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Library, or molecular diversity, approaches are a progressive tool in contemporary investigation of
biological interactions and drug discovery. All library approaches include certain degree of rationality
and cannot be therefore classified as random or irrational techniques. Reviewed techniques are com-
plementary to so called “rational design”; they can serve either as a tool to generate a lead, or, on the
other hand, to optimize a “designed” lead by rapid evaluation of structure–activity relationships.
Combinatorial approaches are based on either a random or multiple principle which enables produc-
tion of large number of diverse molecular structures that can be simultaneously screened and evalu-
ated in a biological assay to find an optimal interacting molecule. 
Key words: Combinatorial libraries; Multiple syntheses; Solid phase syntheses; Biological libraries.

1. INTRODUCTION

Traditionally, new medicinal lead structures have been derived from natural products,
either on the basis of structure–activity studies of various derivatives, or by means of
rational design approaches based on the knowledge of the biological mechanism of
action. In addition, many pharmaceutical companies screen vast historical libraries of
synthetic compounds. Neither of these methods provides a sufficient number of com-
pounds to support the expectation of discovering the optimal lead structure. Recent
trends in drug discovery are based on a quantitatively new philosophy of investigation.
The increase in numbers of different structures to be screened was first introduced as a
novel synthetic approach – simultaneous multiple syntheses. This and related methodo-
logies enable the simultaneous preparation of up to thousands of unique chemical com-
pounds. Subsequently, random library approaches – both biological and synthetic –
started a new age in drug discovery (for the recent reviews see e.g.1–9). Typically
presented as the antithesis of rational drug design as an approach to drug discovery,
nearly all library approaches include rationality and apply useful tricks demanding
knowledge both of biological interactions and chemical mechanisms.

In general, libraries can be divided into two categories:
1. Biological libraries (genetically encoded and expressed)
2. Synthetic libraries.
The former is based on screening, testing and evaluation of genetically expressed

information (sequences of oligonucleotides or proteins), for which the precursors are
randomly generated oligonucleotides. The latter involves various techniques for ran-
dom or directed syntheses of large numbers of chemical compounds and their screen-
ing, testing and optimization.

Each of the library approaches must provide not only for a substantial number of
unique structures, but also enable identification and determination of the structures re-
sponsible for an observed interaction. This demand is satisfied for biological libraries,
where structural information is genetically encoded by DNA, and carried either by
phage particles or plasmids or polysomes. Likewise, the structure of peptide molecules
generated on a support particle in a random synthetic peptide library can be determined
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by Edman degradation. In the case of non-peptidic synthetic libraries, each of the com-
pounds in the library must carry an identification label or code or must be otherwise
defined by an iterative process or synthetic algorithm. The biological screening of all
types of libraries is based on interaction with a biological target. Synthetic libraries are
usually tested either immobilized on a support or free in solution. After biological
screening active molecules are analyzed and resynthesized and the tests are repeated
and quantified to prove the screening results. Early on, both multiple synthetic metho-
dologies and library approaches were limited to peptides. These molecules, however,
do not provide satisfactory lead structures owing to their high bio-degradability. The
current emphasis is on the creation of libraries from various “building blocks” other
than natural amino acids, use of “scaffolds” and application of diverse chemical reac-
tions providing new molecules. The same trend is apparent in the multiple synthesis
field. Nevertheless, peptide libraries and some multiple peptide synthesis approaches
have retained an important role in the field of mapping of biological interactions (anti-
body–antigen, enzyme–substrate/inhibitor, ligand–receptor etc.).

2. BIOLOGICAL LIBRARIES – BRIEF SURVEY

In general, biological libraries are comprised of large numbers of peptides or proteins
which are displayed on the surface of filamentous phages, plasmids or polysomes8,10–12.
These libraries use synthetic or cloned oligonucleotides as an insert to that portion of
the virion that enables surface expression of the inserted information. Each of these
selection methods has three key steps that are repeated, and each cycle further enriches
for ligands with the strongest interaction. The first step is generation of a library, the
second is screening against a biological target and selection and the third is amplifica-
tion of the selected ligands and sequencing of their DNA.

2.1. PHAGE LIBRARIES

The great advantage of filamentous phage13–17 is that foreign DNA fragments can
usually be inserted into its minor coat protein gene pIII or less often into pVIII (refs18–21,
into the 5′ region) with little effect on phage function. Furthermore, bacteriophages are
simple compact structures with only a small number of nonspecific interactions in the
selection procedure. The work of Kang et al.22 deal with connection of recognition and
replication functions by assembling combinatorial antibody Fab libraries along phage
surfaces. The fusion peptides that are generated on the phage surface also enable the
creation of disulfide bridges between cysteine residues of microproteins displayed on
bacteriophage23.

The pioneering works24,25 were focused on cloning of antigenic determinants, “epi-
tope libraries”, using filamentous phage. Fusion phage bearing specific target determi-
nants can be affinity-purified with antibodies directed against the foreign determinant.
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This method has been called “biopanning” (see Fig. 1). It is based, in this case, on the
very tight interaction between streptavidin and biotin. The selection is carried out on
streptavidin coated petri dishes. The dishes are incubated with biotinylated antibody
and then with phages that display clones. The phages bearing antigens are selectively
bound to antibodies linked to a dish and nonspecific clones are washed out. The phages
that display antigens are then released and expressed in Escherichia coli. This process
is repeated several times and in such a way that the most specific antigen can be found.
The amino acid sequences of the peptides displayed on the phage are then determined
by sequencing the corresponding coding region of the viral DNA. The sequencing
methodology for identification of ligands obtained from a phage library has been im-
proved by Povinelli and Gibs26. Dente et al.27 have eliminated nonspecific interactions
by use of monoclonal antibodies that recognize a filamentous phage particle.

The complexity of a phage library has been checked28 on a random sample of fifty-
two clones from 2 . 106 library. All decapeptide sequences were identified, and bio-
chemical characterization shows that they correspond to structures comprising a wide
range and combination of isoelectric, hydropathic, and biochemical properties necess-
ary in drug discovery to access a significant representation of possible peptide struc-
tures by affinity or activity screening.

The phage libraries have been screened against various receptors29; however, the
main field of their use is epitope mapping17,20,30 and, consequently, screening of bio-
polymers mimicking natural epitopes31. Antibody investigation was focused on either
continuous epitopes19,25,32–35, or conformation dependent epitopes31,36,37. A strategy for
identification disease-specific phagotopes eliciting antibodies against the original
antigen was elaborated by Folgori et al.38.

Phage display was also used as a tool for generation of monoclonal antibodies39. A
combinatorial library of the immunoglobulin repertoire in phage was first prepared by

Streptavidin-coated Petri dish

Phage particle

Displayed peptide sequence

Biotinylated antibody

FIG. 1
“Biopanning”
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Huse et al.40. McCafferty et al.41 showed that complete antibody V domains can be
displayed on the surface of bacteriophage, that the phage binds specifically to antigen
and that it can be isolated by affinity chromatography. Barbas et al.42 and Chang et al.43

investigated the methods for expression of combinatorial antibody libraries on phage
surfaces. Several other genetic approaches for cloning and expression of antibody gene
fragments on the surface of filamentous phage have been developed44–46. Clackson et
al.47 prepared a random combinatorial library of rearranged randomly linked heavy and
light chains which were individually recloned. Finally, Marks et al.48,49 and Gram et
al.50 have demonstrated that the requirement for immunization can be overcome by the
use of phage display. They used a phage-antibody library derived from nonimmunized
donors to isolate human antibodies with binding constant 104–105 M–1. A modified ap-
proach, where semisynthetic random oligonucleotides were inserted into phages, was
described by Barbas et al.51. Combinatorial antibody phage libraries were successfully
used in the investigation of antibody response to either HIV-1 (refs52,53), or hepatitis B
(ref.54) or some metals which can coordinate with an antibody protein55. Chen et al.56

and Janda et al.57 identified diverse catalytic antibodies from combinatorial libraries58.
Phage libraries enable the identification of peptides binding to the other receptors or

proteins, e.g. streptavidin59, carbohydrate-specific monoclonal antibodies60, Src SH3 –
non-receptor protein kinase61, calmodulin62, S-protein63, concanavalin A (refs64,65),
chaperonin BiP (ref.66), α5β1 Integrin67 or urokinase receptor68. Petithory et al.69 de-
veloped a method for determination of endoproteinase specificity. Some proteinase
substrates were also identified using phage libraries70.

Very important model studies were performed in the field of the streptavidin biotin
interaction. These works proved that phage libraries are a good source of specific re-
ceptor binding molecules. Devlin et al.59 found nine different streptavidin-binding pep-
tides in a library. The consensus sequence was HPQ, and binding of these phage clones
to streptavidin was inhibited by biotin. Similar results were observed71 in screening of
M13 pIII-fusion phage library. Panning with streptavidin identified the main motifs:
HPQ or HPM. Roberts et al.72 compared the results obtained by both panning with
polyclonal antibody against biotin and panning directly with streptavidin. Some simi-
larities were observed, but biotin-sensitive streptavidin binding in ELISA was found
only for the motifs (GDWVFI and PWPWLG) identified by direct streptavidin panning.
The previously unknown biotin-binding motif, CXWXPPF(K/R)XXC, was selected
from a random peptide library expressed on phage by Saggio et al.73.

In the recent years, the range of applications of phage technology has been extended
to the search for peptides binding both antibodies and cell receptors as well as
enzymes74.
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2.2. OTHER BIOLOGICAL LIBRARIES

The peptides-on-plasmids library approach was introduced by Cull et al.75. In contrast
with phage display, fusion in a plasmid is to the C-terminus of the repressor (peptides
are expressed as fusions to the Lac repressor protein), and expression is subsequently
intracellular29. This type of library can be screened in a manner analogous to the phage
system. It was used for construction, selection, and characterization of herpes simplex
virus type 1 thymidine kinase mutants76,77. Schatz78 used the peptides-on-plasmids li-
brary for identification of a new substrate for protein-biotinylating enzyme, BirA.

