discovery is  the
concurrent analysis of both the
importance of a protein in a disease
process and a protein’s amenability
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to functional modulation by a small molecule. This latter
feature differentiates ligand-directed discovery from all
other genome-level biological approaches. Furthermore,
ligand discovery technologies rely on affinity at the primary
screening level and, thus, assay development can be initiat-
ed with a partial understanding of the protein’s function or
structure. This attribute is highly significant when consider-
i n g
the vast number of incompletely characterized, disease-
associated genomic targets.

Affinity-based screens also enable the placement of one
or more non-HTS biological assays downstream of the
large-scale primary screen to study the activities of the small
subset of molecules that possess requisite affinities and
specificities. For many proteins, an affinity-based screen
can provide a set of ligands that exhibit multiple biological
activities, owing to the existence of multiple binding modes
and even multiple distinct binding sites. The exploration of
these binding sites is especially relevant to human protein
targets, as these proteins frequently possess more than one
functional domain. In addition, new biological technol-
ogies, such as yeast two-hybrid screens, have supported a
growing appreciation that
protein—protein interactions are key components of most, if
not all, biological systems, and that modulation of these
interactions represent an under-exploited area for drug dis-
covery'>19, The ligand-directed drug discovery model pro-
vides perhaps the best mechanism for attacking this difficult
area, and indeed some notable successes in disrupting and
enforcing protein—protein interactions have been achieved
with affinity-based technologies!”8,

Finally, most ligand discovery technologies are highly
scalable, and can handle the large numbers of proteins pro-
vided by genomic information. At the genome level, biolog-
ically active ligands can serve as empirical filters, and they
offer a rational bridge between the scale of genomic target
identification and the capacity of downstream discovery
resources.

Biopolymer ligands

With all of its apparent advantages, the ligand-directed drug
discovery model has failed to become the industry standard
for the exploitation of new targets from genomics. The pri-
mary weakness of this model is the nature of the ligands
used to date. Early ligand-directed functional genomic strat-
egies have featured biopolymer ligands such as peptides
and RNA aptamers, primarily because of the existence of
several powerful methodologies for the screening of multi-
million- to one billion-member libraries of these candidate
ligands. Technologies that utilize extracellular presentation
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of candidate ligands take advantage of biological systems to
synthesize the libraries and auto-amplify positive ligands
between rounds of affinity selection!?. Other related
technologies employ intracellular presentation of candidate
ligands coupled to phenotypic readouts and selectable
markers?®. However, biopolymer ligands have failed to
completely bridge the gap between genomics and drug dis-
covery for two reasons. Firstly, it is apparent that biopoly-
mers do not fully cover drug diversity. Secondly, these lig-
ands do not possess suitable biological stability and
membrane permeability properties to be drug leads them-
and, thus, biopolymer
ligands are usually viewed as hits that must be reengi-
neered to develop leads.

Unfortunately, there exists no reliable approach to direct-
ly convert biopolymer ligands into drug leads, as they are
exquisitely sensitive to changes in their polymeric back-
bone that increase stability and permeability. Biopolymer
ligands also  possess rotatable  bonds,
making it difficult to develop a three-dimensional model of
the protein-bound conformation for designing non-
biopolymer lead molecules.

Biopolymer ligands have been employed as surrogate
markers in ligand displacement assays to discover small
molecules that bind competitively. This strategy requires
two cycles of method development and primary screening,
with one cycle of screening against a biopolymer library
and a second ligand displacement screen against a library
of non-biopolymer small molecules. Obviously, it would be
more efficient to use a one-step strategy to directly identify
drug-like small-molecule ligands, and this approach is now
redefining ligand-directed drug discovery.

