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One-Bead-One-Structure
Combinatorial Libraries

Combinatorial libraries employing the one-bead-one-compound technique are reviewed. Two
distinguishing features characterize this technique. First, each compound is identified with a
unique solid support, enabling facile segregation of active compounds. Second, the identity of a
compound on a positively reacting bead is elucidated only after its biological relevance is estab-
lished. Direct methods of structure identification ( Edman degradation and mass spectroscopy)
as well as indirect “‘coding” methods facilitating the synthesis and screening of nonpeptide
libraries are discussed. Nonpeptide and “'scaffold” libraries, together with a new approach for
the discovery of a peptide binding motif using a “library of libraries,” are also discussed. In
addition, the ability to use combinatorial libraries to optimize initially discovered leads is illus-

trated with examples using peptide libraries.
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INTRODUCTION

Synthetic combinatorial libraries are fast becoming
an important method for lead discovery in the
pharmaceutical industry. The ability to synthesize
and screen in a high throughput assay format a
number of compounds that will greatly exceed that
available from historical libraries or natural prod-
ucts is likely to make the lead discovery process
more efficient. The integration of these techniques
with rational drug design and traditional medicinal
chemistry techniques may also facilitate the rapid
optimization of compounds discovered in initial
screens. Indeed, combinatorial libraries may them-
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selves enhance the ability to rapidly map space
through structure-activity studies, creating a data
base from which to derive design ideas, or perhaps
to select a drug candidate. The power and scope of
combinatorial libraries has yet to be fully explored;
however, advances continue to enhance the syn-
thetic diversity that can be achieved and the speed
and flexibility with which assays can be performed.

LIBRARY TECHNIQUES

Techniques that generate arrays of structures of
known identity and provide for testing on an indi-
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vidual basis'-® share an advantage over the one-
bead-one-compound approach, in that there is no
need for structure determination. However, these
are not library techniques in the truest sense. Tech-
niques that generate families of structures®'*—so-
called iterative techniques—can be used to gener-
ate structural multiplicity; however, in using this
method it is difficult to identify multiple indepen-
dent structural motifs. As a result, iterative tech-
niques are not random screening techniques, since
libraries are prepared and screened in a highly sys-
tematic and ordered manner'* with the intent to
identify a single lead compound. The principal
difference between the iterative approach and the
one-bead-one-compound approach !* is that the it-
erative approach relies on multiple sequential syn-
thetic steps and screening of complex mixtures of
compounds to arrive at one of the possible
(perhaps several) motifs (sequential approach).
The one-bead-one-compound approach is a one-
step process where all structures to be tested are
screened concurrently—often resulting in the dis-
covery of different leads (parallel approach). At the
completion of the iterative screening approach (or
after screening positional scanning libraries'®'"),
the structure of one positive ligand is known
(derived from the synthetic algorithm, or deduced
from residues identified in positional scanning);
whereas the structure of the positive beads isolated
in a one-bead-one-structure screen remains un-
known until identified using a direct technique or
decoded by one of a variety of described tech-
nmiques. The advantage, however, 1s that one can
possibly obtain several independent lead struc-
tures, as well as multiple analogues of the leads.
Combinatorial library techniques yielding
unique but unidentified structures can be divided
into three categories—biological systems, such as
filamentous phage'®' or plasmids,?* synthetic
methods for generating compound mixtures free
in solution,'**>?° or attached to the solid
surface, '%2%33! and synthetic methods for gener-
ating one compound on each bead.'>**-* Biologi-
cal systems can generate up to 10'? peptides of vir-
tually unlimited size; however, library components
are limited to only the genetically encoded amino
acids. There is also a genetic bias in the creation of
these libraries, causing them not to be truly ran-
dom. The synthesis of solution phase mixtures is
facile, but the subsequent isolation and character-
ization of active components has proven difficult,
except in instances in which simple mixtures were
tested (e.g., Ref. 29), or in the case of nucleotide
libraries in which the ligand can be successively

amplified.*'~** This method has consequently not
been widely adopted outside of nucleotides. Several
reviews of the application of combinatorial libraries
to drug discovery were recently published *~*° as well
as elsewhere in this issue. The scope of this review is
limited to the potential and limitations of the syn-
thetic one-bead—one-structure libraries described ini-
tially by Lam."

ONE-BEAD-ONE-STRUCTURE LIBRARIES

The Lam method, also referred to as the Selectide
Process, is a random synthetic library approach
based on the one-bead-one-structure concept. The
split synthesis method for generating libraries of
this type was first described by Furka et al.,0**
who applied this method for synthesis of equimolar
peptide mixtures.”>° This synthetic method was
later used to generate iterative libraries,® or one-
bead-one-peptide libraries.'” It was the pivotal rec-
ognition of Lam et al. that since each solid support
contained a unique compound, the entire bead-
bound peptide library could be screened against an
acceptor molecule (e.g., natural or artificial recep-
tor, enzyme, antibody, or even small molecules)
using an ELISA-type assay (ELISA: enzyme-linked
immunosorbant assay).!>3>%**® This approach was
subsequently expanded by many to include a flu-
orescence based assay, using, for example, a fluo-
rescence activated cell sorter (FACS),* fluores-
cence microscopy,>**’ measuring fluorescence in
solution,*’ radio ligand binding, 3% or magnetic
bead binding.*” Labeled beads could then be recov-
ered and the identity of the compound on the bead
determined directly by sequencing (in the case of
sequencable peptides), by mass spectroscopy {(in
the case of small peptides or small organic
molecules), or indirectly through a sequencable
component {code) on the bead corresponding to
any nonsequencable components in the test com-
pound. Alternatively, using an orthogonal two-
stage release process and tracking the relationship
between the parent bead and its releasate, solution
phase assays could be performed and the identity
of positive compounds determined from the parent
bead 33336062 (see below).

SYNTHESIS OF ONE-BEAD-ONE-
STRUCTURE LIBRARIES

During the last three years we have synthesized
more than 400 different peptide and nonpeptide,
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FIGURE 1 Reactor assembly of automated library synthesizer.

cyclic and linear libraries. We realized very early
that library synthesis is demanding and labor in-
tensive, although adaptable to automation. Zuck-
ermann et al.%* constructed a robotic apparatus for
library synthesis. In this instrument the resin is por-
tioned by a robotic arm operated syringe using an
isopycnic slurry of the beads. Another hibrary syn-
thesizer using a similar principle was described.®*%
We use® a synthesizer, the main components of
which are reaction vessels connected to a mixing
chamber, as illustrated in Figure 1. The lower part
of the apparatus consists of 20 individual reaction
chambers in which couplings are performed. Ran-
domization begins by filling both the lower reac-
tion vessels and the mixing chamber with random-
ization solvent, blowing nitrogen through the frits
at the bottom of the reaction chambers, and stir-
ring. Sedimentation then redistributes the poly-
meric carrier for the next coupling step.