Another type of library was created by arrays of polysomes displaying peptides syn-
thesized and isolated in vitro8. The polysomes can be affinity purified on immobilized
receptors. The advantage of this technique in comparison to other biological libraries is
the higher number of clones, about 1019 peptides of 10 or more residues long. The
library is based on a complex of the nascent peptide displayed on a polysome with its
encoding mRNA (refs79,80). Screening is similar to those mentioned above.

2.3. OLIGONUCLEOTIDE LIBRARIES

Libraries of oligonucleotides are based on a very convenient method which allows a
chemist as well as a biochemist to prepare a mixture of oligonucleotides either synthe-
tically or by genetic means on a very small scale and use a biological mechanism to
amplify it by several orders of magnitude. From a classification point of view, oligonu-
cleotide libraries are therefore often on the borderline between biological and synthetic
libraries.

This type of libraries was applied to find ligands for a number of targets81–83. Sastry
et al.84 introduced method for cloning and amplification of the immunological reper-
toire (DNA fragments) by polymerase chain reaction (PCR). Tuerk and Gold85 isolated
and amplified high-affinity nucleic acid ligands of a protein (bacteriophage T4 DNA
polymerase) from pools of variant sequences. The same procedure (SELEX, for review
see ref.86) was used for identification of high-affinity RNA ligands (e.g. of HIV-1 pro-
teins87 or HIV-1 Rev (ref.88)), ligands to basic fibroblast growth factor89 or to vascular
endothelial growth factor90. Ellington and Szostak91 selected RNA molecules that bind
specifically to a variety of organic dyes from a population of random sequence RNA
molecules (1013 of clones). Griffin et al.92 discovered and characterized a novel oligo-
nucleotide-based thrombin inhibitor. Bock et al.93 described so called aptamers (double-
stranded DNA or single-stranded RNA molecules that bind specific molecular targets)
that bind and inhibit human thrombin. Large randomly generated populations can be
enriched in aptamers by in vitro selection and PCR. An oligonucleotide library was also
used to determine the binding-site preferences for zinc finger domains94.
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3. SYNTHETIC APPROACHES TO MOLECULAR DIVERSITY

Biological libraries have undeniable importance, but their principal disadvantage is the
limitation to natural building blocks. Synthetic approaches overcome this restriction
and the diversity generated may be limitless because of the large variety of building
blocks and possible chemical reactions. On the other hand, synthetic processes produce
a smaller number of individual molecules for biological screening. However, even if a
biological method can provide high-affinity lead structures, key molecules for success-
ful contemporary drug discovery require synthetic modification or even fully synthetic
analogues.

3.1. MULTIPLE SYNTHESES

Multiple synthesis, especially multiple peptide synthesis, was initiated about ten years
ago. The need at the time was to develop and explore structure–activity relationships,
leading to increased demands for synthetic lead compounds. Several sophisticated
simultaneous multiple synthetic approaches have been developed and partly or fully
automated. The main part of this field concerns solid phase peptide synthesis in a
simultaneous multiple mode. Non-peptidic simultaneous multiple synthesis is usually
based on the solid-phase methodology as well.

3.1.1.  M u l t i p l e   P e p t i d e   S y n t h e s i s  (MPS)

Solid-phase peptide synthesis, introduced by Merrifield95, opened the way to automa-
tion and multiple synthesis, owing to simple handling and a well elaborated protocol.
Solid phase peptide synthesis (SPPS) is based on repeated deprotection and coupling
steps during the creation of a peptide chain covalently bonded to any support96,97. This
process eliminates isolation of intermediates and hence simplifies the synthesis which
can be carried out simultaneously for different peptides98. The MPS approaches can be
divided according to solid carrier (resin beads, polypropylene pins, polypropylene
membrane, paper sheets, cellulose discs, cotton fabric, glass etc.) utilized for synthesis.
The multiple methodologies are designed with a view to prepare peptides either in
immobilized form (for immunization, epitope mapping, etc.) or in released form. The
rationale for multiple synthesis lies in decreasing synthetic time and in simultaneous
biological screening of a great number of various analogues, or investigating the bind-
ing site of proteins using overlapping peptide fragments.

The first procedure for rapid concurrent synthesis on solid supports of hundreds of
peptides was described by Geysen et al.99. This method was carried out on polyacrylic
acid-grafted polyethylene rods (pins) fixed in a polyethylene holder in the microtiter
plate format (96 rods in one set). Schaaper et al.100 used polystyrene grafted poly-
ethylene pins. The synthesis was done in teflon microtiter plate-like vessels. The com-
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mon Fmoc/t-Bu synthetic strategy96, which can be accomplished in open reactors, is
usually used. Each of the rods can covalently bind an average of 50 nmol of a peptide.
In this way Geysen et al.99 prepared 208 overlapping hexapeptide sequences of the
213-amino acid coat protein VP1 of the foot-and-mouth disease virus (FMDV) to identify
important binding sites for diverse antisera by an enzyme-linked immunosorbent assay
(ELISA).

In several subsequent works this method was improved. In order to carry out a recep-
tor-binding or competitive-binding assay, various linker moieties for the simultaneous
release of peptides from pins have been used. A diketopiperazine-forming (DKP) lin-
ker101,102 was used (see Scheme 1). An ester linker based on glycolate and 4-(hydroxy-
methyl)benzoate was cleaved under mild basic conditions, 0.3% NaOH, and 4%
methylamine/water to generate peptides having C-terminal acid, and methylamide, re-
spectively103,104. Gas phase ammonolysis of a benzylic ester linkage between a peptide
and a functionalized rod105 was found as another process for multiple parallel cleavage
of covalently bound peptides on pins. Subsequently, vapor from the solution of 30%
ammonia in tetrahydrofuran was successfully utilized106. Finally, the original solid pins
were replaced with a detachable crown-shaped polyethylene support with an increased
surface area and hence a larger peptide capacity107,108. The support was derivatized
with trifluoroacetic acid-labile linkers (4-hydroxymethylphenoxyacetic acid or Rink
amide linker109). Wiesmüler et al.110 adapted the multipin approach to a fully automated
regime. In a similar manner, Gausepohl and Frank111 designed a synthesizer utilizing
pins with detachable rods.

The usefulness of the pin method lies in epitope mapping112 and other immunoanaly-
tical fields113,114. This method was used for study of antibody binding sites of various
viral proteins99,115,116, by overlapping peptide fragments and for mapping of discon-
tinuous epitopes113,114. The multipin strategy was used for screening of a T-cell deter-
minant as well117. The pin technology was applied for analysis of structure–activity
relationships in human tumour necrosis factor α (ref.118). The peptide receptor binding
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studies utilizing the cleavable linkage for releasing of peptides into solution were per-
formed on Substance P (refs119,120). The multipin strategy was used for synthesis of
analogues of hexapeptide endothelin receptor antagonist by systematic substitution of
amino acids at each position121,122. Ihlenfeldt et al.123 compared the pin technology to
the biotinylated peptide method for their ability to epitope mapping the hepatitis C
virus. The pin method was found faster and more advantageous, especially due to the
ability to release linked peptides into solution.

The tea-bag method developed by Houghten124,125 enables simultaneous preparation
of hundreds of peptides (100–200 at a time) at larger scale (up to 80 µmol/bag) in
comparison to the multipin strategy. The solid phase resin for synthesis of different
peptide sequences is placed in separate solvent-permeable polypropylene packets which
are then sealed and labelled. These tea-bags are grouped by the required amino acid to
be attached in the particular step of the synthesis and immersed in individual solutions
of activated amino acids. Deprotection and washing steps are accomplished by mixing
the tea-bags together in a reaction vessel, followed by their subsequent separation for
the next coupling. Any standard SPPS procedures can be utilized in this technique, but
in most cases Boc/Bzl (ref.97) or Fmoc/t-Bu chemistry is used. Cleavage of such a great
number of peptides from resin can be carried out by hydrogen fluoride in apparatus
designed for the multiple cleavage of up to 25 protected bound peptides126–128. This
method provides fully characterizable peptides which are subsequently screened in sol-
ution. A partly automated tea-bag approach has been reported by Beck-Sickinger et
al.129.

The tea-bag (segmental) approach allows to use various synthetic methods and solid
phase strategies including application of various carriers. For example, tea-bags with a
pellicular carrier and cotton segments were compared in the synthesis of fifty pep-
tides130. Activating agents for SPPS, TBTU (benzotriazol-1-yltetramethyluronium tetrafluoro-
borate)129 or BOP (benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophospha-
te)131 were evaluated as well. A great number of peptides synthesized in tea-bags for
biological tests provided a good statistical model for HPLC study of prediction of
retention times of peptides132,133.

The main impact of this approach is in epitope mapping134,135 and in studies of
antigen–antibody interactions136–138. The tea-bag strategy helped to identify a lympho-
cyte-activating peptide fragment of the Fc region of human IgG1 (ref.139). Overlapping
fragments of the large glycoprotein G were analyzed in an ELISA assay against differ-
ent sera containing virus-specific antibodies to find corresponding binding sites140. The
tea-bag method has enabled intensive study of immune responses to mycobacterial
antigens141–143. Ruggeri et al.144 used synthetic peptides from tea-bags for design of
high-affinity antagonists of fibrinogen binding to platelets. Beck-Sickinger et al.145

identified the binding site for neuropeptide Y by screening of deletion peptide analo-
gues of this hormone obtained by the tea-bag methodology. The tea-bag method was
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utilized for synthesis of cyclic disulfide analogues of the complement component C3a
(the anaphylatoxic peptide)146. The role of single amino acids inserted into a mellitin
sequence was observed in relationship to hemolytic activity of these tea-bag method
synthesized analogues147.

The advantage of the tea-bag method is the relatively large number of various un-
bound peptides in sufficient quantity and quality which can be synthesized during a
week or two by one person without any expensive device128.