selves active

numerous

Small-molecule ligands

It is becoming apparent that the optimal ligands for pre-
clinical discovery will be small molecules that possess
many features required for the final orally available small-
molecule drug. Specifically, optimal ligands will possess
high affinity and specificity for the target protein and will
have reasonable membrane permeability to maximize the
probability of significant biological activity in whole cell
assays. Hence, therapeutically active small-molecule li-
gands can provide concurrent validation of novel targets
and provide useful lead structures for downstream drug
development, accelerating the drug discovery
process for targets that are incompatible with the conven-
tional drug discovery model of full functional determination
and validation, followed by HTS assay development and
screening. As already discussed, this incompatibility arises
from the nature and number of targets being provided by

while
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genomics. In a sense, small-molecule ligand discovery rep-
resents a third generation of genomics discovery: DNA
sequencing provides the primary data set, bioinformatics
and mRNA/protein expression analyses provide a sec-
ondary , and bioactive
molecule ligands provide a tertiary data set by mapping the
interface between protein diversity and drug diversity.

data set small-

Technologies for the discovery of small-molecule
ligands

The promise of small-molecule ligand-directed drug discov-
ery has catalyzed significant activity within the bio-
technological and pharmaceutical industries to develop
high-throughput affinity screening technologies and com-
plementary small-molecule libraries for the discovery of
drug-like small-molecule ligands. The most powerful ligand
discovery platforms have incorporated recent advances in
combinatorial chemistry, analytical instrumentation and
data analysis technologies. Criteria that will ensure a high
probability of finding chemical ligands for any potential
binding site on a protein are:

e An inclusive set of highly diverse compounds that are
significantly more diverse than at present. Although the
number of compounds required is still open to discus-
sion, it is undoubtedly large (millions), which will
require the synthesis of large sets of compounds.

e Efficient methods of screening.

¢ Bioinformatics and cheminformatics. Although the least
developed, this has the potential to make a significant
contribution to the chemical ligand identification
process.

As more targets are screened and the information
becomes available in databases, compound libraries could
be synthesized or prioritized based on protein family and
selectivity could be improved by comparison with other
family members. As genomic gene-chip information tech-
nology (IT) improves, the effect of a chemical ligand on a
cell will be a quicker and more efficient method for facili-
tating functional genomics experiments and planning fur-
ther pharmacological profiling. Several technologies for
identifying chemical ligands are currently under investi-
gation by entrepreneurial companies
although few have been put into practice?!.

and academics,

Schreiber approach to chemical ligands

Stuart Schreiber at the Harvard Institute of Chemistry and Cell
Biology (Cambridge, MA, USA) has been investigating the
concept of chemical genetics to discover small-molecule lig-
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ands for proteins®. In Schreiber’s terminology, ‘forward
chemical genetics’ is when large numbers of compounds are
screened for a particularly biological activity, and the resul-
tant bioactive ligand is used to identify the target and it’s role
in the pathway. In ‘reverse chemical genetics’, a small-mol-
ecule ligand is sought against a protein for which little, if any,
information is known and the ligand is then used to probe
the protein and determine its function.

This concept is based on combinatorial libraries derived
from natural product templates known to bind to proteins,
providing the best opportunity for discovering chemical lig-
ands that target protein surfaces. Although significant
insight into the requirements of small molecules binding to
proteins is not available, most natural product-based pro-
tein ligands are relatively large, are functionally and stereo-
chemically complex, and possess a fairly rigid structure.
This rigidity is considered important in maintaining the
required stereochemical relationships of the functional
groups required for binding and increased affinity from
reductions in entropy caused by fewer degrees of freedom.
However, this has significantly increased the size of the
screening required to find ligands. Hence,
Schreiber intends to prepare millions of compounds based
on particular natural product templates.

The first reported example of such a library is based on
naturally occurring shikimic acid [compound (1), Fig. 3]
and contains 2.18 million discrete molecules?. The con-
struction of this mixture combinatorial library converts
shikimic acid into a tetracycle [compound (2), Fig. 3], which
uses the free acid group to connect to a solid-phase resin
suitable for split-and-pool synthesis?*. The aromatic iodo-
group is replaced by a series of alkynes using palladium
coupling. A series of 54 amines then opens the lactone ring
to form a hydroxy amide that is subsequently acylated with
44 different acids to form a library [see compound (3), Fig.
3]. Encoding was accomplished by a wvariation of Still's
method®. This approach enables the use of a wide variety
of synthetic reactions, together with multiple-connection
chemistries that yield large compound libraries based on a
complex natural product scaffold.