In the case of sequenceable peptides or non-

sequencable test compounds encoded by sequenc-
able structures (see below), individual positive
beads are loaded into a microsequencer for struc-
ture determination. Peptides attached to a poly-
meric support displaying a free amino terminus
can be directly sequenced by Edman degradation.
In some cases, however, it is required that the car-
boxy terminus be free for binding to occur. Since
the synthesis of peptides from N- to C-terminus is
not well developed, 1t was necessary to apply a tech-
nique to “reverse” the peptide on the polymeric
carrier. The peptide was synthesized using a linker
that was included in the cyclic structure. After cy-
clization the linker was selectively cleaved and the
carboxy terminus of the peptide was displayed
(Figure 2B). This approach also provides a free
amino terminus, enabling N-terminal Edman deg-
radation.®” An alternative approach uses a tem-
plate that serves as both the linker and cyclization
point®® (Figure 2A).
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In contrast to the biological libraries mentioned
above, synthetic methods have a practical limit on
the size of the library as well as length of the pep-
tides in the libranies. The synthetic approach, how-
ever, offers the ability to incorporate into libraries
unnatural amino acids, disulfide and nondisulfide
cyclic structures, reduced peptide bonds, nonpep-
tide moieties, and specialized linkers (scaffolds) on
which to attach the subunits, departing from the
sequential arrangement of subunits.>67:69-76

Quality control of libraries can also be per-
formed prior to screening. This can be accom-
plished by sequencing randomly chosen beads or
by multiple sequencing of a sample.”” Amino acid
analysis can be performed as well as mass spectro-
scopic evaluation of the sample of the cleaved li-
brary.”® In all cases a statistically relevant sample
must be evaluated. However, the best way to assure
hibrary quality is analytical control of each syn-
thetic step, either by following the reaction by a
noninvasive method” at the level of individual
beads (1nspection of indicator color disappearance
under the microscope), or the application of clas-
sical analytical methods® with a statistically sig-
nificant sampie of the carrier.

SCREENING OF BEAD-BOUND
LIBRARIES

Compatibility of biological assays is largely depen-
dent on the synthetic approach chosen. The one-
bead-one-structure approach offers various options
for screening. The most widely adopted method of

screening is the “on-bead” binding assay. Ligands
that bind to monoclonal antibodies, !*36.38-40-36.67.81.82
protein G, MHC class I molecules,® the platelet-
derived gpllb/Illa receptor,*® the SH3 domain
of phosphatidylinositol 3-kinase,** thrombin, fac-
tor Xa, cytokine receptors, streptavidin,'**>8¢
avidin,* and even small molecules, *% as well as
ligands for artificial receptors,¥”* have been iden-
tified. This bead-binding assay has several attri-
butes: (a) it is extremely rapid, taking only a few
hours to screen 107-10% beads, (b) the color inten-
sity or fluorescence of the bead is generally propor-
tional to the binding affinity of the ligand, *® and (¢)
the library may be reused multiple times for differ-
ent probes.

Enzyme substrates have been identified using
the on-bead assay of a library of compounds tagged
with a fluorogen at one end and a molecule that
quenches fluorescence at the other end.’” Cleavage
results in loss of quenching and produces a fluo-
rescence signal from beads containing cleavable
compounds. Sequencing then reveals the place of
enzymatic cleavage and the structure of the sub-
strate. Likewise, enzyme activity such as phosphor-
ylation can be measured directly by overlayering
beads with agarose containing the target enzyme
and performing a colorimetric or radiolabel based
enzyme assay. A specific example of a radiolabel-
based assay is a screen designed to identify
substrates for cAMP-dependent protein kinase.
The library was covalently radiolabeled with
v[**P]ATP, and a substrate motif known from the
literature was identified.”® The use of a radiolabeled
macromolecular probe for screening a one-bead-
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FIGURE 3 Result of FACS sorting of a pentapeptide
L library after incubation with streptavidin labeled with
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one-peptide library has also been reported.’® How-
ever, from our experience, the method is often slow
and insensitive, and it offers no advantage over that
of the immunochistochemical method.
Fluorescence based screening methods using
FACS are fast®® and allow for the selection of li-
gands to targets with high binding off-rates (Felder
etal., unpublished ). Critical to this technique is the
proper selection of bead material and synthetic
protocol, as well as the fluorescent marker, since
the autofluorescence of the library beads can
render the hibrary unsuitable for this type of screen-
ing. Figure 3 shows the distribution of library beads
after addition of a model macromolecular target,
streptavidin, labeled with a fluorescent tag. The
most fluorescent beads were sorted by deflection to
vessels at the left and right of the sheath flow, were
tested for specificity of binding, and were se-
quenced. Both beads so selected contained the ex-
pected HPQ motif: HMHPQ and HPQQ?.
Regardless of the assay format, false positive
beads, i.e., beads bound nonspecifically or bound
to areas of the target outside of the active site, must
be eliminated. The ability to eliminate false posi-
tives and select only true positive compounds be-
fore determining their identity and carrying out re-
synthesis is a major factor in the success of the
screening process. Common methods such as the
use of nonionic detergents, blocking agents such as
bovine serum albumin or gelatin, basic or acidic
conditions, chaotropic agents, etc., are useful to re-
duce much of the nonspecific binding seen in li-
braries. However, it is also necessary to design the
assay to assess specificity of binding before deter-
mining the identity of positive beads. This can be
achieved by the sequential screening of the library
in the presence or absence of a specific blocker
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(e.g., a known ligand), or with active and inactive
preparations of the target molecule, These sequen-
tial steps are illustrated in Figure 4, which displays
data from a histochemical based screen for ligands
to the gplIb/Illa receptor. The use of a dual color
substrate system can also help differentiate specific
binding from nonspecific binding. (Lam et al.,
manuscript in preparation ). The first dye is used to
identify ali compounds that bind, the second for
staining in the presence of a competitor. Beads ex-
pressing the combination of both dyes are qualified
as nonspecific binders; those colorized only by the
first dye are taken for the next treatment
(destaining and restaining in the presence of vari-
ous concentrations of the receptor and/or
competitor). This technique eliminates the de-
manding step of physically removing a large num-
ber of positive beads identified in the first step for
restaining and competition experiments.