Comparable to both above mentioned MPS methods in the number of simultaneously
prepared peptides, is spot-synthesis by Frank148–150. Spot-synthesis is carried out on
cellulose paper sheets adapted to a microtiter plate format represented by 96 positions – spots.
In each spot one peptide sequence can be synthesized utilizing conventional Fmoc/t-Bu
chemistry. The format of the sheet and diameter of the spots (from 3 to 12 mm) can be
modified according to the demands of biological tests. The capacity of one spot depends on
its diameter and type of paper. Typical loadings range from 0.1 to 1.4 µmol/cm2. Syn-
thesis is carried out both manually, using a micropipette, or by automatically using a
pipetting workstation (Gilson-Abimed)151.

Evaluation of spotted cellulose sheets representing, for example, overlapping deca-
peptides derived from the human cytomegalovirus protein (CMV26), the sequences of
which are defined by the position on the sheet, can be accomplished using an antibody
binding assay for binding to a polyclonal anti-CMV26 antiserum149. Antibody binding
to a protein or peptide antigen is usually identified by an ELISA assay. In the case of
peptides immobilized as spots on a paper cellulose sheet, standard enzyme–conju-
gate/chromogen combinations which form water insoluble coloured products are used.
Coloured spots appear on the paper at the position of the binding sequence. This
method was applied for epitope mapping of NS3 and NS4 regions of HCV protein by
Flegelová et al.152 both on a paper sheet and poly(aminopropylmethacrylamide)
covered polypropylene membrane. Simmonds et al.153 analyzed the epitope of the chick
link protein using the commercially available SPOTs Epitope Scanning Kit. Both cyclic
and unnatural amino acids containing glutathione analogues were prepared on a modi-
fied cellulose sheet by Lyttle et al.154 in order to screen these analogues for binding
with antibodies. A computer program that facilitates multiple spot peptide synthesis on
cellulose sheets was presented by Molina et al.155. Peptides can also be released from
the paper support and fully characterized156. The method utilizing intramolecular cata-
lysis of an ester bond cleavage in a basic solution by an incorporated basic group157 was
elaborated for direct release of peptides into an aqueous buffer.

A quantitatively new way for parallel preparation of thousands of peptides was de-
veloped by Fodor et al.158–160. Fodor’s light-directed, spatially addressable parallel
chemical synthesis is based on solid-phase chemistry and photolabile protecting groups.
This approach belongs to the most progressive tools for drug discovery. The synthesis
is carried out on the surface of aminopropylsilyl glass microscope slide that is acylated

180 Rinnova, Lebl:

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



with Nvoc (N-(6-nitroveratryloxycarbonyl))161 protected amino acid. Photodeprotection
is effected by illumination of the support through a lithography mask. A binary mask-
ing strategy158 enables generation of 2n regions for screening per n synthetic steps. The
pattern of exposure to light through a mask removes photolabile protecting groups and
hence activates regions of the glass slide for chemical coupling. After light deprotec-
tion, the first of a set of activated amino acids is exposed to the entire surface, but
reaction occurs only in the regions that were addressed by light in the preceding step.
When the coupling is finished, the second mask is used for deprotection according to
another pattern and this process is repeated and recorded. The sequence of individual
peptides is determined by their position on a slide. The number of peptides which can
be prepared by this approach depends on photolithographic resolution. For example, the
50 µm checkerboard enables the synthesis of 40 000 peptides on an area of 1 cm2.
Usually, the slide parameters are 1.28 × 1.28 cm, three identical arrays of peptides are
generated per slide, and each synthesis region is 400 × 400 µm for a total 1 024 sites
per array. In addition, each slide is made in duplicate. The synthesis is adapted to an
automatic synthesizer and carried out in vacuum flow cells160. This multiple synthetic
approach can be used in an antibody binding assay158. The array of peptides was incu-
bated with fluoresceine-labelled monoclonal antibody. The detection of binding events
can be accomplished with a scanning fluorescence microscope with a laser source for
excitation162,163.

One thousand and twenty-four deletion peptide analogues were synthesized by the
photolithographic technique to find the shortest active fragment of the C-terminal region of
the opioid peptide dynorphin B and screened with a monoclonal antibody against the
longer C-terminal region of this peptide. The sequence RQFKVVT was identi-
fied163,164. This work proceeded with systematic synthesis and screening of various
frame shifted sequences (truncated and deletion sequences) and the fragment tightly
bound to both the mAb and Fab fragment was found160. This approach has also been
tried for parallel addressable immobilization of various immunoglobulins on solid sup-
port and this “reverse” method should be generally applicable to a wide range of bio-
polymers with a variety of functional groups for ligand-binding assays165.

The “photolithographic” method has an exceptional position among other multiple
approaches. Rather than a multiple synthesis approach it resembles a library approach
by the number of different compounds which can be synthesized and then screened.
This approach lies on the boundary between these different methodologies.

There are many other multiple peptide synthetic approaches differing in strategy,
supports, level of automation or an experimental arrangement. Simultaneous peptide
synthesis using cellulose paper segments as support material were described by Eichler
et al.166. The synthesis was accomplished either in the shaker or between layers of
glass.
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The concept of so called “libraries with only one representation of each structure” is
based on multiple peptide synthesis on a cotton string or a functionalized Teflon mem-
brane167. A support is segmented according to a simple algorithm throughout the syn-
thesis, allowing for separation of coupling steps for different amino acids. Since
synthesis produces a full set of possible structures (without any duplication) and the
identity of compounds must be defined by analytical techniques, this method of
multiple synthesis is appropriately called a library technique.

Two MPS approaches utilizing continuous flow conditions96 were elaborated. The
first method was based on cellulose paper discs arranged into several columns and
transferred into a corresponding column168–170 before each coupling based on a required
amino acid to be coupled in a particular peptide sequence. The second method by
Krchnak et al.171,172 utilized the set of the stable-flow columns packed with poly-
styrene-based resin. The synthesis was performed on a manually operated synthesizer.

Many other MPS methods are carried out in a similar manner in columns or syringes.
Albericio et al.173 as well as Krchnak et al.171 have used syringes filled with Kel-F-styrene
support, or with p-methylbenzhydrylamine resin. A manually operated apparatus for
parallel multiple column solid-phase peptide synthesis on kieselguhr supported resin
was used by Meldal and Holm174,175.

Gausepohl et al.176–178 automated both synthesis and cleavage as well as purification
of a number of peptides simultaneously, using resin packed columns adjusted in manifold.
The device is based on a commercial autosampler GILSON M 222. A robotic work-
station for deprotection/cleavage of peptide-resin which enables an automatic final
work-up of many peptides was presented by Zuckermann and Banville179. The automatic
eight channel multiple peptide synthesizer by Nokihara and Yamamoto180 utilizes poly-
propylene syringes with a polypropylene filter and beaded solid support. The device
also enables simultaneous cleavage of a peptide-resin.

Schnorrenberg et al.181,182 developed a fully automatic multiple peptide synthesizer
(Zinsser SMPS), based on a commercially available modified robotic sample processor.
The synthesis is carried out in Eppendorff cups on a polystyrene-based resin. The pep-
tides synthesized by this device were for example used to map an epitope of influenza
nucleoprotein182 or to map endothelin binding sites181.

A very handy system of manual MPS was presented by Sheppard’s group183,184. The
arrays of independent small columns can be connected into series – multicolumns (for
the coupling of the same amino acid), or can react in parallel – independently (for the
couplings of several different amino acids).

A cotton planar segmented carrier185 was used also for MPS in a manual opera-
tion186,187 and also with a centrifuge-based automatic multiple peptide syn-
thesizer188,189. This device utilizes cotton sheets as well as resin beads sealed into
polypropylene mesh bags for synthesis189. The MPS using cotton as a carrier was ap-
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plied, for example, to synthesize the complete D-amino acid replacement set of sub-
stance P. The histamine-releasing activity of these analogues was then investigated190.

As a suitable material for multiple peptide synthesis Berg et al.191,192 tried and recom-
mended long-chain polystyrene-grafted polyethylene film sheets. This support yielded
peptides with comparable quality and quantity as beaded support.

3.1.2.  M u l t i p l e  S y n t h e s i s  o f  N o n - P e p t i d i c  S t r u c t u r e s

One class of non-peptidic structures which can be prepared by multiple strategy are
oligonucleotides and their analogues. A preparation of these molecules can be advanta-
geously accomplished by genetic engineering (see Chapter 2.2.). A general approach
for simultaneous multiple chemical synthesis of a large number of oligonucleotides was
first described by Frank193. His solid phase based method was carried out on cellulose
paper discs in glass vials. For each coupling step, the paper discs were sorted according
to sequences so that the same protected nucleoside monomer was coupled to several
paper discs in a common vial. The synthesis was done in a manually operated device.

A solid phase oligonucleotide synthetic approach that belongs to other powerful ap-
proaches of molecular diversity was reported by Fodor et al.158. It is based on the above
mentioned photolithographic technique of oligonucleotide synthesis (light-directed spa-
tially addressable parallel chemical synthesis), carried out on glass chips using photo-
labile protecting groups162. For protection of nucleosides Holmes and Fodor introduced
besides Nvoc also Menpoc159 (α-methyl-6-nitropiperonyloxycarbonyl) group. The syn-
thesis was accomplished in a similar manner as the synthesis of peptides (Chapter
3.1.1.). Immobilized arrays of oligonucleotides found application in DNA sequence
analysis. Sequences which are specific for hybridization of DNA can be easily detected
by their localization in the matrix on the planar support194. Oligonucleotide arrays
could be applied to detect the sequence specificity of RNA and/or DNA, in gene map-
ping, fingerprinting etc.

The disadvantages of the natural oligonucleotides are similar to peptides. Natural
oligonucleotides are rapidly degraded in vivo, primarily via cleavage of the phospho-
diester backbone. This fact has stimulated efforts to prepare more resistant oligonucleo-
tides. An incorporation of unnatural building blocks into an oligonucleotide sequence
and/or replacement of labile groups with stable ones are possibilities81.

Peptides are extremely important biopolymers with specific cellular functions. Un-
fortunately, their stability in biological systems is limited. Tremendous progress was
made recently both in the field of peptidomimetic synthesis (synthetic modifications of
amide bond and utilization of unnatural building blocks) and synthesis of unnatural
biopolymers.

