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The Challenge of Preparing and
Testing Combinatorial
Compound Libraries in the Fast
Lane, at the Front End of Drug
Development
Eduard R. Felder*

Abstract. Combinatorial Compound Libraries (CCL) are at the front end of the
development of new chemical entities. They are the result of a pragmatic, goal-oriented
attitude, which emphasizes the discovery side of research activities. The odds to bump
into a discovery, however, are pushed to the extreme with rigorously planned rationales.
The CCL field has its origin in peptide chemistry but is migrating into general organic
chemistry. The incenti ve is the coveted goal to be able to prepare large libraries of 'small
molecules'. Efforts are directed towards an expansion of the repertoire of high yield
reactions on solid phase, in order to readily access semi-rigid globular ligands. The CCL
approach comes with its own strategies to provide a massive increase of compound
evaluations by taking full advantage of the integrated preparation process with the
option to control the physical format of compound ensembles or to classify them into
defined subpopulations. A noticeable impact on the drug discovery process is expected.
The libraries' preparation and evaluation principles are briefly discussed in this essay.
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1. Introduction

Combinatorial compound libraries
(CCL) are ensembles of molecules gener-
ated simultaneously (orin a rapid sequence
of steps) by combining structural elements
from a set of building blocks or reactants
with maximal use of parallel processes on
the entirety of its components. Combina-
torial compound libraries have become a
topic of discussion with increasing con-
sistency in the scientific community ded-
icated to the search for new ligands [1] of
macromolecular targets. The technologi-
cal progress of the past decade laid the
ground for the ability to generate high
molecular diversity rapidly and in a con-
trolled manner, and also for the capacity to
screen and evaluate the properties of com-
plex preparations. Today, a multidiscipli-
nary field of confluent science and tech-
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nologies (biology, chemistry, automation,
data processing etc.) has grown around the
conceptually simple principle of reshuf-
fling structural units in a combinatorial
fashion. Recently, basic concepts for ex-
ploiting the dimension of large numbers
have been brought up and adapted to an
impressive array of different applications.
The developments in biotechnology, im-
munology, and pharmaceutical research
of specific binders (such as agonists, an-
tagonists, and inhibitors), exploiting the
knowledge of metabolic mechanisms rath-
er than leads from natural products, de-
mand a massive increase of compound
evaluations in order to take full advantage
of modern assays developed on the basis
of newly explored molecular mechanisms
and bearing a high throughput capacity.
On the other hand, with the advent of
combinatorial techniques, the number of
available compounds leaps to orders of
magnitude which cannot be handled by
conventional screening techniques used
for the measurement of single component
series. Therefore, an integrated CCL ap-
proach must include innovative testing
strategies. Pharmaceutical and agrochem-

ical research organizations are aware of
the enormous potential residing in CCL as
a mean to identify new leads more effi-
ciently as a result of a vast systematic
search, i.e., with a better chance to meet
the requirements for a fast product devel-
opment in the subsequent optimization
effort. The underlying principles and rel-
evant applications in the CCL field have
been the subject of occasional summaries
[2], which are excellent records of the
progress achieved in this fast-moving area.
At this point, it is critical for many organ-
izations to chose a suitable overall strate-
gy to exploit most efficiently the merits of
the multifaceted CCL field. This is an
organizational challenge with the necessi-
ty to assess the value of different ap-
proaches and the requirements for suc-
cessful implementation, taking into ac-
count the available skills and means. Nat-
urally, there are clashing opinions with
regard to the prioritization of methodolo-
gies. Further points of discussion are def-
initions of such fundamental terms as 'li-
brary' and 'diversity', which are prone to
personal interpretations. Clearly, these
expressions are not linked to particular
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numbers: with good reasons one may call
'library' a set of a few dozen compounds
or a phage culture with billions of struc-
tures. On the other hand, one may consider
a simple array of different chemical func-
tionalities a better representation of di ver-
sity than a large number of homologs. A
compilation of frequently used terms is
listed and explained in the Appendix [3].

2. Basic Principles of CCL Preparation

The basic principles of CCL genera-
tion are discussed extensively in a review
by Gallop et at. [2a]. This section is a brief
overview of combinatorial approaches for
the preparation of libraries. It is important
to keep in mind the fact that the assembly
methods and the evaluation techniques
(assay principles) are strongly intercon-
nected by imposing restrictions on each
other, raising the issue of format compat-

ibility between library and assay in every
planning phase of a CCL application.

The field of combinatorial libraries has
its origin in the area of oligonucleotidic
and peptidic biooligomers. The recombi-
nation of molecular subunits is the basis of
immune systems and evolutionary mech-
anisms. Since the advent of efficient oli-
gonucleotide chemistry, when it became
possible to incorporate complex mixtures
of synthetic oligonucleotides (random cas-
settes) into microbial expression systems,
similar processes may be imitated in vitro:
huge numbers (billions) of randomly per-
mutated peptide sequences are expressed
amidst the constant flanking sequences of
a gene product. The role of selecting pro-
teins with the desired binding properties
from a vast pool of useless variants is
assumed by an appropriate affinity enrich-
ment step (e.g. by exposure to an immobi-
lized antibody). The initial preference for
biooligomeric CCL is explainable for es-

senti ally two reasons: the inspiration by
naturally occurring mechanisms and the
availability of the necessary genetic engi-
neering tools. Furthermore, solid-phase
chemical synthesis of peptides and oligo-
nucleotides was the obvious choice upon
engaging into fully synthetic libraries
owing to their high degree of reliability
and suitability for automation. Meanwhile,
there is a justified eagerness to widen the
repertoire of high-yield chemical reac-
tions on solid phase as much as possible
and gain access to many other structural
classes. Beyond the known biooligomer
chemistry, an ingenious procedure invent-
ed by Furka [4] (often quoted as split
synthesis' or portioning/mixing') contrib-
uted considerably to the fast development
of chemically synthesized CCL. This par-
ticular protocol for handling solid-phase
beads' ensures that each particle carries
only one compound species and that a
quantitatively even representation of the
different library elements is maintained.
The principle is illustrated in Sect. 2.2.1
and in the Appendix.