To miniaturize library screening, the ultimate objective is
to produce the protein equivalent of a gene-chip where an
array of proteins, potentially an entire genome, can be
probed with library members. Initial progress has been
made in nanoliter-scale assays using fluorescence as a read-
out (for an animated description of the procedure, see
http://iccb.med.harvard.edu/). A low-volume assay has
been developed for whole cells where nanoliter droplets
can be formed from a suspension of medium-containing
beads and cells. A simple spray gun has then been devised

libraries
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to produce =10,000 discrete nanodroplets on a small plastic
dish?. Subsequently, the compounds can be released from
the beads and the biological activity determined.

The screening methodology has been extended to a
miniaturized array format, without spatial coding, facilitat-
ing the screening of large numbers of compounds against a
single target?. Further progress has been made, with a pre-
liminary experiment suggesting that the spatial array
of potential chemical ligands might be possible that are ca-
pable of being probed by a (soluble) protein. Three known
chemical ligands were attached using a sulfydryl-capped
tether to a maleimide functionalized surface. Multiple
robotic spotting on a glass slide yielded a spatial array of
11,000 spots. Interspersing a dye provided spatial orienta-
tion. Probing the array using the fluorescently labeled pro-
teins and antibody then provided an accurate readout
reflecting the affinity of the probe for the ligand®®.

The overall concept is to screen large libraries of arrayed
compounds using a set of differentially labeled fluorescent
proteins to identify their chemical ligands. Although early
results are encouraging, the number of compounds requir-
ing to be assayed based on the natural product scaffold con-
cept would be vast, requiring >100 plates to screen the sin-
gle library based on compound (3) (Fig. 3).

Direct affinity approaches to chemical ligands

The discovery of chemical ligands for all potential binding
sites on a protein generally involve an affinity selection
process in which a library of compounds, usually as a mix-
ture, is incubated with the protein. From there, the major
challenge is the detection and identification of the chemical
ligands®, and key factors are:

e The type of libraries used
e The compound encoding/deconvolution mechanism
e The integrated data handling (IT) capability.

Phage display. The use of phage display for the identifi-
cation of peptide-based chemical ligands is well established
(Fig. 4)%. After identification, the peptide functions as a sur-
rogate ligand for small non-peptidic molecules in competi-
tive displacement HTS. Novalon (Durham, NC, USA) has
pioneered this approach and developed several screening
methods based on this technology.

Alfinity screening. ATLAS (any target ligand affinity screen),
developed by Scriptgen Pharmaceuticals (Waltham, MA,
USA), involves an affinity screen using either single or small
mixtures of compounds. Throughput is stated to be approxi-
mately 5000 individual compounds per week and can be
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Figure 3. The syntbetic scheme of Schreiber and coworkers
for the formation of a natural product-like combinatorial
library (R = 50 alkynes, > = 87 amines, R° = 98
acids)*?. Compounds 2) and (3) are bound to the resin
through the free acid.

increased using small mixtures. Detection is dependent on a
change in protein conformation when complexed with a
ligand. The patent literature indicates that there are several
detection systems available for use in this technology
depending on the target type3!. These involve specifically
recognizing either the free or the ligand-bound forms of the
target. Antibody discrimination, differential proteolysis, dif-
ferential binding of known ligands, and inhibition of aggre-