Light-directed chemical synthesis was adapted to the chemistry of unnatural bio-
polymers. Cho et al.195 introduced a photolithographic solid phase approach for syn-
thesis of oligocarbamates. These molecules rise on solid support by linkage of
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aminocarbonate monomers via a carbamate backbone (Scheme 2). Solid phase syn-
thesis of oligocarbamates involves the sequential base-catalyzed or light-dependent de-
protection of the α-amino group of the growing chain followed by coupling to the next
protected p-nitrophenyl carbonate monomer. The arrays of oligocarbamates bound to a
glass slide were screened successfully for their ability to bind a fluorescein labelled
monoclonal antibody163,196. Moran et al.196 suggested synthesis of oligothioethers and
oligosulfones which can be also accomplished by light-directed chemical synthesis on
a glass slide. The synthesis of oligothioethers has five synthetic steps (Scheme 3),
nevertheless, all reactions proceed nearly quantitatively. The oligosulfones or oligo-
sulfoxides can be obtained by oxidation of support-bound oligothioethers.

Because of increasing interest in glycoproteins and glycopeptides, new ways for their
preparation are under development. They have an important role, for example, in trans-
membrane proccesses and immunology. Peters et al.197 described multiple synthesis of
N-acetylglycopeptide carboxamides in columns packed with poly(dimethylacrylamide)
resin (PAL). For synthesis O-glycosylated serine and threonine protected building
blocks were used. Jansson et al.198 proposed multiple synthesis of neoglycopeptides by
the same method by use of N-Fmoc-8-amino-2,6-anhydro-3,8-dideoxy-D-glycero-D-
talo-octonic acid as the building block.

An entirely different approach was used by Bunin and Ellman199,200. They did not
relate the bioactive structures from natural precursors, their idea is based on the experi-
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ence that small synthetic unnatural molecules can affect in biological proccesses in-
stead of biomolecules. The basic structure they chose was 1,4-benzodiazepine201. (In-
terestingly, the first solid phase synthesis of benzodiazepines was described already in
1974 (ref.202) – see Scheme 4a). Three possible positions in this molecule theoretically
suitable for randomization provide a great number of diverse structures (Scheme 4b). The
first synthetic step is attachment of substituted 2-aminobenzophenone to the acid cleav-
able linker and subsequently to the support. The second part of the synthesis is carried
out on the solid support and consists of (i) coupling of an amino acid, (ii) cyclization
into a diazepin ring and (iii) alkylation. The last step of the preparation is cleavage
from the support. This scheme is well suited for a simultaneous multiple synthesis. The
multipin technology was chosen. A library of 192 structurally diverse 1,4-benzodiazepine
derivatives was prepared by means of Geysen’s pin apparatus113 and products of the
synthesis were checked by HPLC and MS. The compounds were screened in competi-
tive radioligand binding assay for the CCK A receptor200. Later modification of the
synthetic scheme addressed the issue of limited availability of 2-aminoaryl ketones –
these building blocks were prepared on solid phase using Stille coupling reaction203

(see Scheme 4c).
The preparation of a library of so called “diversomers” (refs204,205) is similar. The

“diversomers” are in general collections of diverse synthetic compounds. DeWitt et
al.204,205 developed an apparatus and method for the solid phase multiple, simultaneous
synthesis of various “diversomers” – benzodiazepines and hydantoins. The device is
constructed on the principle of a robotic autosampler. The resin is packed into the glass
tubes with a sintered glass filter. The tubes areadjusted in a holder block and the reac-
tions are performed in separate compartments of a supporting block. The synthetic
scheme is given in Scheme 5. Forty discrete benzodiazepines and hydantoins were syn-
thesized. The products of syntheses were satisfactorily characterized by TLC, 1H NMR
and MS. The benzodiazepines were screened for inhibition of radiolabelled fluoro-
nitrazepam.

3.2. RANDOM LIBRARIES

The term library technology means not only the generation of great collections of
diverse molecules but also biological screening and evaluation of these compounds.
Libraries can be defined by the number of various building blocks used and by a num-
ber of synthetic steps carried out during synthesis. The library molecules originate from
combinations of these building blocks. The random factor in construction of a large
number of diverse molecules is responsible for the complexity and diversity of such a
library. Theoretically, a library constructed by combination of N building blocks in n
steps (one step maight contain several reactions for incorporation of a building block
into molecule) provides Nn various molecules. The probability of existence of all com-
binations within a library will be discussed in Chapters 3.2.1.2. and 3.2.3.
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3.2.1.  P e p t i d e  L i b r a r i e s

Peptides, their structure and solid phase synthesis are ideally suited for a library ap-
proach. Amino acid building blocks and the amide bond backbone provide simple de-
mands on synthetic arrangement. The first methods for generation of synthetic libraries
were based on solid phase peptide synthesis206–208. These seminal papers predetermined
basic courses of development of peptide library technologies. One course represents the
one-bead-one-structure technique207. The second uses variously determined and re-
stricted peptide mixtures208.

3.2.1.1. One-Bead-One-Structure Libraries

A method for the synthesis of equimolar multicomponent peptide mixtures was sug-
gested by Furka et al.206,209. The multicomponent peptide mixtures were prepared by
synthesis on a beaded polymeric support, which was before each coupling step por-
tioned, coupling of different amino acids was carried out in separate vessels and then
all the beaded support was mixed. This process (known as portioning-mixing) was re-
peated several times (according to the desired length of peptides) and finally the pep-
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tides were cleaved into solution. In this way a mixture of all combinations of chosen
amino acids in predefined chains can be prepared. Furka suggested using simple
defined peptide mixtures either in biological screening or for study of sequence –
HPLC retention time relationships. The authors did not solve the problems relating to
the biological screening and isolation and identification of a sequence responsible for
an activity.

The concept of a one-bead-one-peptide library was formulated by Lam et al.207,210.
The method of generating large synthetic peptide libraries is based on Furka’s synthetic
approach206 (see Fig. 2). The authors recognized that as a result of the split-and-mix
technique each bead should contain only a single peptide species (about 50–200 pmol,
according to the loading of the bead). They also developed a rapid technique for screen-
ing the library to find beads containing peptides able to bind to a particular acceptor
molecule211. Acceptor molecules were coupled to a suitable label (e.g. alkaline phos-
phatase, fluorescein, radiolabel212, etc.) and added in soluble form to the peptide-bead
library. An advantage of such an approach is that beads bearing active sequences can
be stained in color-labelled ligand binding assay and are hence visible to the naked eye.
A sorting and separation can be carried out using a low-power microscope. The originally
described micromanipulator for bead retrieval was later replaced by a technique using
micropipettes and pipetting the positive beads from the increasingly diluted slurry of

Sequence on   : DA
Sequence on   : BB
Sequence on   : AC

A                        B                      C                        D

A                         B                      C                        D

Mixing

Mixing

Building blocks

Coupling

Randomization

Coupling

Random
One-Bead-One-Structure
Library

Portioning

FIG. 2
Methodology for preparation of one-bead-one-structure libraries
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beads. Isolated active beads were sequenced by Edman degradation and the structure of
the peptide was elucidated. The advantage of this technique over the technique working
with mixtures of peptides with iteratively decreased complexity (iterative approach) is
that one can obtain several independent lead structures, as well as multiple analogues
of the leads. Once a binding motif is identified, a secondary library (based on the motif
of the primary screening) can be generated and screened under a more stringent condi-
tion to identify leads of higher affinity213. The bead-binding screening by one-bead-
one-compound technology is described in detail by Lam and Lebl211. The bead-binding
assay has several attributes: (i) it is extremely rapid, taking only a few hours to screen
107–108 beads, (ii) the color intensity or fluorescence of the beads is generally propor-
tional to the binding affinity of the ligand, and (iii) the library may be reused several
times for different probes. This method does not enable releasing peptides from beads
and hence some biological screening methods; e.g., receptor binding assays.

An improved one-bead-one-compound process (Selectide process) was
presented6,214–216. Multiply cleavable linkers make possible the preparation of an indi-
vidual peptide sequence in several copies on one bead, so that equimolar portion of a
peptide can be released (Scheme 6, ref.213). This peptide ester linkage makes possible
the screening of a completely random peptide library for activities in solution. The
scheme of screening the library of peptides attached to solid support by multiply cleav-
able linker is illustrated in Fig. 3 (ref.216). The random library is distributed into the

1. Dispense the library
   at 500 beads/well;

   release 1/3 of
   each peptide;

   test for active
   peptide 

2. Dispense 500 beads
   at one bead/well;

   release second
   1/3 of the peptide;

   retest for activity

3. Remove a single
   bead and sequence.

FIG. 3
Scheme of screening library
by use of multiply cleavable
linker
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wells of microtiter filtration plates and the release of the first portion of the compound
attached to the solid support is performed under very mild conditions. In this step several
hundred to several thousand beads are placed in each well, and therefore a mixture of a
substantial number of unrelated compounds is generated in approximately equimolar quan-
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tities. These small aliquots of soluble library are filtered to the testing microtiter plate,
and an appropriate biological assay is then performed. Biologically active mixtures are
identified and beads from the well responsible for the activity are recovered from the
active well of the master filtration plate and redistributed at one to a few beads per
well. The second portion of each compound is then released and the biological test is
repeated. Finally, the single beads bearing the last active sequence is identified by se-
quencing.

The structure of the second type of a multiply cleavable linker is given in Scheme 7
(ref.214). This linker enables five levels of cleavability. The disadvantage of this multi-
functional linker is a different C-terminus of the same peptide sequence cleaved in
various ways. The later described doubly cleavable linker (Scheme 8, refs215,217) re-
leases the peptide with the same linker residue on the C-terminus. A much simpler
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approach was recently described218 utilizing simultaneous coupling of three different
linkers to the solid carrier in the equimolar ratio. Even though this method provides
three independent ways of detachment from the solid carrier, it suffers from the fact
that in contrast to the more sophisticated linker constructs described above the amount
of released peptide is considerably lower.