Fig. 2. The impact of the number of building blocks on the number of library elements

Fig. I. Phage display: Bacteriophages such as M] 3 are robust viral particles (virions) which infect
bacteria sLlchas E. coli andgrow to high titers (1012/ml). They are suited as in vitro selection vehicles.
Randomized oligonucleotides are inserted into a gene coding for a viral surface protein. The genomic
manipulation translates into the display of peptide variants within the protein coat. A pooled phage
stock is grown and subjected to selection, e.g. by binding to an immobilized target (enrichment for
binders over non-binders).

2.1. Genetically Engineered Libraries
As mentioned above, the number of

molecular structures produced by biolog-
ical expression systems bearing inserted
stretches of randomized oligonucleotides
may be enormous. Common features of
these approaches are steps of variation
(randomizing nucleotide sequences), se-
lection (affinity enrichment), and amplifi-
cation. The latter, while precluded for
chemical libraries, is a prominent advan-
tage of biologically oriented approaches
allowing to handle minimal amounts of
material with maximal diversity, and vir-
tually eliminating any worries about de-
tection limits. We discern among two ba-
sic options: nucleic-acid libraries and pep-
tide/protein libraries. The latter have be-
come more and more popular because of
their ease of handling and their wide range
of applications. Numerous examples are
cited by Gallop et at. [2a] and by Clackson
and Wells [5]. Peptides are presented ei-
ther on the surface of cells or more often
on bacteriophage envelops (phage librar-
ies'). Proteins are physically anchored to
the genes that encode them and which are
co-selected and co-amplified. The DNA
sequencing of resulting clones identifies
the primary structure of the peptide re-
sponsible for the selection (flanked by the
constant regions of the surface protein).
This type of approach is often referred to
as 'recombinant peptide diversity' (abbre-
viated RPD) (see Fig. 1).

A method for the systematic evolution
of nucleic acid ligands has been developed
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AB+C----..e.g.
benzodiazepines
hydantoins

A+B-.

Non·polymeric molecules synthesized using multiple
ligation chemistries

e.g.
peptide.
oligonucleotides
oligo N-.ub.lltuded glycine. ('peplold.')

polycarbamates

Scheme 2. Split Synthesis: The Principle of a 'One Bead One Sequence' Library Preparation
(example of an encoded library). Capital letters stand for building blocks that are difficult to identify,
lower-case letters stand for tag components coding for them. Tags must be suited for rapid, sensitive
routine analysis. Each bead 'sees' only one reagent at a time. The randomization occurs by mixing the
portions, i.e., at the level of the ensemble and not at the level of single beads.

Scheme 1. Combinatorial Libraries by Sequential Assembly of Building Blocksby Tuerk and Gold [6] (SELEX proce-
dure) based on in vitro transcription. Bind-
ing RNA transcripts are selected and am-
plified by the polymerase chain reaction
(peR).

The critical limitations of expression
libraries are the preclusion from non-nat-
ural modifications and the high molecular
weights of the library elements. Due to the
limited number of building blocks, high
diversity is only reachable with longer
oligomer chains. The direct use of biooli-
gomers as lead structures for developing
drug candidates with enhanced bioavaila-
bility and pharmacokinetic properties is
rather unattractive. Expression libraries
will surely keep a prominent role in tool
development (e.g. antibody surrogates [7])
and for broad screening purposes in order
to gain insight in the structural elements
which playa role in addressing aparticular
target. Such information may form the
basis for designing smaller chemicalli-
braries with a structural bias (thematic
libraries·).
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pool

tage to be amplifiable by the polymerase
chain reaction (peR) and may be kept in
minimal amounts or used for very small
beads « 50 J..Ul1) in high-diversity librar-
ies. On the other hand, oligonucleotides
are sensitive molecules unable to with-
stand the harsh reaction conditions that are
necessary for the preparation of a broad
variety of functionalized ligands (e.g.
strong-acid treatments) and have a low
coding capacity due to the maximum of
only four subunit components. Soon, the
more robust peptide tags were introduced
[11] as well as a new class ofnon-sequen-
tial tag molecules in conjunction with a
binary coding system [12] (see Figs. 3 and
4). In a binary coding strategy, defined
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gy is necessary. Scheme 2 is a schematic
representation of the 'split synthesis' prep-
aration protocol of a 'one bead one se-
quence' encoded synthetic library. Each
synthetic step, carried out on a particular
portion of the bead population, is accom-
panied or immediately followed by an
independent coupling with a tag compo-
nent coding for that step. The tags must be
easily identifiable by standard analytical
methods in lieu of the ligand they code for.
In principle, the tag allows to retrace the
history of the operations any particular
bead has gone through and, therefore, to
deduce the sequence of its corresponding
ligand. The first tags employed were oli-
gonucleotides [10], which have the advan-

2.2. 1. 'One Bead One Sequence'
Libraries and Encoded Synthetic
Libraries (ESL)

The bead handling procedure which
ensures that only one 'sequence' [8], i.e.,
one sequentially assembled compound, is
present on any single bead, was first pre-
sented by Furka [4] (see portioning/mix-
ing·). It is now broadly utilized also for
libraries in solution, because it allows to
randomize sequences while avoiding to
use building block mixtures. Libraries on
beads were first assembled with peptides
[9] and tested in binding assays with the
peptidic ligands grafted on the solid phase
(see 'one bead one sequence' approach'
and Sect. 3.1.1). The identity of peptides
showing the desired binding properties
can be determined by Edman degradation
sequencing directly on the beads.