The potential for false positives that originate
from an interaction of the test compound with the
tag used to label the target molecule can be elimi-
nated by selecting positive beads with a target mol-
ecule labeled with one tag, and then reassaying and
selecting positive beads with the same target mole-
cule labeled with a different tag (antibody or strep-
tavidin, for instance). All these extensive manipu-

5(18L.)-library, 10° beads

(stained) (unstained)

i p—

7480 {total binding}

+ 100 uM G4120 to compete

429 (specific)
+2 nM G4120

8 beads {hest binders}

FIGURE 4 Scheme of screening for gpllb/IIla recep-
tor ligands, eliminating nonspecific and weak ligands.
(A) Incubation of the library with labeled targets; (B)
reincubation of the stripped beads selected in step A with
a specific inhibitor to eliminate nonspecific interac-
tions—negative beads are selected for step C; (C) reincu-
bation of stripped beads selected in step B with a lower
concentration of inhibitor to select the most active li-
gands—positive beads are selected for sequencing.
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lations are possible using the Selectide Process be-
cause the test compound is relatively stable on the
bead, permitting positive beads to be repeatedly re-
cycled and restained under various conditions for
characterizing specificity. The optimal way for
elimination of false positives is the use of a so-
called hybrid assay, in the first step of which the
bead is selected using the solid phase binding assay
and in the second step the compound is released
from the bead and tested for the activity in solu-
tion.

It is not unusual to obtain too many true posi-
tives (e.g., > 1000). To select the best binders it is
possible to rescreen the library under more strin-
gent conditions. There are several methods of in-
creasing the stringency of screening, but we believe
the best method is simply to use a lower concentra-
tion of probe. Care must be taken, however, to
avoid consumption of probe and to allow sufhicient
time for binding to each bead to reach equilibrium.
Alternatively stringency can be increased by in-
creasing wash time—to select only those com-
pounds with slow dissociation rates, The free probe
concentration can be lowered by adding a modest
concentration of competing ligand or substrate. Al-
ternatively, one can change the conditions of the
assay in order to decrease the affinity of all li-
gands—for example, by incorporating chaotropic
agents or by altering ionic strength or pH. How-
ever, this approach involves the risk of identifying
compounds that may not bind well under physio-
logical conditions.

SOLUTION ASSAY SCREENING OF
ONE-BEAD-ONE-STRUCTURE LIBRARIES

The one-bead-one-structure technology described
earlier tn this article is not imited to the screening
of soluble targets.”**** We have described the re-
lease of test compounds from library beads in such
a manner that after testing for activity in solution
on cellular or membrane targets active compounds
could be backtracked to their bead of origin, and
the identity of the positive test compound could be
determined from the parent bead.>*®' While it is
certainly possible to divide beads one by one into
wells and then release compound for testing, higher
throughput can be achieved using a multistep re-
lease format. We have described several linkers
suitable for this “multiple release” application.’!%?
A schematic of the protocol is shown in Figure 5.
The library beads are distributed into the wells of
microtiter filtration plates and the release of the

first portion of the compound attached to each
solid support is performed under very mild condi-
tions. In this step several hundred beads are placed
in each well. A mixture of a substantial number of
unrelated compounds is generated in approxi-
mately equimolar quantities. The components of
the mixture are structurally unrelated, since the
distribution of the beads into individual wells is
based only on the statistics. Similarity of the com-
pounds is defined only by the chemical composi-
tion of the library. The small aliquots of soluble
compound mixtures (sublibraries) are filtered to
the test microtiter plate and biologically assayed di-
rectly in this replicate plate or using subaliquotes
from the replicate plate. Active mixtures are iden-
tified, and all beads from each well responsible for
the activity are recovered from the corresponding
well of the master filtration plate and redistributed
at one bead per well into a second set of master
plates. The second portion of each compound is
then released, and the biological test is repeated.
In the second step filtration may not be necessary,
provided that the bead can be retrieved from the
well after the test assay is complete. The bead(s) in
the second masterplate corresponding to any (now
individual) positive compound(s) are recovered
and the identity of the test compound determined
from material {test compound or code) remaining
on the bead. The potential for “masking” the activ-
ity of a single compound in a mixture of other com-
ponents has been studied, and it was determined
that even though the activity of a specific peptide
contained in a mixture may be modulated by other
components of the mixture, it was still clearly de-
tectable.”?

Another approach to testing peptides released
from the beads was reported recently.>® The test
compounds were partially released from beads that
had been layered on top of live amphibian pigment
skin cells transfected with specific receptors. The
change in color of these cells was measured as a
biological readout of stimulatory and inhibitory ac-
tivity. This method of local release maintains an
absolute correlation of released compound to its
parent bead, and could be readily adapted to en-
zyme assays. Since a partial release can be repeated
several times, it is possible to start with a relatively
dense population of beads and identify the single
bead containing the biologically active compound
in several iterations using a lower density of beads.

As mentioned above, in our approach equimo-
lar amounts of test compound are released at each
step. As a model to demonstrate this, we con-
structed a molecule on which five copies of the
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1. Dispense the library at 500 beads/well;

release 1/3 of
each test compound;

test for active compound.

release second
1/3 of the compound;

and retest for activity.

3. Remove a single bead and sequence.

FIGURE 5 Scheme illustrating library screening using a double-cleavable linker.

same peptide were prepared® (see Figure 6). The
model peptide was released in four distinct steps by
taking advantage of the differential stability of the
protecting groups to cleavage, followed by intra-
molecular cyclization at neutral pH for the first-
and second-stage release, hydrolysis at higher pH
for the third-stage release, and photolysis for the
fourth-stage release. After the release of the fourth
copy of the peptide we determined the sequence
from the peptide remaining attached to the bead
through a noncleaved but in principle cleavable
linker.”* Due to the construction of the scaffold
holding the releasable molecule, the peptide
content released in every step was equivalent to
that which would be obtained using the classical
synthesis protocol for this type of carrier. Since we
did not require four discreet stages of release for
functional screening, we selected the two release
methods yielding the best results, intramolecular
cyclization and hydrolysis, for construction of re-
leasable libraries. Intramolecular cyclization is a
very mild method for release. This has been used
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FIGURE 6 Structure of quadruply cleavable linker
used for concept validation.

for release in the case of multiple peptide synthesis
on polyethylene pins.®** A disadvantage of the
method originally described was that the diketo-
piperazine (DKP) structure remained on the re-
leased peptide molecule. We overcame this limita-
tion by redesigning the cleavable linke =~ more
convenient and substantially less exp two-
stage releasable linker®' composed of th.. w.,.ptide
motif Ida-Ida (Ida, iminodiacetic acid) was found
particularly suitable for designing double-cleavable
linkers. The Ida-Ida dipeptide is prone to DKP for-
mation and provides three carboxyl groups, one on
the amino terminal Ida and two on the carboxy-
terminal. The structure of linkers and mechanism
of the staged release are shown in Figure 7.