One-bead-one-compound technology is not limited to linear peptides attached via
carboxy terminus. Solid phase methodology makes possible the preparation and testing
of all types of cyclized peptides219–221, or peptides attached via amino terminus or via
an amino acid side chain222–224.

3.2.1.1.1. Applications

The multiple release technique was tested on several model systems. The main model
study was performed on a random peptide library from which ligands for anti-β-endor-
phin were selected. The libraries of peptides of different length both bound to beads
and released into solution were screened with anti-β-endorphin monoclonal antibody
and consesus sequences were identified207,210,213,216,225. D-Amino acid containing li-
gands of this monoclonal antibody were found by Lam et al.226. The ligands recogniz-
ing streptavidin and/or avidin were selected from one-bead-one-peptide library
too207,226–228. The one-bead-one-structure screening was extensively tested on an anti-
insulin monoclonal antibody211,221. Various motifs identified on the primary screen li-
braries from tetra- to pentadecapeptides and cyclic peptides were compared and
consensus sequences were found.

Releaseable random libraries were used for identification of binding to the gpIIb/IIIa
receptor215,216. Peptides that compete with fibrinogen for binding to the receptor were
found and three sequences were identified as inhibitors of fibrinogen binding to the
receptor. Lam et al. demonstrated that through the use of one-bead-one-compound
screening process short peptides that interact specifically with a small organic molecule
like the indigo carmine can be identified229. The Selectide process was applied also for
the identification of peptide anchor residues for MHC Class I molecules and for recog-
nition of peptide substrate motifs for cAMP dependent protein kinase, src tyrosine ki-
nase and iodotype-specific peptides for B-cell lymphoma230. A pentapeptide library was
successfully screened for thrombin ligands and inhibitors6. The one-bead-one-peptide
technique provided hits in screening for ligands to various targets, for example, factor
Xa, HER-2, IL-8, NADPH oxidase, HIV-1 RNase (refs6,231). Meldal et al.232 used the
one-bead-one-peptide library for complete subsite mapping of endoprotease specificity.
A library of resin-bound potential protease substrates was synthesized and anthranilic
acid and 3-nitrotyrosine were used as a donor–acceptor pair for the resonance energy
transfer. After treatment with subtilisin Carlsberg, fluorescing beads were collected and
sequenced by Edman degradation. The fluorescence is caused by an incomplete
quenching due to the cleaved substrate. However, some substrate molecules on a bead
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are not accessible for an enzyme and hence the structure of substrate can be determined
by sequencing. A statistical distribution of preferred amino acids was obtained for each
subsite. The synthesis of library was performed in a manually operated device based on
a multi-column system232-234.

Another approach for characterization of protease function was used by Ator et al.235.
This technology utilizes random peptide mixtures immobilized on aminopropyl func-
tionalized controlled-pore glass and automatically synthesized in columns. N-Terminus
of peptides has a fluorescent label236. Protease incubation releases a fluorescence-
tagged fragment into the solution. Both released fragments and bound ones are then
characterized by Edman sequencing.

Protein kinase substrate specificity was mapped in various ways by Wu et al.237–239

and Till et al.240. The former approach used 32P labelled ATP together with cyclic
AMP-dependent protein kinase and a random peptide library. Radiolabelled peptide
beads were then isolated for microsequencing and substrates for protein kinase were
identified. The latter approach used phosphopeptide-selective mass spectrometry for
identification of specific peptide motifs.

3.2.1.1.2. Automation

In consequence with the progress of the one-bead-one-compound technology, a fully
automatic synthesizer for preparation of one-bead-one-peptide libraries was designed
and constructed241. This instrument enables either preparation of a random peptide li-
brary from twenty different building blocks or preparation of twenty individual pep-
tides simultaneously. The resin is divided into twenty portions (randomized) by
mechanical mixing, blowing nitrogen and subsequent sedimentation. Couplings are car-
ried out separately in individual reaction chambers.

Zuckermann et al. developed an automated peptide synthesizer that is capable of
simultaneous synthesis of up to 36 individual peptides and the synthesis of equimolar
peptide mixtures based on the split/mix technique242. The device consists of an array of
reaction vessels and a robotic arm. The resin is portioned by a robotic arm operated
syringe using an isopycnic slurry of the beads. The synthesizer was used to synthesize
a library of 361 peptides, generated by randomizing two critical binding residues of a
10-mer epitope known to bind an anti-HIV gp120 monoclonal antibody243. This group
has also identified an anti-gp120 mimotopes from library of 512 component containing
unnatural amino acids244. They used a combination of recombinant and synthetic pep-
tide library affinity selection methods. A fully automated synthesizer for preparation of
peptide libraries was presented by Saneii et al.245,246. This commercially available de-
vice was used for the synthesis of a library screened for epitope mapping.
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3.2.1.2. Tricks and Analytical Techniques for Evaluation of 
       One-Bead-One-Peptide Libraries

The number of structures in peptide libraries synthesized on polymeric beads and
screened in one experiment by currently applied techniques ranges from 1 to 10 million.
Therefore, one-bead-one-peptide libraries longer than pentapeptides composed of 20
natural amino acids will be incomplete. If it is necessary to test longer peptides, this
physical limitation enforces the synthesis of randomly representative yet incomplete
libraries. Table I shows relationships between length of a peptide, theoretical number of
individual structures and approximate amount of resin (130 µm beads) needed for (hy-
pothetical) synthesis6.

This tremendous amount of resin theoretically needed for the longer libraries must be
decreased by construction of sublibraries with some restrictions. Published structure–
activity studies in the field of biologically active peptides have shown that there is
generally a limited number (two to four) of “critical” residues in sequence responsible
for minimal observable interaction and the rest of the molecule can be replaced by
various residues. This obviously may not be true in all cases. This assumption leads to
the construction of so-called consecutive one-bead-one-peptide libraries, where only a
motif for binding is initially looked for. In following screening of secondary, tertiary
and quaternary libraries the most specific sequence is identified (Fig. 4, refs213,221,222).
Ligands isolated from the primary screen of one-bead-one-peptide libraries often have
low to moderate activity. Strategies for optimization use both the consecutive library
approach and screening of extension libraries and other analogue libraries6. A “homo-
log library” (ref.6) was also used for optimization. In this approach, the residue corre-

TABLE I
Amount of the polymeric support (polystyrene beads 130 µm diameter) needed for the preparation of
one copy of the complete library

Length Number of sequences Resin amount

3             8 000             8 mg

4           160 000           160 mg

5          3 200 000             3.2 g

6         64 000 000            64 g

7      1 280 000 000             1.28 kg

8     25 600 000 000            25.6 kg

9    512 000 000 000           512 kg

10 10 240 000 000 000            10.2 t
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sponding to that in the initially discovered hit is coupled to a fixed percentage (for
example 40%) of the solid support, while the remainder of the carrier is randomized.
This procedure is repeated in each synthetic step. The screening should confirm the
amino acid residue found in the particular position in the primary screening or identify
a residue leading to a more avid compound.

The sensitivity of screening of one-bead-one-peptide libraries in solution is limited
by concentration of a single peptide in a mixture215. The amount of a single peptide is
defined by the capacity of a bead. A very important factor is the quality of resin beads
and their homogeneity. The concentration of a peptide can also be influenced by va-
rying solubility or affinity to surfaces.

The effect of solid supports on the expected interactions between immobilized li-
gands and soluble receptors remains unclear. The significant role of a support was
observed both in epitope mapping by use of cotton libraries247 and in screening for
substrate specificity of an enzyme using one-bead-one-peptide libraries232. In bead-
binding screening a support must be resistant to all the organic reagents and solvents
used in synthesis and compatible with buffer media in the bioassay. Nonspecific inter-
actions are a potential problem in the screening of bead-bound libraries. This problem
is addressed by various blocking agents or multiple rescreening in the presence or ab-
sence of a specific ligand as well as by using a dual color substrate system248 or by
using more stringent conditions6,211.

Since the determination of the structure is critical in the one-bead-one-compound
process, a free N-terminus is always required to allow sequencing; however, the C-ter-
minus of peptides in some cases can be essential for biological interactions. A linking
moiety for preparation of a library of peptides with a free C-terminus was presented by

                            PRIMARY MOTIF                                            –  –  –  W  –  –  G  F

                           SECONDARY LIBRARY                                 X  X  X  W  X  X  G  F

SECONDARY MOTIFS                          –  –  –  –  W  K  Y  G  F                              Q  –  I  W  G  –  G  F

TERTIARY LIBRARIES                        X  X  X  X  W  K  Y  G  F                    X  X  Q  X  I  W  G  X  G  F

TERTIARY MOTIFS                             N  H  –  G  W  K  Y  G  F                  S  R  Q  D  I  W  G  –  G  F

QUATERNARY LIBRARIES
                                     X  X  X  X  N  H  X  G  W  K  Y  G  F                        X  X  X  X  S  R  Q  D  I  W  G  X  G  F

QUATERNARY MOTIFS
                                      Q  –  –  –  N  H  P  G  W  K  Y  G  F                      M  F  W  Q  S  R  Q  D  I  W  G  R  G  F

FIG. 4
Construction principle of consecutive libraries
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Lebl et al.222 (Scheme 9) and Holmes and Rybak223 (Scheme 10). Another strategy for
release of C-terminus of immobilized peptides was described by Kania et al.224.

Some useful tricks were published in the field of bead-based screening. Kassarjian et
al. immobilized pentapeptide library beads in thin layer of agarose after incubation with
radiolabelled acceptor molecule212. Beads that carried specific sequences were identi-
fied by autoradiography and subjected to automated gas-phase sequencing. The method
was verified in a binding assay with anti-β-endorphin monoclonal antibody.

A screening method based on fluorescence is an alternative for active bead selection.
This technique using a cell sorter (FACS) for separation of polymeric beads bound to a
fluorescence labelled antibody was developed by two groups6,249.