If the library elements are not se-
quenceable and cannot be analyzed by
other general and straightforward meth-
ods, the application of an encoding strate-

2.2. Chemical Libraries
The well-established techniques of

high-yield peptide and oligonucleotide
synthesis have provided an excellent set of
tools for the preparation of oligomer li-
braries from building blocks. Recent ef-
forts are directed towards the rewarding
goal of obtaining sufficient diversity with
libraries of synthetic small molecules that
more closely resemble attractive lead com-
pounds in terms of size and rigidity, e.g.
cyclic structures or variably modified tem-
plates (Fig. 2 and Scheme 1).
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BINARY CODE
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dipcplidcs code for a set of
400 building blocks
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with a tolal of I ,048,S76 ligands
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1'I51'141'1:m2T11
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with haloaromatic derivatives [12] : e.g. 20 GC-chromatographically resolvable
haloaromatic tag components

- > decoding involves the detennination of the mere presence or absence of tag
components (bitmap). According to a preestablished code table defined mixtures of
components from the first subset of tags (TrTs) are added to the corresponding
coupling reactions of the building blocks in the first position (AI ; a total of 32 vari-
ations). Tags are added in minimal amounts (-0.5% of total loading) and linked cova-
lently to the ligand chain causing traces of premature chain tenninations. The building
blocks in position 2 are coded by T6-TlOetc. until completion of the library. The tag
components are not covalently linked to each other.

coo.....,
D---D---C::J--J'...,.-o,t ~NH •••.•••co-LY,.

N 0 ----.. ~HN~OHD----D--D--w~o;n; ,.portion: diketopiperazine
2. 0 formation at pH 8 StJ/igmlfnn tit a/. [11 c)

2. portion: ester saponification
atpH 13

- > decoding involves sequence detennination of the tag

Fig. 3. Code systems for encoded synthetic libraries ('tagging'): coding with oligomeric sequences

Fig. 4. Code systems for encoded synthetic libraries ('tagging'): coding with a scattered multi-
component system

Scheme 3. Portionwise Cleavage of Ligands from Beads

mixtures of tag components are used to
represent corresponding building blocks
and their position within a sequence.

While 'one bead one sequence' librar-
ies on beads have the merit to present each
ligand as physically separate single com-
pounds, they also impose heavy restric-
tions by limiting the choice of test systems
essentially to binding assays with accep-
tors· bearing a reporter group. The alter-
native format is the release of the ligands
into solution and to follow a sequential
unrandomization approach as described
below. In that case, the evaluation of li-
braries must usually ·be carried out on
rather complex mixtures.

Bead-pooling· strategies (see also Fig.
6 in Sect. 3.1.1) are a promising compro-
mise, combining features of the solid and
the soluble formats. The necessary prereq-
uisites on the preparation side are the
attachment' of the ligands to the solid mi-
croparticles by a cleavable linker (Scheme
3) withstanding the deprotection reactions·
but suited for portionwise release of lig-
and aliquots into solution without reagent
contaminations (e.g. by irradiation or with
volatile reagents).
: The advent of bead-pooling approach-

es has created the demand for larger beads
with high loading capacity compatible with
protocols for testing a library with multi-
ple assays 'on' and 'off' the bead material.
Working with large beads always raises
the issue of the preparation scale in order
to ensure a suitable ratio of bead number
and possible number of combinations, and
to assess the extent (governed by a Pois-
son distribution) of either redundancy or
absence of certain sequences. An approx-
imate redundancy of ten beads per combi-
nation yields a good margin of certainty
that all sequences are represented. With
that in mind, a library of I million ele-
ments may require between ca. 5-80 g
solid support depending. on the specifica-
tions of the bead materials (in the diameter
range of 80-200 /lID). For higher diversity
libraries, a new strategy has been devised
with the aim to deal with such material
constraints [13]. In what is called the 'one
bead one motif' approach, each bead car-
ries several ligands all belonging to a motif
family with fixed and randomized posi-
tions. After the identification of a binding
motif, the best versions of ligands are
detetermined in a second step with a more
focussed library.

2.2.2. Libraries for Sequential
Un randomization in Solution

The methods illustrated above are 'bead
oriented' in the sense that the physical
individuality of each bead (carrying only

1. portion: NH3 (gus.)
2. portion: NH3 lIiq,)

ligand l-CONHt

F(Jldor et /II. 1311
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The library comprises 3.2 Mio ligands

Combinatorial Library of Pentapeptides

Scheme 4. Peptoids (N-substituted glycine oligomers) and the 'Sub-Monomer' Approach

2.2.3. Multiple Parallel Syntheses
With the appropriate support from au-

tomatic instrumentation it is possible to
synthesize a multitude of individual com-
pounds in parallel with a throughput suffi-
cient to satisfy the needs of a focussed
project, e.g. with a thematic library* in a
lead-optimization phase. Clearly, the lack
of randomization steps decreases the
number of synthesized compounds by or-
ders of magnitude. Nonetheless, the at-
tractiveness of individual syntheses re-
sides in the possibility to monitor the qual-
ity more directly, to prepare dozens of
milligrams and to keep track of the identi-
ty of the compounds simply by virtue of
their position in the multivessel arrange-
ment. Outputs of several thousand com-
pounds per month can be envisaged. A
typical set-up for parallel syntheses com-
prises a multi well reaction block with e.g.
96 drilled cylindrical holes with glass fil-
ter bottoms suitable for simultaneous wash-
es of solid phase resin portions. A robotic
arm may be used for dispensing the rea-
gents to each mini vessel according to pro-
grammed protocols. A somewhat similar
principle is used in the so called 'pin
technology' * first described by Geysen et
al. [22] for multiple peptide syntheses.
Ligand assembly is carried out on poly-
propylene 'pin-heads' dipped into the wells
containing reagent solutions. For simulta-
neous processing, the pins are arranged in
a way to fit exactly into the wells. In a
further extension of this principle Hobbs
De Witt et at. [23] use an apparatus with
rods, each containing a resin portion with-
in a fritted glass filter at the lower extrem-
ity. The rods are lowered into the wells of
a (heatable) reaction block. The suitability

ands for '7-transmembrane-G-protein-
coupled receptors' from a biased peptoid
library with 5000 members.