Target protein
Peptide ligand ——> Assay development
Phage display l

Small-molecule — HTS
libraries l

Chemical ligand
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Figure 4. A general scheme for using phage display in a two-
step approach to discover drug-like, small-molecule, chemical
ligands. Step one involves the discovery of a bioactive peptide
ligand, and step two uses this peptide ligand to discover a
bioactive small-molecule ligand via a bigh-throughput
screening (HIS) peptide displacement assay.
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gation have been described. This chemical ligand identifi-
cation procedure requires a biological readout. The affinity
screening technologies for both proteins and nucleic acids
have been combined into a technology designated RAPTV
(rapid pharmacological target validation; Michael G. Palfry-
man, Scriptgen Pharmaceuticals, personal communication).
The percentage of hits obtained using ATLAS depends on
the type of target screened and the size of the functional
area being probed by the detection procedure employed.
Scriptgen estimates that 10-30% of chemical ligands identi-
fied are biologically active in secondary functional assays.

Combined affinity selection with MS. Chiron (Emeryville,
CA, USA) has reported a combined affinity selection and MS
approach for finding biopolymer chemical ligands for pro-
tein targets’? In this assay, a relatively small library of
biopolymers with differing lengths and MWs is mixed with a
target protein and subjected to size-exclusion chroma-
tography, isolating any target-ligand complexes. The com-
plex is desalted and concentrated on-line using reverse-
phase chromatography to separate the biopolymer from the
target protein. The MW, determined by MS, indicates the
structure, which can be further confirmed using MS/MS.

Ultra-bigh-throughput — chemical ligand identification.
NeoGenesis (Cambridge, MA, USA) has developed an
ultra-high-throughput chemical ligand identification process
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for small molecules termed ALIS (automated ligand identifi-
cation system). In this automated, integrated system (Fig. 5),
a library consisting of hundreds to thousands of compounds
is incubated with a target protein, free in solution, and then
passed through a micro-scale size-exclusion column that
separates the protein and its bound ligands from the remain-
ing library members. Dissociation and concentration occurs
in a micro-reverse phase LC column, which feeds into the
mass spectrometer for structural identification.

The source chemistry is termed NeoMorph, and is a mix-
ture-based combinatorial chemistry3>3*. The libraries are
synthesized in solution using a core plus building block
approach (Fig. 6) where, for example, one core with three
connection sites is coupled to a set of 15 diverse amine
building blocks to furnish a mixture combinatorial library of
3375 compounds. Hence, the large numbers of compounds
necessary can be prepared for simultaneous evaluation in
the ALIS affinity screen. During library design, the com-
pounds are encoded by mass using a proprietary algorithm
such that all building blocks with core combinations in the
library have different MWs. Libraries of several thousand
compounds, differing by at
0.05 amu (atomic mass units) can be prepared, enabling the
MW to remain within a drug-like range, and facilitating
direct identification of chemical ligands by MS using their
MW. This mass coding algorithm can also be extended to

least

Mass-coded l
libraries Qe

Protein—ligand
complex

Figure 5. NeoGenesis (Cambridge, MA, USA) integrated ultra-bigh-throughput small-molecule automated ligand identification
system (ALLS). Combinatorial library mixtures are screened by size-exclusion chromatography coupled to reverse-phase HPLC and
high-resolution electrospray mass spectrometry. Multi-thousand member library mixtures are designed to be self-encoded by the
mass of each compound (mass coded), such that the mass of each ligand directly identifies its composition (building block plus

core combination).
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Figure 6. NeoMorph (NeoGenesis, Cambridge, MA, USA) combinatorial libraries are synthesized as diverse, multi-thousand
member mixtures. Each library mixture is mass coded, such that each core plus building block combination yields a unique
mass, with a separation of at least 0.05 amu (atomic mass unit) between different combinations.
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combinatorial libraries prepared by solid-phase split-and-
pool methods, as well as to single compounds in a screen-
ing deck. The MS data is analyzed in real time to identify
chemical ligands. Structures of ligands that meet established
criteria are then synthesized and confirmed as chemical lig-
ands. In addition, the process enables quality control of the
and facilitates rapid optimization of
affinity and additional pharmacokinetic parameters. Each
platform can screen 300,000 compounds per day with mini-
mal protein consumption, and has been used to find chemi-

mixture libraries,

cal ligand classes for many proteins, including enzyme and
protein—protein interaction targets.