A “multi-use” peptide library was described by Jayawickreme et al.250. This type of
library was prepared from a one-bead-one-peptide library which was layered on a thin
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polyethylene sheet fixed between polypropylene rings so that each of the beads is fixed
in a defined position. For cleavage of peptides from beads vapors of trifluoroacetic acid
(TFA) were used. The resin layer was placed on the agarose bed in which melanophore
based G-protein-coupled receptor (GCR) was immobilized. All cleaved peptides dif-
fused on to agarose. The pigment dispersion induced by peptides was indicative of
beads containing the active sequences.

Furka’s group described several conceptions for library construction and screen-
ing251,252. They published preparation of partial peptide libraries by so-called binary
synthesis which is based on dividing resin before coupling and performing the coupling
on only half of resin beads. These libraries contain not only all full length combinations
but also all deletion sequences. The number of peptides in a library is substantially
increased in this way. This type of library bound to resin was tested for interaction
between peptides and cells251. The same authors have suggested a so-called “domino
strategy” for evaluation of peptide libraries253–255. They have designed strategy of “sub-
library kits” so that each of twenty natural amino acids is fixed in a single position of
pentapeptide mixtures. In this way one hundred peptide libraries of the first order
should be prepared. When two amino acids are fixed in such mixtures the kit of li-
braries of a second order must comprise four hundred mixtures. The authors supposed
that this approach can make easy identification of binding motifs during a biological
screening. In addition they introduced pre-colored solid supports which could enable
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simple sorting of beads according to color. The color is a label for one motif or se-
quence on a bead256.

Erb et al.257 described a “recursive deconvolution” method which can simplify ident-
ification and resynthesis of hits identified in biological screening. The method is based
on the same principles as typical random divide-couple-recombine (mix/split) ap-
proaches with the only difference that in each coupling step part of each pool of a
support is stored and labelled. In this way one can finally have all possible pools (cata-
logue) defined by one building block. By a reversal screening approach, key positions
in active sequences can be identified and synthetically optimized. Even though this
approach seems attractive and simple, it becomes hopelessly complex when hundreds
of libraries with significantly more than twenty building blocks in each randomized
positions are used for screening.

3.2.1.2.1. Rapid and/or Multiple Instrumental Analysis

Besides the classical Edman degradation method for characterization of a peptide se-
quence, more sophisticated and rapid approaches were elaborated. The primary screen-
ing of libraries usually gives only preliminary information concerning the importance
of some motifs for an observed interaction. The identification of residues with the hig-
hest frequence in certain position can be accomplished with advantage by multiple
Edman sequencing of positive screened beads6,211,213,258,259. Another way for rapid
evaluation and determination of short peptide ligands found in library screening is mass
spectrometry (MS) sequencing260. Multiple peptide sequencing by MS was applied to
determination of allele-specific motifs both of a natural peptide mixture from major
histocompability complex class I molecules259,261,262 and synthetic peptide library259.
Sepetov et al.263,264 have described the use of hydrogen–deuterium exchange to facilitate
sequence analysis by electrospray tandem mass spectrometry which provides an informa-
tion about the number of labile hydrogens (in –OH, –CONH–, –NH2, –NHC(NH)NH2,
–SH and –COOH groups). On-line HPLC-MS (ion-spray) system have been utilized by
Metzger et al.265 for analysis of a synthetic library. The molecular weight of femtomole
quantities of small peptides attached to polystyrene beads have been determined with
imaging time-of-flight secondary ion MS (ref.266). The authors have suggested utiliza-
tion of this method also to small non-peptidic molecules. Matrix-assisted laser desorp-
tion ionization (MALDI) MS was used to quickly read sequence from a series of
positively screened peptide-beads267 or for direct monitoring of SPPS (ref.268). The
principle of Youngquist’s267,269 and Sepetov’s264 sequencing method is an intentional
termination of the synthesis producing all the information needed for the determination
of the sequence of the peptide.

Affinity capillary electrophoresis was also used for identification of a peptide ligand
from a library that binds most tightly to vancomycin270. This method is based on a fact
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that complex receptor–peptide (receptor–ligand) has different mobility than inactive
(unbound) peptide.

One-bead-one-peptide library approach requires in all cases full determination of
positively screened structures. This is a critical point and the biggest disadvantage of
random library methods. Other methods (vide infra) utilizing peptide mixtures do not
require sophisticated structural elucidation, however they are usually much slower
since they demand more synthetic work.

3.2.1.3. Library Approaches Utilizing Peptide Mixtures

Combinatorial libraries in a variety of formats use mixtures of amino acids for incor-
porating a random factor into peptide chains. These approaches are based on creating a
large array of peptides with a conserved sequence motif and randomized remaining
parts of the peptide chain. The screening is focused on the identification of the motif
responsible for a biological interaction. Even though mixtures of peptides are created,
the process is designed in a highly systematic and ordered manner.

Multiple peptide synthesis using a single support as described by Fassina et al.271 and
Tjoeng et al.272 lies between MPS approaches and library ones. This method utilizes an
incorporation of amino acid mixture into one position of peptide chain (magainin 2 and
angiotensinogen272 or oxytocin271). The obtained analogues were separated on HPLC or
by affinity chromatography and subsequently analyzed. This method enabled prepara-
tion of several analogous peptides in one synthesis.

3.2.1.3.1. Iterative Libraries

A true mixture-library approach was developed by Geysen’s and Houghten’s
groups3,114,208,273. Houghten’s mixture type SPCLs can be divided according to their
design and optimization during a biological screeing into three categories:

1. Dual positional synthetic peptide combinatorial libraries (DPSPCLs)
2. Positional scanning synthetic peptide combinatorial libraries (scanning SPCLs)
3. Sizing synthetic peptide combinatorial libraries (sizing SPCLs).
A biological screening of all these libraries uses complex defined peptide mixtures

and evaluates an importance of individual motifs characterizing the whole mixture.
DPSPCLs can be generally represented by the formula O1O2XXXX-NH 2, where O1

and O2 represent positions defining type of a peptide mixture. O1O2 equal to all combi-
nations of amino acids used in these two positions. Usually twenty amino acids (natu-
ral) are combined. In this way 202 individual peptide mixtures defined by two positions
O1O2 can be created. The remaining positions represented by X are random. Four fully
random positions combined from twenty amino acids results in 204 peptides in each
mixture. Hence 202 × 204 represents the whole number of peptides of this type of li-
brary. The individual peptide mixtures were prepared either by a process similar to
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one-bead-one-peptide synthesis (“divide-couple-recombine method”: equal pools of
resin are separately reacted with individual amino acids and then randomly mixed, por-
tioned and separately reacted; the last two positions O1O2 are coupled on one separated
portion of resin without random mixing)208 or by using a mixture of amino acids that
are incorporated simultaneously during the coupling procedure274. The first approach is
more laborious and the complexity of a library is limited by the amount of a resin used
for synthesis (see Chapter 3.2.1.2.). The latter approach is simple but comprises an
inaccuracy in incorporating each amino acid in an equimolar ratio. This problem has
been studied by Ostresh et al. regardless of conformational effects which can consider-
ably change competitive coupling rates274. The authors have found the relative molar
ratios for each amino acid protected derivative necessary for equimolar incorporation
when using a 10-fold excess mixture of these derivatives. The optimization of peptide
mixture that was identified in biological screening as the most active can be accom-
plished by an iterative process which is demonstrated in Fig. 5.

Positional scanning275 is a process based on screening a set of mixtures represented
by the formulas: O1XXXXX, XO 2XXXX, etc., through XXXXXO6. In screening the
most active amino acids are searched for each mixture. The selected amino acids
defined as the best substituents for each position are then used for synthesis of all
possible peptides resulting from their combinations. The total number of peptide mix-
tures, when twenty natural amino acids are used, is 6 × 20 and each mixture can contain
up to 205 individual sequences, so 6 × 20 × 205 equals the total number of peptides
prepared in one positional scanning library.

Sizing SPCLs276 were used to determine the optimal peptide length. This type of
library is represented by the formulas: OXX, OXXX, etc., through OXXXXXX and
OXXXXXXX. When optimal peptide length for individual mixtures (defined by single
amino acids) is determined in biological screening the iterative process follows for
identification of the most active sequences.

O O X X X X

A B X X X X       P Q X X X X

A B O X X X       P Q O X X X

A B Y X   X X       P Q Z X  X X

A B Y Z  Y O       P Q Z Z  A O

A B Y Z  Y Z        P Q Z Z  A A

BASIC LIBRARY

BEST BINDERS

SECOND LIBRARIES

BEST BINDERS

THIRD LIBRARIES

BEST BINDERS

.

..
.
..

FIG. 5
Library based on iterative process
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3.2.1.3.2. Applications

All these soluble peptide combinatorial strategies were evaluated on model systems and
can be successfully used in virtually any assay system3. A typical O1O2XXXX library
is usually used in total peptide concentration 1 mg/ml, which yields a theoretical conce-
tration of about 8 ng/ml per peptide. The practical utility of soluble peptide mixtures
for epitope mapping was tested by screening the typical Ac-O1O2XXXX-NH 2 mixtures
by competitve ELISA with a monoclonal antibody against a known epitope
(Ac-YPYDVPDYASLRS-NH2) from influenza virus hemagglutinin and consensus se-
quences were found by the iterative method208. The positional scanning mixtures were
screened too277. Eichler et al.247 evaluated scanning SPCLs, using a derivatized cotton
carrier for binding to a monoclonal antibody, which had been raised against a longer
36-residue peptide fragment of the hemagglutinin of influenza virus. The cotton li-
braries were screened either immobilized in a solid phase assay, or in solution. The
specificity of the antibody for cotton-bound immobilized peptide mixtures was found to
be lower than that found in solution.

The set of mixtures (O1O2XXXX) was screened for identification of inhibitors of
binding to an antigen peptide278; e.g., oncogen-related protein from v-fes and its mono-
clonal antibody3,279. In the same manner an epitope for the surface antigen of hepatitis B
virus was identified280.

The same format of library (O1O2XXXX) was screened for identification of the
antigenic determinant of anti-β-endorphin monoclonal antibody (3E7, ref.281) by com-
petitive ELISA. In the first screening the motif YGXXXX and YAXXXX was found.
Finally, the sequence YGGFMT was identified by the iterative process. That is in ac-
cord with the sequence of Met-Enkephalin, which is the natural ligand for the opioid
receptor. Detailed specificity and dependency on the presence of calcium for binding to
a monoclonal antibody against the FLAG sequence revealed potent calcium-inde-
pendent antigens282.