The concept of building up oligomers
from building blocks has been applied
also to carbamates [18] and oligophos-
phates [19]. Aside from sequential unran-
domization, other strategies of sequence
deduction from evaluation of partially
defined mixtures have been described in
attempts to increase efficiency. Hough-
ten's 'positional scanning' is a simplified
short cut that avoids the lengthy deconvo-
lution process by analyzing the contribu-
tion of each sequence position simultane-
ously with equally complex mixtures [20].
Recently, Furka and Sebestyen presented
other variations of evaluation schemes
[21]. Again, the purpose is reduction of the
number of operations. All these strategies,
though, are not expected to reduce the
incidence of artefacts.

etc.4CH2-COOH
~'-NH

DMSO ~ 2
R

,

I 0

H...-N~ AI
N
I
R

lined in the Appendix (see also 'sequential
unrandomization'*, Figs. 5, 7, and 8).

The 'Houghten approach' is an itera-
tive process of alternating rounds of eval-
uation of sublibraries and synthesis of
mixtures with decreasing complexity that
ultimately evolves to the test of a single
compound. It requires thorough planning
for a coordinated effort of chemical and
bioanalytical resources. Since the struc-
tural elements constituting the most active
sequence are determined by virtue of the
systematic evaluation of their contribu-
tion to the test performance of partially
defined mixtures, the analytical structure
determination is not necessary. For this
reason, the 'Houghten approach' is partic-
ularly suited for the generation of libraries
from non-sequenceable building blocks,
among which N-substituted glycines
(NSG) play an important role. Protease-
resistant oligomers thereof, called pep-
toids [15], can be assembled from a large
variety of building blocks, be it from Fmoc-
protected NSG or from primary amines
and bromoacetic acid via a two step 'sub-
monomer' coupling procedure [16] (see
Scheme 4). Attention was recently drawn
to the results of Zuckermann et al. [17]
related to the discovery of nanomolar Jig-

step 2

o
Br~/II

N
I

R

••
DIC, DMF

slap 1

o
Br~ OH

Fig. 5. CCL as a set of sublibraries for testing mixtures in solution

400 separate sublibraries, each containing
8000 ligands with 2 defined and 3 randomized
positions

A 1-20 HA 1-20 H_x H_x H_x
~ 20~:~-20--~1

randomized: all possible
trimer combinations

_______ A ~

one type of ligand) is exploited in the
screening process. This requires particu-
lar handling techniques for single-bead
processing. A valuable complementation
of such strategies is the evaluation of com-
plex mixtures according to schemes de-
vised for sequential deconvolution of in-
formation. The benefits of such approach-
es are the high throughput capacity, the
format compatibility with virtually any
type of test system (including functional
and cellular assays) and the avoidance of
microanalytical identification tasks (tags
and coding systems for non-sequenceable
building blocks are unnecessary). Clearly,
the fact that complex mixtures are tested
has its caveats in the form of potential
artefact sources (e.g. physico-chemical
associations, mutual ligand interferences
a.o.). The sequential unrandomization*
principle was first described by Furka [4]
and usually makes use of the portioning/
mixing* protocol (devised by the same
author) for the sole purpose of achieving
approximately equimolar representation
of the ligands. The potential of this ap-
proach became evident after the report of
successful applications by Houghten et at.
[14]. The method, sometimes referred to
as 'Houghten approach'· is briefly out-
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on sol id phase. The potential of the meth-
od to widen the diversity is, therefore,
more limited, in practical terms, if com-
pared to Ellman's approach [25], where
two variables are introduced on the solid
support. Progress in this sense will be
essential for the ability to efficiently de-
sign thematic libraries around a hypothe-
sis or a first generation lead obtained from
a high diversity screen. Scheme 5 and 6
review a few chemical structures of inter-
est.

3. Evaluation of Libraries

It is an inherent characteristic of the
combinatorial libraries approaches that it
is most often neither possible nor sensible
to control the quality of each member of a
ligand population. For that reason, it is
particularly important that the chemistry
involved has been thoroughly tested pre-
vious to its use in application work. After
that, it is recommendable to estimate the
overall quality of libraries whenever pos-
sible: in the case of small soluble mix-
tures, electrospray MS allows a rough
verification of the expected mass distribu-
tion [29]. In the majority of cases, the
prepared libraries are directly evaluated
with regard to their performance in a bio-
assay. Here, the goal is to actually corre-
late an interesting activity to one or more
individual members of the library. This is
a challenge deserving utmost attention,
since it is obviously useless to rapidly
produce millions of compounds without
the capacity to deal with their evaluation
within a similar time frame. Under these
circumstances, innovative strategies were
developed.

3.1. Library Formats
From the bioanalyst's perspective the

library format is acritical factor for assess-
ing the suitability of a CCL approach for a
particular assay system or for planning the
necessary adaptations of a system to
achieve CCL compatibility. There are ba-
sically two different formats, namely the
libraries on solid microparticles and the
libraries in solution.