To test the performance of multiply cleavable
linkers, we prepared multiply releasable libraries
and screened them against the anti-3-endorphin
monoclonal antibody (linear tetrapeptide library)
and platelet glycoprotein IIb/Illa receptor (cyclic
pentapeptide library), the ligands of which are well
known.** The known ligands for the anti-8-endor-
phin antibody were found—YGGF, YGVF, and
YGAF. We have also combined the release assay
with the on-bead binding assay and achieved the
same result. The results from the screening against
the gpllb/Illa receptor are illustrated in Figure 8.
An ELISA-based assay that detected inhibitors of
the binding of IIb/1lla to immobilized fibrinogen
was used. A library consisting of 100,000 beads was
plated into individual wells of microtiter plates at
approximately 200 beads per well and the first third
of the peptide was released. Two wells were found
positive and beads from these wells were replated
at one bead per well (406 wells). Assay results for
the second round of release are shown in the figure.
Three beads were positive, two of them containing
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Or gaseous ammonia.

the expected sequence CRGDC. The third se-
quence—CIRYC—was found to be a false positive.

A critical issue in the solution assay is the
amount of compound available from one bead. We
have been using a commercially available resin,
TentaGel, with 130 pm bead size. Typical substitu-
tion is approximately 0.2 mmol of NH, groups per
one gram of resin and one gram contains approxi-
mately 1 million beads. Theoretical release in this
case should be around 200 pmol of compound per

A4gz

bead per arm. However, actual release in our librar-
ies varied from 100 to 150 pmol, as calculated from
the control release. Since a realistic assay volume is
about 100 uL, 100 pmo! of compound yields a 1
uM solution. This concentration is critical to the
assay’s sensitivity, since the lowest affinity detect-
able is approximately 1 M. To increase assay sen-
sitivity, volume can be decreased. However, this
may increase sensitivity no more then 3- to 4-fold.
The more promising approach is to increase the re-

[+ 50 160 150 200 250 300 350 400 450

FIGURE 8 Results of screening double-cleavable library for gpllb/11la receptor ligand. Ver-
tical axis: Absorbance of solution in individual wells; horizontal axis: well number. Individual
beads taken from the two positive wells identified in the testing of the mixtures generated by
the first release (~ 200 beads per well) were plated and released in the 60 inner wells of 7
microtiter plates. Note the unusually high noise in the first plate. Active compounds were
identified in wells 88, 282, and 371. The activity of the peptide identified in well 371, CIRYC,
was not confirmed after resynthesis. Peptides in wells 88 and 282 had the same sequence
CRGDC.
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FIGURE 9 Results of multiple sequencing of 99 beads identified as ligands for streptavidin.
Vertical axis: concentration (pmol) of a particular amino acid in each sequencing cycle.

lease from each bead. This can be achieved in prin-
ciple in three different ways: (a) increase of substi-
tution of the resin, (b) increase bead size, or (c)
use an alternative support, e.g., cotton thread or a
plastic membrane, that can be cut to pieces of al-
most any size and modulate the releasable quantity
by length or area of support. We have tested all
three possibilities. It is possible to increase substi-
tution approximately 5 times with the same size of
beads; however, further increase leads to extremely
slow reaction rates and incomplete coupling. We
have tested custom-made 220 um beads based on
polystyrene grafted with PEG that yield a release in
the nmol range. Synthesis on cotton was also
shown to be feasible, although handling cotton
thread is difficult.

STRUCTURE ELUCIDATION OF
POSITIVELY REACTING COMPOUNDS

Edman degradation is a standard method for the
determination of peptide sequences. Bead-bound
peptides, however, are attached to very small parti-
cles, requiring modifications to the standard se-
quencing protocol. This protocol may also differ

substantially for different types of polymeric sup-
ports. Another complication of the standard proce-
dure arises from the chirality of components in-
cluded in library synthesis. For these situations spe-
cial procedures must be developed. However, even
the most optimized condifions will not allow sepa-
ration of all amino acid derivatives, and in some
cases, coding is necessary. An average degradation
cycle may then take up to 40 min, making structure
elucidation one of the slowest steps in the screening
process. However, not all positive compounds
need to be sequenced individually. It may be ad-
vantageous to sequence multiple positive beads si-
multaneously to obtain an initial idea about struc-
ture-activity relationships.®® Multiple sequencing
was originally described for the characterization of
peptides bound to MHC molecules.”” We have ap-
plied this method to libraries, demonstrating that
in the case where only one motif was present, valu-
able information could be derived rapidly by com-
bining up to 100 positive beads for concurrent mi-
crosequencing. This short cut approach has proven
useful for the identification of the anchor residues
for MHC class 1 molecules,? the HPQ motif for
streptavidin, the YG_F motif for the anti-@-endor-
phin monoclonal antibody,®® the anti-insulin
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monoclonal antibody, thrombin inhibitors, and
other targets. Figure 9 shows the result of multiple
sequencing of streptavidin binders as an example
of motif identification in the situation where the
motif could be “frame shifted,” i.e., the motif was
active when displayed at several overlapping posi-
tions within the compounds synthesized in the li-
brary. Two HPQ motifs are clearly visible overlap-
ping in positions 2, 3, and 4, and positions 3, 4,
and 5, with a strong preference toward the carboxy
terminal.

For peptide and nonpeptide molecules other
than oligonucleotides, the only viable alternative
for direct structure elucidation is mass spectros-
copy. This method can use the exchange of labile
hydrogens in the peptide molecule to significantly
improve the speed and precision of structure deter-
mination.”® Diminishing the number of possible
compositions allows the application of an algo-
rithm beginning from the composition of a full-
length peptide®® rather than from small fragments
(see, e.g., Ref. 100). Using time-of-flight secondary
ion mass spectrometry improves significantly the
sensitivity of this method ! and it can be applied
to structures other than peptides. Knowledge of the
fragmentation pathways is important to the success
of mass spectroscopy in structure eluctdation; how-
ever, even without this knowledge it has been pos-
sible to determine the structure of hits from a small
nonpeptidic library.!%?