Opioid receptor ligands in radio-receptor assays were identified by the above men-
tioned peptide mixture both using L- (ref.283) and D-amino acid libraries284 as well as
positional scanning libraries275. Opioid receptor antagonists were determined using the
dual positional SPCLs285. Both the dual positional286 and positional scanning287 SPCLs
were applied for identification of inhibitors of the cytolytic peptide mellitin.

Enzyme inhibitors were developed by SPCLs synthesized on cotton carriers185,
cleaved in situ, and then screened247,288,289. The hexapeptide cotton library was
designed both as dual positional and scanning SPCLs. The random positions were
coupled by use of mixtures of amino acids. The synthetic approach was modified so
that the deprotected peptides remained attached to the cotton carrier until they were
released into solution directly prior to being assayed. The libraries were screened for
inhibition of tryptic hydrolysis of Nα-benzoyl-D,L-arginine-p-nitroanilide. The most in-
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hibiting mixtures were found and through an iterative process of synthesis and screen-
ing all positions of the sequences were successfully defined.

The SPCLs were screened for new antimicrobial peptides active against Staphylo-
coccus aureus and Streptococcus sanguis (gram-positive bacteria), Escherichia coli and
Pseudomonas aeruginosa (gram-negative bacteria), and the yeast Candida albicans in
microdilution assays3,208.

All types of Houghten’s SPCLs comprise one particular feature – their construction
is designed with several determining factors as: length, fixed positions, amino acid
building blocks, acetylation, etc. All these factors should be kept in mind in the process
of evaluation, because they can simplify the identification of single active sequence as
well as contribute to discovery of some general principles of an observed interaction.
The broad utility of soluble peptide libraries for drug discovery was in general dis-
cussed by Houghten3,290–292.

3.2.1.3.3. Other Approaches Using Peptide Mixtures

Variously formated peptide mixture libraries were used in diverse mapping and screen-
ing of biological targets. Soluble mixtures prepared by “divide-couple-recombine
method” were screened for optimization of an amino acid in a known sequence respon-
sible for more effective inhibition of platelet adhesion to fibronectin293. The iterative
approach was used for screening of similarly constructed libraries of tri- and tetrapep-
tides for identification of HIV protease inhibitors294.

Pin technology, described in Chapter 3.1.1., was successfully adapted to the library
approach and was probably the first application of the library philosophy in screen-
ing114,273. As much as 400 peptide mixtures (XXO1O2XX format, where O1O2 are
defined positions and X are random) were synthesized on pins and tested with a mono-
clonal antibody/receptor. Remaining positions were determined iteratively. The importance
of each amino acid in each position of the identified hexapeptide sequence was tested
by synthesizing all nineteen analogous sequences for each position.

A qualitatively novel approach for construction and screening of peptide libraries
was developed on the basis of continuous cellulose membrane supports295,296. Authors
have used a spot synthesis technique to prepare 20 × 20 spot-libraries which are defined
by their position on a planar support. Each position determines a dipeptide motif of a
sublibrary. Libraries of hexapeptides – XXO1O2XX – were prepared by spotting on a
membrane. Random positions were incorporated using double coupling of 0.8 equivalents
of equimolar mixture of amino acids thus compensating for different coupling rates of
different amino acids. All the random positions were iteratively identified. The method
was verified on beaded support in an antibody binding assay295. The cellulose mem-
brane immobilized libraries were tested for the identification of transforming growth
factor-α epitope, for binding to a double-stranded DNA as well as for binding of some
metals as silver, nickel, technetium. The used libraries were designed as linear all L- or
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all D-peptides and cyclized either via a disulfide bridge between two cysteine residues
or an amide bond between the α-amino group of the N-terminus and the γ-carboxyl
group of a C-terminal glutamic acid296. The same authors designed epitope libraries of
known HIV-1 p24 epitope, recognized by a monoclonal antibody297. The libraries were
constructed by replacement of each position by 19 L-amino acids both in soluble form
(synthesized on a beaded support and cleaved as a mixture) and immobilized on a
cellulose support (synthesized simultaneously on cellulose sheets in spots). The soluble
mixture was characterized and the results of screening compared. This laboratory also
evaluated a method for screening of peptide–antibody interactions which uses so-called
amino acid “clusters” (defined mixtures of variously grouped amino acids)298. The con-
tinuous cellulose membrane sheet was used again. Each spot was defined by the type of
cluster and its position in a peptide sequence. This type of library enables the determi-
nation of important motifs or a group of amino acids.

The similar variation of the “spot” technique was used by Frank (Chapter 3.1.1.) for
synthesis of a tetrapeptide sublibrary in which each spot contained a mixture of pep-
tides with a certain conserved motif151. The peptide synthesizer GILSON 222 was
modified to automatize spotting on membrane supports299. The synthesized cellulose
bound peptide libraries were tested against monoclonal antibodies299 and for determina-
tion of the specificities of cAMP- as well as cGMP- dependent protein kinases300.

In order to increase the efficiency of biological screening of random mixture peptide
libraries, Wallace et al.301 elaborated a multimeric synthetic peptide combinatorial li-
brary method based on the concept of branched multiple antigen peptides by Tam et
al.302 and Houghten’s mixture libraries.

Libraries constructed on the basis of sophistically constructed mixtures of amino
acids have been published by Blake and Litzi-Davis303. The mixtures of amino acids
are coupled in order to prepare peptide mixtures in which some amino acids are omitted
and others are present in two molar excess. In screening of these libraries activities of
defined mixtures are compared and importance of specific amino acids (omitted or
redundant) in specific positions is deduced. Zhang et al.304 synthesized a peptide library
of partly random heterodimers randomly linked via sulfide bridges to screen the ability
of these derivatives to inhibit angiotensin II binding.

The progress of the past several years in the field of peptide libraries involves various
approaches usually using the above mentioned methodologies for synthesis and screen-
ing. These variously modified library approaches were used for an antibody binding
assay305–307, substrate specificity mapping308,309 as well as a receptor binding assay310.

3.2.1.4. Libraries of Libraries

The concept of a library of libraries6,311 combines both the one-bead-one-peptide phil-
osophy and the mixture approach. In this type of a library, each individual bead con-
tains single sequence motif in a number of different peptides. The method is based on
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the assumption that the individual sequence identified in the peptide library with in-
complete representation of all permutations is less valuable than information describing
the motif responsible for binding or other biological activity. Figure 6 shows the syn-
thetic scheme for preparing a hexapeptide library of libraries. Random couplings were
performed by split synthesis on that portion of the resin equivalent to the number of
remaining randomizations divided by the number of remaining synthetic steps. A mix-
ture of amino acids was coupled to the portion of the resin that is equivalent to the
number of remaining mixture couplings divided by the number of remaining synthetic
steps. Table II illustrates the advantages of the library of libraries approach in the
amount of resin needed for the synthesis of a complete library311.

The advantages of such an approach are obvious: (i) library can contain longer peptide
sequences, (ii) the amount of resin does not increase over common synthetic practice,
(iii) and not only complexity but also diversity is comparable to one-bead-one-peptide
libraries. The library was screened against the anti-β-endorphin monoclonal antibody,
streptavidin and thrombin. The results were closely similar to the known peptide li-
gands of these receptors, however, the number of positive beads with the same motif
was several times higher then for a one-bead-one-peptide library.

3.2.2.  L i b r a r i e s  o f  N o n - P e p t i d i c  S t r u c t u r e s

The necessity to modify peptide lead structures in order to obtain more stable and
efficient molecules in medicinally important applications stimulated the development
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similar scheme can be applied for library of any length
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of non-peptidic libraries. Synthetic random collections of oligonucleotides belong to
the category of non-peptidic library too. However, oligonucleotides have the similar
disadvantages as peptide libraries and will not be discussed here in detail (see Chapter 2.3.,
refs312–314). Random oligonucleotide libraries containing unnatural building blocks may
be mentioned here, for example the library by Latham et al.315. This collection of oligo-
nucleotides was prepared with 5-(1-pentynyl)-2′-deoxyuridine in place of thymidine
and was tested against human thrombin.

Most pharmaceutically successful compounds are based on structures other than pep-
tides or peptide-like compounds. A library approach can be an important tool for drug
research using a great number of randomly prepared compounds based on diverse
chemical structures. The demand to prepare a lot of non-sequenceable structures by a
library methodology for drug development screening has enforced new methods for
characterization and identification.

3.2.2.1. Encoded Libraries

There are three main reasons for the use of coding techniques in the one-bead-one-
structure library approach: (i) to enable the structure identification of nonsequenceable

TABLE II
Comparison of the solid carrier amount for the construction of one-bead-one-peptide library and li-
brary of libraries

One-bead-one-peptide library Library of libraries

Length
Number of individual

sequences
Resin amount

Number 
of motifs

Resin amount

3             8 000      8 mg     8 000   8 mg

4            160 000    160 mg     2 000  32 mg

5          3 200 000      3.2 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   448 000 448 mg

9    512 000 000 000    512 kg   672 000 672 mg

10 10 240 000 000 000     10.2 t   960 000 960 mg

 

15 32 770 . 1015     3 640 000     3.64 g

.

.
.
.

.

.
.
.
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randomly prepared compounds, (ii) to improve sensitivity of screening, and (iii) to in-
crease the speed and throughput of compound identification6.

DNA coding, according to the biological pattern, was introduced to solid phase pep-
tide synthesis by Brenner and Lerner316. They described synthesis of a peptide in paral-
lel with a coding oligonucleotide on the same support. This technique was developed in
parallel in several laboratories249,317. A weak point of this coding method is noncom-
patibility of oligonucleotide synthesis with most of commonly used synthetic methods.
The advantage of using nucleic acid coding is the ability to amplify the code by PCR.