1

The incentive is the coveted goal to be able
to prepare large libraries of 'small mole-
cules'. Ultimately, it would be desirable to
obtain diversity also by means other than
the linear chain elongation with bifunc-
tional building blocks, e.g. on the basis of
a rich repertoire of cyclizations, molecular
bifurcations and modifications of tem-
plates, all carried out on solid phase in
order to readily access globular semi-rigid
ligands as well (the products of such ap-
proaches are sometimes called 'diversom-
ers' [23] or 'small molecule' libraries).
Any selectant of this kind would be a more
promising drug lead than a linear peptide.
An obvious prerequisite for further pro-
gress is the adaptation of a broad array of
chemical reactions to a solid-phase for-
mat. The achievement of reproduceable
high yields with mild conditions and a
large choice of reactants is going to be the
crucial success factor. Note that the value
of a combinatorial chemistry for prepar-
ing diverse libraries increases dramatical-
ly the more operations (insertions ofvari-
abIes) are carried out on solid phase. In
preparing a 40-membered benzodiazepi ne
library Hobbs De Witt et al. [23] intro-
duced three variables in solution and one

NH
R( 'R3

2.2.4. Adaptation of Solution Chemistry
to Solid Phase Chemistry

As mentioned before, the CCL field
has its origins in peptide chemistry but is
migrating into general organic chemistry.

o

II-O-.LR1.HNA0-o-N02----

Scheme 5. Examples of Non-biooligomeric Chain-like Compound Classes

~

for synthesizing 'small molecule' librar-
ies· was demonstrated by the preparation
ofa40-membered benzodiazepine library.
In a remarkable combination of solid-
phase peptide synthesis and photolithog-
raphy Fodor et al. [24] were able to carry
out light-directed spatially addressable
parallel chemical synthesis of peptides on
surfaces. The photolabile nitroveratryloxy-
carbonyl N-protecting group is selectively
cleavable from specific areas determined
by the usage of stencils and light irradia-
tion. The selected areas become accessi-
ble for the reaction with a particular build-
ing block for differential chain elongation.
Ligand densities lie around l04-105/cm2.

Although conceptually elegant, this meth-
od has probably no lasting impact in the
CCL field due to the restrictions imposed
on the chemistry. Its value is better appre-
ciated for possibly very important contri-
butions to the biosensor technologies and
microdiagnostics.

Carbamates

Cho 818/. 1261

from

R

IT -NH~CH2-0Jto-O-N02

P = nitroveratryloxycarbonyl
or fluorenylmethyloxycarbonyl

3.1.1. Libraries on Beads
Some general considerations about

binding assays on beads are mentioned in
the Appendix and in Sect. 2.2.1. Due to the
restrictions imposed by the presence of
solid particles tethered to the ligands, there
is a perceptible tendency to develop meth-
ods that, on one hand, take advantage of
the option to physically separate ligands
either individually or in groups and, on the
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cyclization +
cleavage from
support

aq. HCI-A

is the actual insolubility of certain compo-
nents following the synthesis, during
workup or in the test medium. The latter
case is a common situation encountered in
single compound screening as well and
may be dealt with by applying proven
expedients like e.g. addition of 1% dimeth-
ylsulfoxide or other adjuvants compatible
with the assay system. The fact that library
components usually differ widely in their
physico-chemical properties has to be kept
in mind during workup or any post-syn-
thesis operation in order to avoid undesir-
able enrichments or losses of a subpopula-
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Hobbs De Witt et al. (23)

-oCOOH

Benzopvrans

Hvdantoins

Hobbs De Witt et al. (231

Fmoc-amino acid fluorides
+ aminobenzophenones on
solid support

Bunin and Ellman (25]

Bis-benzamide phenols

Benzodiazepines

ble to successfully detect and later identify
components with moderate activity which
would not be detectable, if measured as a
single compound in the same extreme
dilution it is represented in the context of
a library. Fortunately, the two most criti-
cal steps of an iterative unrandomization
are the two first rounds of assays. Two
check-points must be fulfilled: detectable
overall activity in the first round and in-
crease of activity in the second round
when testing the simpler follow-up mix-
ture. An obvious complication that may
arise with libraries in the 'soluble' format

Scheme 6. Examples of Non-oligomeric Combinatorial Chemistry on Solid Phase

3. 1.2. Complex Libraries in Solution
The evaluation of complex mixtures

by means of sequential deconvolution of
information has been discussed in Sect.
2.2.2 (see also Appendix: Houghten ap-
proach*, sequential unrandomization*,
Figs. 5, 7, and 8). The interplay of differ-
ent effects from individual library compo-
nents has to be kept in mind but should not
deter from applying deconvolution strate-
gies in view of the proven usefulness in
many examples, and considering that side
effects shared by all sublibraries undergo-
ing a comparative evaluation are often no
hindrance to the identification of active
ingredients.

It is important to note that in early
stages of the deconvolution process, i.e.,
when measuring and comparing activities
of complex mixtures, combined effects
arising from the contribution of whole
families of homologous structures may be
measured. This means that it is well possi-

other hand, measure performances after
cleavage in solution while keeping track
of the associations between mother beads
and their microeluates (see bead pool-
ing*). Nevertheless there are justified ef-
forts to improve the techniques for assays
on solid beads considering aspects like
bead-sorting speed, identification of arte-
fact sources (e.g. bead matrices, linkers),
and even compatibility with membrane
receptor assays. Stroud [30] recently re-
ported about the preservation of binding
capability upon solubilization of three
types of '7 -transmembrane-G-coupled re-
ceptors' .

A wide range of bead sizes and loading
capacities is available. 10 j..U11 beads are
used to achieve the highest di versity, when
keeping an acceptably low volume is cru-
cial. Beads with 2-nmol loading capacity
were used in a combined approach, where
a thrombin-binding assay on beads was
followed up with a thrombin-inhibition
assay in solution [31] in the multi well
titerplate format. Rapp et al. [32] devel-
oped PEG-grafted macrobeads with a par-
ticle size around 750 j..U11 and loadings of
20-100 nmol.