Capillary electrophoresis approach to chemical ligands
An alternative approach to discover chemical ligands,
developed by Cetek (Marlborough, MA, USA), uses capil-
lary electrophoresis (CE) to assess differences in mobility in
an electric field between a free-tagged target protein and
the same protein complexed with a ligand. The complex is
then analyzed using fraction collection and LC/MS analysis,
and deconvolution carried out using libraries of known
compounds. However, with natural product extracts, this is
only the first step in a challenging structural elucidation and
synthesis problem.

Scanning calorimetry affinity approaches to chemical ligands
An interesting approach to chemical ligand discovery
has been developed by 3-Dimensional Pharmaceuticals
(Exton, PA, USA; Weiss, P.M., 3-Dimensional Pharmaceuti-
cals, personal communication), which uses the stabilization
of protein structure that occurs when it binds to a ligand
(Fig. 7). Proteins, as with other polymeric materials, have
differing degrees of organization or structure and, as a
result, undergo an unfolding transition at a temperature
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(T_) that is characteristic to each protein. As all these steps
involve energy changes, the difference in the T will be
indicative of the degree of stabilization by the ligand and
simple thermodynamic calculations can then determine the
affinity constant. The readout is fluorometric and occurs
when the T is reached. The unfolding that occurs exposes
lipophilic surfaces into which a fluorescent dye can dissolve
and the emitted fluorescence detected using a charge-cou-
pled device (CCD). The screening process is currently run
in a 384-well plate format and on individual compounds,
processing approximately 5000 compounds per week and
consuming approximately 1 mg of target protein. The
process can also be used for nucleic acids.

Ligand
AGying AGyyg

Protein—ligand
complex

Native protein  Incompletely-folded

Protein
AGgra = AGigq + AGping

Drug Discovery Today

Figure 7. Chemical ligand discovery through scanning
microcalorimetry screens for the energetic differences
between a target that is unfolded in the absence and
presence of ligands. Abbreviations: AG,, , change in Gibbs
[free energy on binding of the ligand; AG G change in
Gibbs free energy on folding of the protein.

ind’
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High-resolution NMR identification of chemical ligands
The use of NMR to study ligand—protein interactions is an
established procedure, and has been used for screening
and for structure—activity relationships (SAR) development
of known ligands. To use this methodology, several
requirements must be met:

e Large quantities of protein must be uniformly labeled
with BN

e Both the protein and the ligands must possess sufficient
solubility characteristics

e The protein must be sufficiently stable in solution and in
the presence of significant quantities of dimethylsulf-
oxide (DMSO).

To enable the search for chemical ligands, all the N res-
onances must be determined, which is not an inconsequen-
tial task. This has restricted the approach to small proteins
or protein fragments (=35 kDa). In addition, the methodol-
ogy to assign N resonances at the 100 kDa level does not
currently exist®®>. Because of instrumentation limitations
relating to signal resolution, only small mixtures of com-
pounds (approximately ten) can be screened, placing
significant restrictions on its use in getting from a gene to
the screening stage. Recent improvements in cryogenic
probe technology for NMR (Cryoprobe, Bruker Instru-
ments, Billerica, MA, USA) have improved signal-to-noise
ratios and enabled the use of mixtures of approximately
100 compounds per target. Assuming 100 runs per day per
high field NMR instrument, approximately 10,000 com-
pounds can be screened. Identification is by deconvolution,
where sub-libraries are prepared and tested®. While this is
an improvement, the technology still uses significant quan-
tities of PN-labeled protein and all the other requirements
already listed still apply.