CODING

There are three main reasons for the introduction
of coding techniques: (a) 1o enable the structure
identification of nonsequenceable compounds, (b)
to improve sensitivity and {¢) to increase the speed
and throughput of compound identification. The
idea of encoding library compounds was derived
from biological systems, in which the composition
of peptides/proteins is encoded by DNA. The
phage technology, in which the structure of the
peptide displayed on the phage surface is decoded
by sequencing the phage DNA, takes advantage of
this biological coding.'®*?' Coding of peptidic li-
braries by nucleic acids was suggested by Brenner
and Lerner, **!% and further developed by others.*®
Coding by nucleic acids has several disadvantages,
and also some unique advantages. Novel chemistry
is necessary to enable the independent syntheses of
peptide and nucleotide sequences. However, this
does not address the problem that nucleotide se-
quences are sensitive to many chemical reagents
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FIGURE 18 Schemeofsynthesisofalibrary withatag
representing the compound’s synthetic history.

useful for the synthesis of libraries of nonpeptidic
compounds. Furthermore, long coding nucleotide
sequences must be synthesized, adding to the time
it takes to synthesize a library. The advantage of
using nucleic acid coding is the ability to amplify
the code by PCR. In this method, the code of all
positive beads is amplified in individual PCR reac-
tions, and the amplified nucleotide code sequences
are digested and run in multiple lanes of a sequenc-
ing gel, each lane corresponding to a different bead.
Thus, many compounds can be identified simulta-
neously by batchwise processing.

Recently, coding by halogenated derivatives of
carboxylic acids followed by gas chromatograph-
ical analysis of photolytically cleaved and silylated
mixtures of tag molecules was published.*®!% This
technique employs a “digital” code comprised of
separate sets of coding structures for each position
of the library, with coding subunits within each set
defining the identity of the specific compound sub-
unit. A single step of analysis is needed to identify
the test compound. A similar technique for struc-
tural elucidation was described using mass spec-
troscopy.®*?® In these cases, in each step of synthe-
sis, a fraction of available amino groups (in the case
of a peptide) is capped, and the “history” of syn-
thesis is documented. Once a positive bead is iso-
lated, the test compound is cleaved together with
all capped intermediates. The resulting mixture is
then injected into a mass spectrometer and the se-
quence of the test compound is identified by read-
ing the mass differences of individual molecules
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FIGURE 11 Two alternative syntheses of a library with an amino acid “bar code.”

represented in the spectrum. If the capping is per-
formed by a bromine containing carboxylic acid*
(Figure 10), characteristic doublets of bromine
containing molecules can simplify the identifica-
tion of relevant masses in the spectrum. The prin-
ciple of this method is similar to the “ladder” se-
quencing designed by Kent et al.,'%-'%7 which in-
stead of building the ladder during synthesis builds
it during Edman-like degradation, and is thus ap-
plicable only to peptidic compounds.

Encoding by peptide molecules was described
for the identification of test compounds composed
from unnatural amino acids”' and nonpeptide
chemical libraries or small organic libraries.®” In
the approach described initially, each step of syn-
thesis of the nonsequencable structure is accompa-

0.D.269 Ly ;(Pr)

v

!

. Lys(Bu}

AR,

Val

nied by the attachment of one or several amino
acids onto an independent attachment point on the
solid phase particle—constructing a linear coding
molecule. This “peptidic tag” could then be se-
quenced by the application of standard techniques
(Edman degradation or mass spectroscopy-—see
Ref. 98 and references quoted therein), and the
structure of the nonpeptidic molecule recalled. Al-
ternatively, the peptidic tag can be built in such a
way that it can be cleaved in one step of Edman
degradation, followed by high performance liquid
chromatography (HPLC) analysis as a “bar code™
{Sepetov et al., unpublished). (For discussion of
“digital” or “bar” coding see Ref. 40). Figure 11
shows alternative schemes of synthesis of the cod-
ing structure and Figure 12 illustrates the decoding
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FIGURE 12

HPLC trace of bar code. Note that building block F is coded by a different

amino acid doublet in position I [Lys (Propionyl) and Lys (Butyryl)] and 4 [Sar and Asp

(OBzD)].
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FIGURE 13 HPLC trace of 33 phenylisothiohydantoin derivatives of coding amino acids. |
Thr, 2 Gln, 3 Gly, 4 Dab (Acetyl), 5 Orn (Acetyl), 6 Ala, 7 Dap ( Butyryl), 8 Dab (Isobutyryl),
9 Aib, 10 Orn (Butyryl), 11 Lys (Butyryl), 12 Dab (H), 13 Val, 14 Orn (H), 15 Norvaline, 16
DPTU, 17 Lys (H), 18 Dap (Caproyl), 19 Lys ( Phenylacetyl), 20 Phe, 21 Orn (Caproyl), 22
Leu, 23 Orn (4-Chlorobenzoyl), 24 Lys (4-Chlorobenzoyl), 25 Orn {2-Naphthylacetyl), 26
Phe (4-Cl), 27 Dap (l-Adamantylcarbonyl), 28 2-Naphthylalanine, 29 Dab (4-
Biphenylcarbonyt), 30 Dab (2,2-Diphenylacetyl), 31 Lys (1-Adamantylcarbonyl}, 32 Orn ( 1-
Adamantylacety!), 33 Cyclohexylalanine, 34 Lys ( I-Adamantylacetyl). Dab: diaminobutyric
acid; Dap: diaminopropionic acid. Applied Biosystems ABI 120A Analyzer with a PTH-222
Brownlee column (PTH C-18 5 micron, 220 X 2.1 mm). HPLC buffers: (A) 0.01 M NaOAc,
(B) acetonitrile; gradient: 0.0-0.4 min—8% B, 0.4-38.0 min—8-60% B, 38.0~40.0 min—60-

90% B; flow rate 230 uL /min.

of the structure of a test compound from a hbrary
in which four randomizations were performed,
each coded by a doublet of amino acid derivatives.
N amino acids used as a doublet can code for N
X (N — 1)/2 structures (10 amino acids can code
for 45 building blocks). To increase the number of
amino acids available for coding, we have prepared
a set of side-chain acylated diaminocarboxylic
acids ( Dap, Dab, Orn, Lys), the HPLC retention
times of which (in the form of phenyliso-
thiohydantoins) do not overlap with the deriva-
tives of natural amino acids (as an example, see
Figure 13). The presently available set (80
denvatives) can code for up to 130 million com-
pounds for a library in which four randomizations
are performed.