In an original experimental set-up pro-
posed by layawickreme et at. [33], beads
are seeded on cell lawns or on dishes with
gel layers provided with an appropriate
reporter system that visualizes the diffu-
sion of active ligands into the immediate
surroundings of the beads. As mentioned
in Sect. 2.2.] cleavable linkers make it
possible to pursue a bead pooling strategy
for high throughput evaluations in solu-
tion with relatively simple mixtures (see
Fig. 6).
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4. Discussion

Taken altogether, the strategies and
technologies playing a role in the prepara-
tion and evaluation of combinatorial li-
braries are numerous and multidiscipli-
nary. CCL are at the front end of the
development of new chemical entities.
They are the result of a pragmatic, goal-
oriented attitude which emphasizes the
discovery side of research activities. The
odds to bump into a discovery, however,
are pushed to the extreme with rigorously
planned rationales. Former constraints to
carry out high-throughput screening 'at
random' are now overcome. It is up to the
single organizations, from large industry
branches to small academic groups, to
work out concepts for exploiting CCL for
their needs most productively. Where pos-
sible, the vastnesss of this field justifies
widely coordinated efforts and suggests
that more than a single type of approach
should be pursued. On the other hand, it is
well conceivable that a single laboratory,
having isolated an enzyme or a receptor,
may want to screen ligands for it and
purchase a combinatorial library from a
commercial vendor. Major pharmaceuti-
cal companies are likely to be in a position
to cover all the technologies necessary for
library screening. The collaboration with

mati on of the portioning/mixing* opera-
tion is the next obvious step and is availa-
ble from Advanced Chemtech and SynPep
(Chiron Corp. is alleging infringement on
two US patents covering the instruments'
technology). The main caution in acquir-
ing commercial models is a thorough as-
sessment of the level of flexibility that is
offered. For instance, when working with
non-peptidic building blocks, it may be
necessary to have the ability to apply heat,
vacuum or inelt atmosphere etc. in a mul-
tiple parallel synthesis or to increase the
number of portions in the portioning/mix-
ing process. On the assay side, there is an
even greater need for automation, specif-
ically in the area of bead handling process-
es,i.e., for bead sorting by a reporter signal
(e.g. fluorescence) and bead pooling*. The
data management and communication is a
primary issue for the efficiency of sequen-
tial unrandomizations* where it is crucial
that rounds of assays and follow-up syn-
theses can alternate each other without
delay. This requires fast communication
of results and readiness to resume synthe-
sis when the information becomes availa-
ble. Other logistical aspects concern the
maintenance of stocks for building blocks,
sublibraries and mother beads.

tions the CCL approach may take full
advantage of the integrated preparation
process, with the option to control the
physical format (e.g. grafting on beads) or
classify into defined subpopulations. These
opportunities accelerate the evaluation by
e.g. either exposing a bulk of physically
separate samples simultaneously, in the
case of a bead library, or by minimizing
the number of measurements via iterative
deconvolutions, in the case of a sequential
unrandomization in solution. For the lat-
ter, a capacity of measuring ca. 102-103

samples per week is usually sufficient.
CCL and HTS complement each other

in a more powerful, combined lead find-
ing effort. In the CCL era conventional
HTS and its related technologies are far
from obsolete. The ability to test large
compound collections (corporate collec-
tions or acquired samples), whenever new
targets become addressable by a high-
capacity assay, is as crucial as ever. Innu-
merable basic structures of natural and
synthetic origin will remain elusive for a
combinatorial approach. In addition one
may exploit high throughput systems for
the evaluation of soluble libraries.

3.3. Automation and Logistics
Being a field of large numbers and

multiple disciplines CCL are predestined
to raise organisational challenges. Robot-
ic support is optional in principle, but is
virtually a must for broad application of
the technology. Fully automated solid-
phase synthesizers already belong to the
standard equipment of peptide chemistry
labs. Multiple peptide synthesizers for
parallel processes are commercially avail-
able from various manufacturers (e.g.
Advanced Chemtech, Zinsser, MultiSyn-
Tech, Applied Biosystems etc.). The auto-

Membrane Bound Receptors

Fig. 7. Opiate receptor-binding assay: The ability to inhibit the binding of a radioactively labeled p-
receptor-selective ligand r(l H)DAGO ] to the p-site is measured. The performance of sublibraries in
this test is used as a criterion for sequential unrandomization (see also Fig. 8)

tion at the expense of equimolar represen-
tation.

3.2. Combinatorial Libraries (CCL) and
High Throughput Screening (RTS)

As discussed in the previous section,
the combinatorial library approach comes
with its own strategies to provide the mas-
sive increase of compound evaluations
required for the balance of preparation and
assay speed. Unlike conventional high-
throughput screening of sample collec-

Fig. 6. Bead pooling and redistribution in the
multi well titerplate format. Bead pools are sub-
jected toa partial cleavage. Pool microeluatesare
tested. The mother-beads of an active pool are
redistributed to one bead per well. Residual por-
tions of ligands are cleaved and eluted. The
mother-beads of the best performers are decoded
for structure identification.
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Ac-rfwiox-NH2 Ac-rfwino-NH2

Ac-rfwoxx-NH2

Diversomers: Non-oligomeric library elements.
A core template is sequentially modified at dis-
crete positions. Formally the same combinatorial
and coding principles can be applied to these

Bead pooling: Bead-pooling strategies aim to
efficiently test 'one bead one sequence' libraries
beyond simple binding assays with labeled ac-
ceptors, i.e., with functional assays in solution.
Ligands are, therefore, cleaved from the beads
(partial cleavage of a first pOltion). To achieve 3n

acceptable throughput, it is necessary to test
mixtures resulting from bead pools (e.g. 100 or
1000 beads) in a multi well format. Interesting
activities are then correlated to a particular pool
of mother beads carrying a molecular tag. These
beads are redistributed on a singular basis into
new multi well plates where a second portion of
the ligands is released into solution and the activ-
ities of single compounds is measured. Bead
pooling on a large scale requires advanced auto-
mation.

ands (library elements) and for displaying them
to a ligate of interest (see also acceptor) in the
'olle bead olle sequellce' approach.