Chemical ligands for RNA targets

An intriguing approach in getting from a gene to the
screening stage is to move back one step to target
the RNA rather than the proteins®”. This was prompted
by the realization that RNA possesses significant (three-
dimensional) structure and that some natural product-based
antibiotics interact selectively with bacterial RNA. By con-
trast to the helical structure of DNA, RNA can form three-
dimensional shapes consisting of bulges, hairpins, loops
and stems, which are essential for both recognition by pro-
teins and for function. These are ordinarily found in RNA
domains that regulate message stability and transport, splic-
ing, or translational efficiency. These overall characteristic
and distinct shapes provide the opportunity and ability for
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small molecules to specifically interact with a particular
domain on an individual RNA.

The initial target class for this technology is antibacterials,
as RNA structures have a high degree of conservation
across species that are either absent or different in humans,
allowing for potential broad-spectrum antibiotics. In addi-
tion, the macrolide and aminoglycoside families of antibi-
otics interact with domains on bacterial RNA.

The overall RNA drug discovery process begins with a
bioinformatics exercise to recognize conserved domains
across species, followed by a determination of whether an
implicated domain possesses sufficient structure to serve
as a target and whether there is a corresponding human
equivalent. For instance, the aminoglycosides bind to a
specific 27-mer domain of the Escherichia coli 16S ribo-
somal RNA but do not bind to the closely related human
18S site (Fig. 8). As the domain is small, the target(s) RNA
is readily synthesized. The screening technology is based
on Fourier Transform-ion cyclotron MS and affinity selec-
tion®®. In this process, the target RNA is incubated with a
chemical library for ligand affinity selection. The resultant
non-covalently bonded complex, together with the free
target, is analyzed by high-resolution MS and, as the mass
of each library compound is known, the combined MW
identifies the chemical ligands. In addition, MS-MS enables
the determination of the binding domain of the ligand—tar-
get complex®. The screening assay can be multiplexed
and it is estimated that up to ten RNA targets could be
screened against libraries of up to 200 compounds per
assay*.

Scriptgen (Waltham, MA, USA) has developed an affinity
screening system for nucleic acids called SCAN (screen for
compounds with affinity for nucleic acids)*'. As SCAN is an
affinity-based approach, it can find ligands that bind to vari-
ous sites on the nucleotide sequence of interest. The
process can screen thousands of compounds per week in
individual assays, and throughput can be increased by
using small mixtures. Identification of the chemical ligand is
then straightforward, as the structures of the compounds in
the library are known.

Chemical diversity and chemical ligands

The reasons for, and the methods of, finding chemical li-
gands have already been discussed. However, the actual
ability to find the ligands for all the possible binding sites on
any protein is also very important, especially when little, if
anything, is known about the structure of the target. The
total compound library then has to include all potential
binding surfaces with associated functionality on any pro-
tein. This means the libraries have to be molecularly
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Figure 8. A comparison of the bacterial (Escherichia coli)
and bhuman aminoglycoside binding domains on the target
stem-loop RNA fragments. The differences between the two
RNA targets are sufficient to yield specific small-molecule
ligands.

diverse.

Molecular diversity is both a word and a concept that is
much discussed and usually ignored in practice. Diversity in
combinatorial chemistry is a measure of the differences
between library members, and is important as each com-
pound represents the molecular complement of a potential
binding site on a target. Therefore, increasing molecular
diversity of a library increases the number of potential target
surfaces for scanning and, thus, increases the probability of
finding chemical ligands for a target. While chemical ligand
generation is, perhaps, easier using targets that are well
understood and characterized, it becomes crucially impor-
tant when ligands are sought against a novel target. The lack
of molecular diversity is probably a main reason for the
bimodal distribution of hits seen in HTS campaigns.

Although a high-quality chemical library provides useful
leads for most targets of interest, the question of how to
prepare such a library is rarely addressed. As the number of
potential targets increases dramatically as the results of the
genomic initiatives become available, the requirement for
diverse libraries to discover chemical ligands for these tar-
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gets becomes imperative.