ELIMINATION OF POSSIBLE
INTERACTION OF TARGET
MACROMOLECULE WITH CODING
STRUCTURE

The screening of coded libraries in on-bead binding
assays brings about the risk that the target molecule
may interact with the coding structure rather than
with the test compound, or that the coding mole-

cules may perturb the test compound in a manner
favoring (or disfavoring) interaction with the
target molecule. This problem can be addressed in
at least four ways. One approach is to resynthesize
both code and test structures from positive beads
independently and determine their activity. An-
other is to use a method where any single coding
species represents only a small fraction of the ma-
terial on the bead { ~ 1-5%). A mixture of mole-
cules for coding can serve a similar purpose. This
mixture, however, must provide unambiguous se-
quencing data. The coupling of three amino acid
mixtures in five steps will produce 243 individual
pentapeptides, the simultaneous sequencing of
which will give only three phenylisothiohydantoins
in every cycle. The fourth approach is to arrange
the coding and screening structures in such a way
that only the test compound is available for interac-
tion with the target molecule. We exploited the
properties of a polymeric solid phase resin, polyox-
vethylene grafted polystyrene (TentaGel), to ac-
complish the physical segregation of compounds.
The interior of TentaGel beads is not available to
macromolecular targets due to the microporous
structure of this polymer. This carrier was first
modified with a protected peptide sequence that
could be cleaved by a high molecular weight rea-
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FIGURE 14 Scheme of bead shaving. (A) Shaving performed before library synthesis; (B)
“shaving after.” (a) Enzyme incubation; {b) introduction of orthogonal protecting group; (¢)
library synthesis using alternating Boc and Fmoc strategy in each randomization step.

gent (reactive polymer or enzyme) that could only
access the molecules on the “‘surface™ of the solid
phase support, thus exposing a free amino group
on the surface. Free amino group was subsequently
protected with an orthogonally cleavable protect-
ing group. In this way it was possible to synthesize
the test compound exclusively on the bead surface
and the coding structure exclusively in the bead in-
terior. We have used enzymatic “shaving” to pro-
duce this selective surface modification, using chy-
motrypsin as the shaving agent and the sequence
Boc-Ala-Gly-Val-Phe-Gly-8-Ala-Gly-TG  as  the
substrate as diagramed in Figure 14.'% Synthesis of
model ligands D-Phe-Pro-Arg-Pro-Gly (thrombin
ligand) and Leu-His-Pro-GIn-Phe (streptavidin
ligand) on the surface and hidden inside of the
beads showed complete separation of accessible
surface from interior part of the bead. The bead
was identified positive when tested with streptavi-
din only when Leu-His-Pro-Gln-Phe sequence was
displayed on its surface and negative when it was

1. Amino acid coupling g
2. Deprotection
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NaBH3CN o
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synthesized inside of the bead. The same was true
for the thrombin specific sequence.

RESYNTHESIS OF POSITIVE
COMPOUNDS

Using any of these structure-elucidation ap-
proaches, a system can be designed where the bot-
tleneck is no longer identification of positive test
compounds, but rather their resynthesis. Resynthe-
sis is a necessary step in the overall process, since
only after confirmation of activity in solution can
one be certain that a positive compound has been
identified. It is important to use the identical pro-
tocol during resynthesis as used in library synthesis
since it is always possible that the active compound
is not the primary synthetic product, but a side
product. If this is the case, the side product will be
present in the resynthesized preparation and can be
isolated, characterized functionally, and its struc-
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FIGURE 15 Scheme of the synthesis of a small organic library based on the alkylation and
acylation of amino acids and structure of the resultant side products.
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FIGURE 16 Nonpeptidic ligands of streptavidin.

ture elucidated. The less complete each step of the
library synthesis, the more critical it is to duplicate
the synthetic protocol during resynthesis. Since an
identical resynthesis protocol is followed as for syn-
thesis of the library, the ease of resynthesis is the
same as that of library synthesis. An example of this
reasoning is the result of the screening of library of
alkylated and acylated amino acids, synthesized by
using reactions that were not optimized for solid
phase synthesis.'% Positively reacting beads in a
streptavidin assay were isolated. A mixture of prod-
ucts arising from reductive amination of the o-

amino group of the amino acid attached to the
resin was analyzed by mass spectroscopy and the
composition of building blocks used for the synthe-
sis of these beads was identified. Synthesis of the
same mixture was performed in larger scale and all
products were purified, their structure was estab-
lished (including the product of unexpected cycli-
zation—Figure 15), and binding afhinities deter-
mined. The structural motif for streptavidin bind-
ing found in this library is given in Figure 16,'%
together with structures identified as streptavidin
ligands in other libraries.

Table I Numbers of Beads (and Weight of Resin—130 um Bead Size) Required for Testing Full Representation of
Peptides of Various Length Using (A) One Bead-One Peptide Approach and (B) Library of Libraries (Three Amino

Acid Motif) Approach
One-Bead-One-Peptide (A) Library of Libraries (B)
Length Number of Beads Resin Amount Number of Beads Resin Amount
3 8,000 8 mg 8,000 8 mg
4 160,000 160 mg 32,000 32mg
5 3,200,000 32¢g 80,000 80 mg
6 64,000,000 64¢g 160,000 160 mg
7 1,280,000,000 1.28 kg 280,000 280 mg
8 25,600,000,000 25.6 kg 443,000 448 mg
9 512,000,000,000 512kg 672,000 672 mg
10 10,240,000,000,000 10.2t 960,000 960 mg
11 204,800,000,000,000 204t 1,320,000 1.32¢
12 4,096,000,000,000,000 1,760,000 1.76 g
13 81,920,000,000,000,000 2,288,000 229¢g
14 1,638,000,000,000,000,000 2,912,000 291¢g
15 32,770,000,000,000,000,000 3,640,000 364¢g
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FIGURE 17 Scheme of the synthesis of “library of libraries” with a tripeptide motif in a
hexapeptide frame. The polymeric carrier is split in the ratio ng,: 1y, (numbers located on the
lines connecting circles denote the fraction of carrier undergoing the specified operation) (#g.:
number of remaining randomization steps; #y,.: number of remaining steps in which a mixture
of amino acids is to be coupled) based on the status ng/ny (number located in the shaded
circles; ng: number of randomizations performed on the carrier; ny: humber mixtures to be
coupled). At the beginning of the synthesis ng/ny = 0/0, at the end #ng/ny = 3/3. The lines
pointing up designate a randomization step, the lines pointing down designate a mixture step.
This scheme can be applied to any length of library and motif.

ONE-BEAD-ONE-MOTIF LIBRARIES
(“LIBRARY OF LIBRARIES”)

The 1ssue of incomplete representation of all com-
pound permutations in libraries of compounds
containing more than 5 residues (see Table I) may
arise. This is not as limiting as it might at first ap-
pear. The number of expected positive beads de-
pends on the number of “critical residues™ in the
peptide sequence (or critical pharmacophores in a
nonpeptidic structure), i.e., residues required for
minimal observable binding. This number can be
calculated according to the formula

1= (X PSS/ (A,) i)

In this equation # is the number of expected posi-
tive hits, x is the number of different binding mo-
tifs, Py is the “placement” factor, i.e., number of
possible placements of each motif in the peptidic
chain, § is the number of beads screened, 4, is
number of amino acids (subunits) used for ran-
domization, and 7., is the number of critical resi-
dues. The number of positive hits depends on the
number of beads tested, but it does not depend on
the length of the library. Therefore, screening of
even a very incomplete library, e.g., a fraction of
library of decapeptides, can provide a reasonable
number of positive beads if only 3-4 residues in the

sought-after peptide are critical for binding under
the screening conditions used.