Ac-rfoxxx-NH2

acde ghik&mnpqrstvwy

~
!.
o 0~ ~u u
S S

Appendix

Iterations for Ac-rfxxxx-NH2
(Inhibition of 3H-DAMGO Binding)

a,c,d,e ...y = D-amino acids (one letter code)
0= defined position (on the abscissa)
x = randomized position
Ac = Acetyl, -NH2 = Carboxamide

Bead: A solid, insoluble, spherical microparti-
cle, typically used for solid phase chemical syn-
thesis. Diameters range from ca. 10to ca. 800/illl.
Materials are e.g. crosslinked polystyrene ma-
trix, polyamide, Sepharose, glass, polystyrene
grafted with polyoxyethylene etc. The term is
also used for non-spherical particles. There are
ca. 2.5 million '90 /illl-beads' per gram resin.
Beads may be used to synthesize potential lig-

Fig. 8. Sequential unrandomization: The deconvoluted structure is Ac-rfwink (Ac-D-Arg-n-Phe-D-
Trp-D-Ile-n-Asn-n-Lys). From Houghten [34].

Acceptor: A ligate of interest, typically a macro-
molecular entity (e.g. an enzyme, a receptor or a
fragment thereof, an antibody etc.). A solution of
labeled acceptors is used in the 'one bead one
sequence' approach in order to search for lig-
ands.

Some Terms and Expressions

Along with the combinatorial libraries' tech-
niques a jargon of typical terms and expressions
has emerged. The following comments are not
complete and are limited to simplified statements
and definitions.

Thanks are due to Hans Rink for valuable
discussions.

specialized start-up companies may be
seeked in an initial phase for immediate
'state of the art' operation. The access to
new, original targets is crucially impor-
tant. This again may require a partnership
with an organization focussing on the iden-
tification of desease genes and the molec-
ular mechanisms involved in disease man-
ifestation. On the other hand, those biop-
harmaceutical companies and academic
institutes lacking chemistry support are
the largest pool of potential customers for
commercial CCL producers. In any case,
it is reasonable to expect that the drug-
discovery process will benefit considera-
bly from the combinatorial techniques now
available. The new situation makes it pos-
sible that lead finding in the initial phase
of a project is carried out both faster and
more broadly. This should ensure that
only excellent leads are taken further into
medicinal chemistry programs that refine
the properties to the stage of product de-
velopment. The unfortunate situation that
time is wasted on the improvement of a
prematurely chosen lead compound should
be avoidable. The full integration of CCL
into the drug discovery process is an up-
coming challenge: a good balance with
complementary technologies has to be
established. Enough chemistry support for
lead optimization is essential. In favorable
cases lead refinement is approachable by
combinatorial chemistry to a certain ex-
tent, with thematic libraries, but actual
optimization will often go beyond the pos-
sibilities of modular chemistry. Further-
more, the design and synthesis ofbuilding
blocks for thematic libraries tailored for
the needs of particular projects must rely
on strong chemistry resources with the
ability to deliver the required tools before
the lead structures become obsolete. On
the assay side, at least one high-through-
put system per project is needed together
with an appropriate second system for
deeper characterization of screening hits.
Assays with read-outs that are not directly
traceable to a known molecular mecha-
nism should be backed up with a test
system allowing to discriminate between
modes of action.

In conclusion, it is hard to believe that
the exploitation of combinatorial methods
will not make a difference for the discov-
ery of new chemical entities with useful
properties. Putting it into practice is the
worthwile task to pursue. Just how diffi-
cult this will turn out to be remains an open
question but there is certainly a great de-
mand for innovation.
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types of molecules as for oligomeric sequences.
Highly demanding in terms of selectively cleav-
able protecting groups.

Encoded libraries (= ESL = encoded synthetic
libraries = encoded 'one bead one sequence'
libraries): If the ligands assembled on a 'one
head one sequence' library are not directly
sequenceable molecules the identity of positive
hits is determined by sequencing or determining
the composition of a 'tag' molecule residing on
the same bead. The tag has to be built up in
parallel with the potential ligand. Two classes of
molecular tags have been described and applied:
sequential tags and bitmap (non-sequential)
tags. The former are typically oligonucleotides
or peptides synthesized by alternating cycles of
ligand and tag chain elongation with the help of
orthogonal protection groups. For instance, an
amino acid or a dipeptide unit may code for the
identity of an 'artificial' building block which is
neither an amino acid nor a nucleotide. Bitmap
tags on the other hand are 'read' in a binary mode:
the mere presence or absence of a series of tag
building blocks (which donot need to be linked
together) translates into words of information
coding for both the presence and the position of
a non-sequenceable ligand building block. The
potential ligand is always present in vast excess
over the tag sequence.

High diversity libraries: Libraries with maxi-
mal element variability. The latter is preferential-
ly achieved by including a large number of build-
ing blocks in relatively short sequences rather
than by sequence elongation.