Molecular diversity among compounds in a library is
based on descriptors familiar to all medicinal chemists. All
the chemical software companies provide diversity mod-
ules as part of their overall cheminformatics packages.
However, they all suffer from the same drawback: they pro-
vide only relative information about diversity and, thus,
only return predictions that relate the diversity of one com-
pound or compounds to an existing set of compounds.
Although software packages can give valuable insights into
the best method to screen an internal library or whether to
purchase a new set of combinatorial compounds to supple-
ment an existing database, they cannot answer more gen-
eral questions concerning the absolute nature of diversity
and how to fill the gaps. There is a necessity for a computa-
tional approach that is based on comprehensive molecular
diversity and, by inference, is able to address all potential
binding sites on a target, together with a method for sys-
tematically filling in the spaces to assure a thorough cover-
age

Current concepts on diversity are based primarily on
drugs found in the Current Medicinal Compounds or re-
lated databases. This is a biased diversity set*>*, Using cur-
rent diversity for combinatorial library design and evalu-
ation will continue to provide hits for the types of targets
represented in these databases. However, this type of diver-
sity is unlikely to provide reasonable chemical ligands for
new types of genomic targets. This is supported by recent
reports on a granulocyte-colony-stimulating factor (G-CSF)
mimetic and an insulin receptor sensitizer, where the lig-
ands look unlike anything to be expected in the screening
libraries*%. Effective screening libraries for finding chemi-
cal ligands will require a substantial increase in diversity
while retaining descriptors for important parameters such
as membrane permeability and other bioavailability param-
eters.

There is a real need for a new strategy that emphasizes
the importance of approaching diversity from a biological
perspective. This method would use a full set of theoretical
protein surfaces for defining ‘absolute’ diversity, and would
eliminate the inherent problems using current computation-
al methods. The evolving treatment of diversity from an
absolute, theoretical standpoint will provide a framework in
which molecules are not initially examined relative to other
compounds and protein surfaces are not examined relative
to known proteins?!.

This type of diversity approach (termed quantized sur-
face complementarity diversity) would enable:

e Absolute numerical prediction of diversity
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e Clear prediction of which molecule sets would provide
useful leads for most targets of interest (a ‘universal’
library in the absolute sense)

e Prediction of molecular binding to protein surfaces as yet
unexplored (e.g. protein—protein interactions and novel
genomic proteins)

e Tuneable resolution for hit optimization and differentia-
tion between similar surfaces.

A true diversity approach would define the size and
nature of the library necessary for efficient screening of a
target protein at a predetermined molecular resolution, and
would be an essential component of the most powerful
ligand discovery technologies.

The search for chemical ligands is an integrated combi-
nation of compounds, diversity, screening and IT. A suc-
cessful search would use carefully designed and diverse
libraries of vast numbers of compounds, preferably in a
mixture format, coupled with an ultra-HTS system. The IT
would enable automation of the process and therefore dra-
matically increase efficiency, as well as generate databases
that would enable data mining to increase efficiency over-
all. With intelligent design and execution, a chemical ligand
approach to drug discovery would provide methods for
efficiently evaluating the enormous range of potential tar-
gets provided by genomics and substantially decreasing the
time taken to get from a gene to a drug.

Conclusion

There is great and justifiable optimism that genomics will
provide new opportunities to identify the best drug discov-
ery targets and, hence, the best small-molecule drugs for
many major diseases. However, the extraordinary dividend
that is predicted for post-genomic drug discovery will be
realized by the companies that are the first to identify the
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The Scripps Research Institute (TSRI; La Jolla, CA, USA) have announced a functional genomics research collab-
oration with Lexicon Genetics (The Woodlands, TX, USA). This will involve the use of Lexicon's proprietary ho-
mologous recombination technology to generate knockout mice for a gene identified by TSRI, and will be fol-
lowed by collaborative research to define the function of the gene and its potential role in human disease. The
mice are generated by recombinase technology and can contain a point mutation in the gene of interest.
Determination of the function of the gene in disease and the validation of gene products as drug targets are then

carried out using an in vivo mammalian system.
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