The validity of this formula was demonstrated
using the example of an octapeptide library synthe-
sized from L-amino acids and assays designed to
identify ligands for the anti-8-endorphin antibody,
streptavidin and anti-insulin antibody.® The num-
ber of expected positive beads was very close to the
number actually identified in each of the given as-
says. However, in certain assays, a smaller than ex-
pected number of positive beads was identified

Table 11 Sequences Identified as Positive and Specific
in the Thrombin Screening (Sequences are Listed in the
Order of Staining Intensity) (x Denotes Mixture of
Amino Acids)
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FIGURE 18 Results of sequencing 28 beads selected from the screening of a homolog li-
brary. Horizontal axis: Position of amino acid in the peptide chain.

(Strop and Ostrem, unpublished). This phenome-
non might be explained by irregularities in the me-
chanical properties of individual beads, different
presentation of peptide on the bead surface, differ-
ent surface density of the ligand, etc.

As mentioned above, the individual sequence
identified in the peptide library with incomplete
representation of all permutations is less valuable
than information describing the motif responsible
for binding or other biological activity. In order to
verify this concept, we have designed a library that
contains all possible motifs, (e.g., all tripeptide mo-
tifs in a hexapeptide library) in the framework of a
library of given length.!? In this library, each indi-
vidual bead contains a multiplicity of peptides
{each with the same motif). Synthesis of this li-
brary follows a simple scheme, illustrated in Figure
17. This library combines the principles of iterative
library techniques®!"''"® with those of the one-
bead-one-compound approach '’; however, it en-
ables the screening of all possible motifs at the same
time, rather than consecutive dipeptide motifs—
which may be too short'!! or not appropriately lo-
calized in the peptide chain to identify the ligands.
Each bead of the library of libraries represents a
unique motif, the structure of which is determined
only after its biological relevance is established. In
this arrangement all tripeptide motifsinuptoa 1 5-
meric peptide can be synthesized and screened in a
manageable library (see Table 1).

Results from screening this type of library are
illustrated in Table IL. The library of tripeptide mo-
tifs in the framework of a linear hexapeptide com-
posed of 19 natural amino acids (Cys excluded)
was screened against thrombin. Peptides with the
motif 1/LRFW were detected. When tested in so-
lution after resynthesis, the peptide IRFWA
(sequence derived from motifs identified in
screening) demonstrated an ICs, of 2.3 uM. This
primary motif can be used as a template for sec-

ondary peptide libraries (see below) or for the de-
sign of scaffold or other nonpeptidic libraries. It
should be noted that only a small sample of the li-
brary {300,000 beads) was screened—demonstrat-
ing substantial savings in the consumption of rea-
gents needed for both synthesis and screening,
compared with a complete library of individual
hexapeptides, which would be represented on 64
millions beads.

STRATEGIES FOR OPTIMIZATION OF
THE PRIMARY LIGAND

Ligands isolated from the primary screen often
have low to moderate activity. The one-bead-one-
structure process enables optimization to be pur-
sued by designing and synthesizing secondary “op-
timization” libraries based on structural informa-
tion from the initial hit. It is possible to synthesize
extension libraries, keeping the lead intact but ran-
domizing residues on both N- and C-terminus. It is
also possible to synthesize analogue libraries, sub-
stituting a different set of building blocks at each
position based on the subunits identified in the ini-
tial lead. When multiple pharmacophores or “mo-
tifs™ are identified from the primary library, it is
possible to link these with a variable length/
variable composition linker library. Finally, in the
case where cyclization is pursued as an optimiza-
tion strategy, spacer subunits can be incorporated
and the points of cyclization can be randomized
around the active motif'in a library format.

The anti-insulin monoclonal antibody system
serves as an example to illustrate this technique.
This antibody recognizes discontinuous epitopes of
insulin. Several motifs were identified from pri-
mary libraries of various lengths. A secondary “op-~
timization” library was constructed using one of
the motifs as a template.’*3! The secondary library
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FIGURE 19 Scaffolds used for the synthesis of libraries incorporating a multiplicity of
amines, carboxylic acids, aldehydes, and halogen derivatives.

was screened under more stringent conditions to
select ligands of higher affinity. Tertiary and qua-
ternary libranes were synthesized and screened, the
result of which was the identification of com-
pounds containing the originally identified motifs
with affinities comparable to that of native
insulin® (ICs, 35 nM for QSSVNHPGWKYGF
vs 14 n M for insulin). The identified peptides have
no sequence homology with native insulin, indicat-
ing that the peptide sequence can mimic the dis-
continuous epitope.

Another example of this approach is the throm-
bin ligand selected from the biased (not completely
randomized in all positions) primary library of
pentapeptides. Ligands of the highest affinity had a
K in the range of 20 uA. The known motif D-Phe-
Pro-Arg-Pro was used as a template for a secondary
library (extenston at C-terminus) and a nonapep-
tide ligand with K; 25 nM was identified.!'? This
ligand is one order of magnitude weaker than hiru-
log, a molecule that is more than twice the size."'

We have also used a so-called homolog library
to optimize a hit from an incomplete peptidic li-
brary. In each step of library synthesis, a fixed per-
centage (in our case, 40%) of the solid support is
coupled to the residue corresponding to that in the
initially discovered hit, while the remainder of the
carrier is randomized using the standard proce-
dure. After completion of coupling the carrier is re-
combined and the next, similarly biased coupling
is performed. The portion of resin to which the
original residue is coupled is a function of the

length of peptide and number of amino acids used
in each randomization step. This is done to assure
that the sample to be screened contains a reason-
able number of compounds with the original se-
quence (e.g., 10 in | million). The likelihood of
finding a bead having the original sequence is thus
increased, as is the probability of finding sequences
with one or more substitutions. Positive com-
pounds are sequenced, and distribution of amino
acids in each position is evaluated. Positions in
which the frequency of a given amino acid is that
at which the same amino acid was introduced dur-
ing the synthesis (40%) can be considered unim-
portant for binding. Positions in which the fre-
quency is significantly higher can be considered
critical. More interestingly, positions in which the
frequency of the original amino acid is significantly
lower than 40% indicate that the original hit con-
tained a nonoptimal residue in that position. An
example of this approach is shown in Figure 18. A
primary hit from a 12-mer peptidic library was
used as the basis for the synthesis of a homolog li-
brary with 40% enrichment in each position.
Twenty-eight positive beads from this library were
sequenced and the frequency of the original amino
acid found in each position was plotted. A clearly
identifiable motif of amino acids originally pre-
sented in positions 2, 5, 9, 10, and 11 was detected.
Positions 1,4, 6, 8, and 12 can be replaced by many
alternative amino acids. An additional important
residue was found for position 7, in which the orig-
inal hit contained a clearly nonoptimal amino acid.
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Table III Results from Screening for Several Targets in Selectide