The Houghtell approach: The Houghten librar-
ies consist of a set of separate sublibraries (com-
pound mixtures) in solution. The evaluating as-
say may, therefore, be any test system applicable
to compound solutions, including functional as-
says in cellular systems. The sublibraries are
mixtures of compounds (typically oligomeric
sequences) with a (known) constant, a rand-
omized and a (known, defined) variable region.
In analogy to the 'one bead one sequence' ap-
proach the sublibraries are prepared with the
portioning/mixing procedure in order to ensure
equal representations of all (slow and fast react-
ing) building blocks. They are tested as if they
were single compounds. In an iterative process
the mixtures are compared with each other, the
'winning' variable regions are determined and
incorporated as constant positions in a following
round of synthesis which produces less complex
mixtures. Repetitivecycles of this procedure lead
ultimately to one defined molecule with the best
performance in the test system used. Instead, the
•one bead one sequence' approach may lead to a
variety of lead structures. The Houghten strategy
circumvents the necessity for analytical identifi-
cation. Building blocks other than natural amino
acids or nucleotides can be incorporated without
additional complications, if they are suited for
carboxamide coupling reactions. The first set of
sublibraries comprises as many mixtures as the
number of building blocks, ifonly one position is
defined in the beginning, e.g. 20 sublibraries for
20 amino acids. If two positions are defined the
number is (20 x 20 =) 400. For each subsequent
round of tests 20 new sublibraries are prepared. If
positions are defined contemporaneously, the

number of sublibraries to be tested increases
multiplicatively rather than additively.

Mimotopes: Small linear mimics of discontinu-
ous epitopes.

Multiple peptide synthesizer: A machine for
assembling a multitude of oligomeric sequences
(typically peptides) in parallel. An experimental
set-up which is sometimes applied in the Hough-
ten approach for introducing defined variable
sequence positions.

The 'olle bead olle sequellce' approach: A li-
brary of potential ligands (e.g. oligomeric se-
quences) is synthesized on solid microparticles
(e.g. resin beads) using a portioning/mixingproce-
dure. Each particle is loaded with only one type of
ligand (ca. 100 to 1000 pmol). The potential
ligands are completely deprotected but remain
grafted on the beads. They are screened by incu-
bating the beads with a solution ofJabeled accep-
tor molecules (e.g. a fluorescent enzyme or re-
ceptor) which may be recycled and used in a
separate experiment. After a number of wash
operations with increasing stringency, the bead
population is either visually inspected (e.g. while
irradiating at excitation wavelength) or sorted
with an adaptedfluorescence-activated cell sort-
er (FACCS). The ligands of beads carrying the
label are determined either by sequencing direct-
ly the ligand or by analyzing an 'identification
tag' residing on the same bead (see encoded
libraries). The library elements are on physically
separate entities (beads). The observed bindings
originate from interactions with singlecompounds
in heterogeneous phase. The approach may lead
to a variety of lead structures.

Peptoids: Oligomeric sequences of N·substitut·
ed glycines. Peptide surrogates preferentially
used in CCL in order to display functionalities of
peptides in a novel backbone. Resistant to pepti-
dases.

Phage libraries: Consists of up to 1015 filamen-
tous phage clones, each displaying an extraneous
peptide sequence on the phage surface protein.
The peptide is coded by a DNA sequence in the
phage genome. An acceptor of interest (e.g. an
antibody, receptor, enzyme etc.) is used to affin-
ity purify phages that display binding peptides.

Pin technology: Peptides are synthesized simul-
taneously at the tip of plastic pins in the 96-
multiwell plate format.

PortioninglMixing: (= Split Synthesis, = Di-
vide, Couple and Recombine). An ingenious
procedure used for randomizing one or more
positions within an oligomer and making sure
that only one sequence (i.e., a number of identical
oligomers with the same sequence) is represented
on any particular bead. The method involves
distributing a pool of resin beads into separate
reaction vessels (portioning) each reacting with
(for instance) a different (unique) amino acid
allowing the coupling reactions to go to comple-
tion (couple). This avoids competition between
slow and fast reacting amino acids and makes
sure that each bead 'sees' only one reactant. The
portions are then recombined (mixing) leading to
a randomization of the sequence position.
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RPD: Recombinant peptide diversity: Peptides
expressed on the surface of cells or phages, ran-
domized by means of genetic engineering of the
DNA coding for them.

Sequential unrandomization: An operation that
is part of the iterative HOllghtell approach. Each
time sublibraries are tested and compared with
each other a 'winning' sublibrary is determined.
Its superiority originates from the contribution of
a unique variable that is defined for each subli-
brary. The 'winning' variable will be constantly
included in the next rounds of synthesis resulting
in sub libraries with fewer and more defined ele-
ments, where the number of randomized posi-
tions is diminished by one and the number of
constant positions increased by one. Each unr:lIl-
domization step may be carried out at a single or
at multiple positions simultaneously. For single
positions, the number of sublibraries to be tested
for a round of assays is equal to the number of
building blocks N. An unrandomization step at
two positions (simultaneously) requires N x N
tests. A typical example is the simultaneous un-
randomization of the two aminoterminal posi-
tions in a peptide library by testing(20x20=)400
sublibraries. Subsequently the positions are un-
randomized sequentially at single positions. This
requires 20 additional tests per position; the total
number of tests increases additively.

'Small molecules' libraries: Libraries of diver-
somers or non-peptidic, biostable compounds
with molecular weight below ca. 600 Da.

Tea bags: Solid-phase resin beads are divided in
portions and packed into foraminated or porous
bags which are permeable by solvents and rea-
gent solutions. An experimental set-up which is
sometimes applied in the Houghtell approach for
introducing defined variable sequence positions.

Thematic libraries (= intelligent libraries =
biased libraries): Sizeable compound libraries
for structural motif refinement comprising a com-
prehensive combinatorial reshuffle of an array of
selected building blocks, whereby the selection
relies on pre-existing information or hypotheses
on what type of functionalities are important.
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