Corp

Project Primary Lead Optimized Lead
gpllb/Ila antagonist 1-320 uM na
Thrombin inhibitor 0.8-700 uM 25 nM
Factor Xa inhibitor 15 uM 300 pM
HER-2 ligand 40 uM 70 nM
11.-8 ligand SuM na
NADPH oxidase inhibitor SuM na

HIV-1 RNase inhibitor 0.3-200 uM 150 nM

In the illustrated case the binding of peptide syn-
thesized based on this structural information im-
proved from ICs3 410 0.03 uM.

DIVERSITY AND COMPLEXITY

Each combinatorial library represents a certain
complexity and diversity. The complexity of a
given library reflects the number of individual
components regardless of their similarity. Con-
versely, diversity indicates the structural dissim-
ilarity of compounds. It is obvious that if the struc-
tural and functional requirements for a small mol-
ecule to bind to a target molecule are not known,
the greater the diversity explored the greater the
chance to find a molecule that binds specifically.
Both the conformational space mapped by the
members of a library and the functional groups dis-
played in this space contribute to the overall diver-
sity represented by this library. The conforma-
tional space is determined by the size and flexibility
of library members, whereas functional groups ac-
commodated in this space should represent all ma-
jor interactions known to play a significant role in
the interaction between two molecules. Flexible
molecules will cover more conformational space;
however, their flexibility will make them less likely
to have high affinity because of entropy factors. To
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compensate for lost entropy, the fit must be more
optimal; nevertheless, there is no method available
to quantitatively compare energy factors con-
nected with reducing the freedom of conforma-
tional change with the energy loss when a certain
conformation is not optimally fixed. One solution
to this dilemma is intuition and experience of the
experimentor. Future experimental data will shed
more light on the appropriate balance. We have
taken a pragmatic approach in this respect, in that
we have designed and synthesized libraries of
small, rigid, and compact structures, as well as
those that exhibit intermediate flexibility, to those
that are based on the linear presentation of build-
ing blocks and are very flexible. Examples of these
libraries are shown in Figure 19.

NONPEPTIDIC LIBRARIES

The discussion of complexity and diversity relates
directly to the synthesis and use of nonpeptidic, or
low molecular weight organic compound, libraries.
The potential for small organic libraries is enor-
mous. Thousands of building blocks are now avail-
able, eliminating the limitations imposed by the 50
or so commercially available amino acids. For in-
stance, a small organic trimer with 100 possible
subunits in each coupling step will generate a di-
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FIGURE 20 Structure of a thrombin inhibitor selected from nonpeptide (scaffold) library.



versity of 10° and the synthesis of such libraries is
feasible using current synthetic methods. Ligands
isolated from such libraries may have a better
chance of having oral activity as well as intracellu-
lar activity, resulting in a lead with characteristics
closer to that of a therapeutic agent. An example
of a simple nonpeptidic library constructed using
subunits selected from readily available amino
acids, aldehvdes, and carboxylic acids was already
mentioned.'"'* We have used alkylation and acy-
lation reactions for the construction of model
libraries®® as well as libraries screened for pharma-
ceutically relevant targets. Construction of hetero-
cyclic molecules in solid phase is very attractive
way of library preparation.>®!!® The addition of
amines to isocyanates''® and Wittig reaction fol-
lowed by Michael addition”™ were also used for
nonpeptidic library construction. Several labora-
tories focused recently on the development of syn-
thetic methods for formation of carbon-carbon or
carbon-heteroatom bonds in solid phase, which
can be used for the library construction.®!>!117-119

An alternative to the use of various organic re-
actions for linking building blocks containing
different functional groups is the application of
well-developed techniques for amide bond forma-
tion and use of vast diversity available with amines
and carboxylic acids.®”>’® These building blocks
can be attached to a great variety of “scaffolds”
(see, e.g., Refs. 120 and 121), ranging from linear
and flexible structures, allowing the exploration of
a wide conformational space (Figure 19, structures
VII-XII), to cyclic and rigid structures, mapping
a smaller space, but potentially providing higher
affinity ligands (Figure 19 structures I-VII). We
have prepared and tested libraries based on all of
the illustrated scaffolds. Figure 20 shows structures
inhibiting enzymatic activity of thrombin as an ex-
ample of ligands found in these libraries ( Ko¢iS et
al., in preparation). Inhibitory activity of com-
pound XIII was at the level of 4 uM, which is
equivalent to that found in the primary peptide li-
braries.

CONCLUSION

One-bead-one-structure libraries can be viewed as
a real-life situation of a library to which a person
(receptor) goes with the wish to find (affinity) a
certain book (ligand). By browsing through the ti-
tles or searching in the catalogue (incubation), he
finds the book (binding) and carries it home
(retrieval), not knowing its content. Then he reads
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it (sequencing), or he reads only the critique
(decoding).

One-bead-one-structure, or one-bead—-one-mo-
tif libraries represent a powerful tool in the drug
discovery process. The applicability of these tech-
niques has been expanded broadly from the initial
application to peptide and other oligomeric librar-
1es, to libraries of small organic structures. The ap-
plicability will continue to expand in scope, with
the reduction to practice in solid phase of many
standard organic reactions—potentially leading to
a point at which virtually any compound that can
be synthesized in solution could become the basis
for a library of compounds. We have reviewed here
some techniques used for building one-bead-one-
structure libraries, or one-bead-one-motif libraries,
and some results obtained from their use. Initial
data indicate the utility of these libraries, and Table
IIT shows several results of primary screening and
optimization of ligands from some projects run in
our laboratories. Binding experiments were fol-
lowed by functional assays and the most successful
compounds from the factor Xa inhibitor project
have entered preclinical evaluation, demonstrating
the potential of the one-bead-one-structure ap-
proach to lead generation.

The authors are indebted to all scientists in Selectide
Corp., who made the realization of all ideas mentioned
in this review possible. This work was partially supported
by the NCDDG Cooperative Agreement (CA57723).
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