Recently, coding by halogenated derivatives of carboxylic acids followed by gas
chromatographic determination of cleaved and silylated mixtures of tag molecules was
published318–320. The “cosynthetic method” uses an electrophoric tag to encode the
series of steps and/or reagents used in the synthesis of a library. In this approach the tag
molecules are not linked to each other sequentially and this enables the use of a binary
code for identification of library compounds.

Another type of coding is based on mass spectrometry264,267. These methods cap a
part of intermediates in each synthetic step by a selective tag. The mixture obtained by
cleavage from one positively screened bead is characterized by mass spectrum and by
mapping of history of the synthesis the resulting active structure can be deduced. The
protein “ladder” sequencing by Chait et al.321 is carried out in similar manner – in this
case the sequence information is generated by partial degradation instead of building a
“history ladder”.

Two laboratories introduced encoding of nonsequenceable polymeric structures by a
peptide sequence322,323. Coding peptide is synthesized in parallel to the screening struc-
ture using an orthogonal linkage of both chains as well as protecting groups, and differ-
ent chemistries. Finally, classical Edman degradation of the coding structure is applied
for structural analysis. Coding can be carried out in variety of formats. To increase the
number of amino acids available for coding, coding utilizing side chain acylation of
various diaminocarboxylic acids was introduced6.

These coding strategies involve the risk that the biological target may specifically
interact with the coding sequence. This weakness was overcome by distinguishing the
“surface” and “interior” of the polymeric bead6,324. The technique is based on orthogo-
nal synthesis of one sequence on the surface of the bead, and a different sequence
inside of the bead. Peptides on the surface are well accessible to any receptor. How-
ever, the interior of the bead is not accessible to a macromolecular receptors. Providing
that one by enzymatic “shaving”, or otherwise, specifically discloses the bead surface
for synthesis of screened molecules, and interior of the bead is used for building of a
coding sequence by orthogonal synthetic scheme, the outside structure can be screened
and after identification of positive bead the peptide code inside can be sequenced.
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3.2.2.2. Syntheses of Non-Peptidic Libraries and Tools for Their Preparation

The potential of variously constructed organic libraries combined from a variety of
building blocks is enormous. As an example can serve a simple organic library con-
structed from commercially available amines and carboxylic acids linked via well-de-
veloped amide bond formation on a solid support222,325. The same authors have used
alkylation and acylation reactions for creation of model libraries323 as well as for li-
braries screened for pharmaceutically relevant targets (Scheme 11). Unnatural amino
acids, aldehydes and carboxylic acids were used for construction of the library by use
of reductive alkylation of the primary amino group by various aldehydes and acylation
of the resulting secondary amino groups with diverse carboxylic acids326,327. A library
was screened against streptavidin and the structure of active compounds was deter-
mined by mass spectroscopy326. A library based on various iminodiacetic acid deriva-
tives was described by Safar et al.328. Amide bond formation was the basis for several
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library designs resembling peptide linear and/or branched structure222,329–331. However,
not only amide bond can form libraries based on repetition of structural units. Examples
of the mentioned library types are given in Scheme 12.

The random libraries of N-(substituted)glycine dimers and trimers – “peptoids”, have
been introduced by Zuckermann et al.335. The synthesis of these peptidomimetic li-
braries is performed either by coupling N-substituted glycine subunits or by the so
called “submonomer” technique in which carboxyl group of bromoacetic acid is
coupled to the amino group of preceding amino acid and bromine atom is substituted by
an amino group of variety of amines243,335,340 (Scheme 13). Synthesis of peptoids was
adapted to an automatic robotic device243. The “peptoid” libraries were screened in
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solution-phase, competitive radioligand-binding assays. Nanomolar ligands for the
α1-adrenergic and µ-opiate receptors were identified341. Peptoid structures were found to
be stable in the presence of proteolytic enzymes342. This feature provides a substantial
advantage over peptides as potential drug candidates. Modification of “peptoid” side
chains by cycloaddition of nitrile oxides with alkenes and alkynes on a solid support
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has been described343. (Interestingly, cycloaddition of nitrileoxides on solid phase was
described344 already in 1980.) MALDI time-of-flight MS technique was used for deter-
mination of structure of peptoids covalently bound to a solid support345.

A more “organic” library has been synthesized by Chen et al.346, who used Wittig
reaction followed by Michael addition on a solid support. Many well-known reactions
of organic chemistry have been successfully accomplished on solid support in order to
develop higher molecular diversity for the library technology. It is quite surprising that
the significant developments in the solid phase organic chemistry achieved in the past
are sometimes overlooked by the researchers excited by the potential of this technique
(for reviews see e.g.347–350). Let us mention here only the newest additions to the solid
phase reaction repertoire. Application of Stille reaction to form carbon–carbon
bond203,351–353 was shown to be perspective for various library constructions. Another
way for forming carbon–carbon bonds on a solid support was suggested by Frenette and
Friesen354 as well as by Backes and Ellman355. This reaction is based on Suzuki cross-
coupling of aryl halides bound to a Merrifield resin with boronic acid derivatives. Both
Heck356,357 and Mitsunobu358 reactions applied by Krchnak et al.359,360 to synthesize
random molecule collections, belong to noncomplicated approaches useful for creating
of variety of compounds. The imagination of organic chemists is limitless – solid phase
synthesis of phenylacetylene oligomers334, oligosaccharides361, benzodiazepine-2,5-
diones362, isoquinolinones363, and 3,5-disubstituted-γ-butyrolactones364 as well as total
solid phase synthesis of diverse non-peptidic inhibitors of aspartic proteases365,366 and
various antioxidants367 – illustrate well this very progressive field of drug discovery.
Interesting approach to the generation of molecular diversity is an application of Ugi’s
four component condensation368,369. Structures of libraries resulting from applications
of the mentioned reactions are given in Schemes 14–17.

The construction of libraries on a variety of “scaffolds” (ref.388) which serve to link
diverse functionality belongs among perspective approaches for diversity generation
(Schemes 18,19)6,328,330,331,383,387,389–391. The scaffolds provide a certain spatial and
conformational rigidity and can be rationally designed for a defined biological target.
Boyce et al.392 described a peptidosteroidal random library based on a steroidal scaf-
fold. Patek et al.383,393 described all-cis cyclopentane scaffolding and scaffolding based
on a thiazolidine structure. Library based on Kemp’s tricarboxylic acid provided potent
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inhibitors of thrombin6,394. Carrel et al.395,396 presented synthesis and screening of li-
braries prepared on either cubane or xanthene scaffold.

All above mentioned syntheses require either coding techniques or modified analyti-
cal methods for determination of structure of solid phase supported synthetic molecules
(see Chapter 3.2.1.2.). In addition, magic-angle spinning 1H as well as the solid phase
13C NMR technique were applied380,397,398 for characterization of bound molecules. FT
IR techniques were found indispensable for the analysis of functional group transfor-
mations on the solid phase334,352,399,400.

An iterative approach for identification of active structures from peptide libraries of
mixtures (see Chapter 3.2.1.3.), was applied to evaluation of collection of non-peptidic
structures. “Libraries from libraries” were created from Houghten’s iterative peptide
libraries by peralkylation of protected peptides332,333,401,402. These N-alkylated peptido-
mimetic polymers were assayed for their ability to inhibit the growth of Staphylococcus
aureus and Staphylococcus sanguis.

Cyclic peptide template libraries based on the cyclic “scaffold” consist of lysines the
side chains of which are acylated by variety of carboxylic acids were prepared and
assayed403,404. Chymotrypsin inhibitors were identified through an iterative approach of
the screening.

Oligonucleotide analogue libraries composed of uniform sugar (2′-O-methyl) and
phosphate modifications with the common nucleotide bases were synthesized and
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screened for inhibition of human herpes simplex virus 1 and binding to the RNA hair-
pin405. These libraries were optimized by the “SURF” (synthetic unrandomization of
randomized fragments) method, which is based on an iterative approach406,407.

3.2.3. T h e o r e t i c a l  A n a l y s e s o f  R a n d o m  L i b r a r i e s

Very well elaborated random peptide library approaches give well-defined conditions for
theoretical analyses and rational design of noncomplete random libraries. It was dis-
cussed in Chapter 3.2.1.2. that most commonly only the motif of two to four “critical”
amino acid residues in a peptide or protein is responsible for interaction with the bio-

R2

R2

O
X

R1

ref.355

COX
R1

refs353,356
R1

R2

O

R3

R

ref.352

ref.369ref.327

nR2

N CONH2

R1

OR3

HN CONH2

O

NR2

R1

O

R3

refs326,379

O

R2R1

N

H
N R4

O

R2

R3

O

R1

SCHEME 17

Review 215

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



CO

NH

NH

O

R1

O R2

N
H

O

R3

H
N CO

NH

NH

CH3

CH3 CH3

NH

NH

R1

R2

O

R3

O

O
O

O

CO

R1

R2

N

CO

N
H

CO

R R
N

R4

O
O

HN
R3

CO

OO

Gly Gly
AA1

AA2
AA1

AA2

ref.392

ref.393

ref.394

ref.391

O

H
N

R4

HN

O

R3

N

O

R2

R1

CO

P

P

N
H

H
N

O

O

R2

R3

HN

O

R1

CO

P

P

P

P

P
O

R3

CO

R1

HN

O

O

NH

R2

SCHEME 18

216 Rinnova, Lebl:

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



logical target. For any library, the frequency at which a critical sequence motif occurs
can be used to calculate a number of critical residues within this motif222 (Eq. (1)).

n(crit) = 
log (sample)

log (AA)  − 
log (hits)
log (AA)   , (1)

where n(crit) is the number of “critical” residues, sample is the number of screened
beads from a given library, hits is the number of positively identified beads, and AA is
the number of amino acids used for randomization. As can be seen, the results of this
calculation do not depend on the length of the library. On the other hand, the number
of expected positive beads can be calculated6 according to the (Eq. (2)).

n = (x)(Pf)[S/(An)n(crit)] (2)

In this equation n is the number of expected positive hits, x is the number of different
binding motifs, Pf is the “placement” factor (number of possible placements of each
motif in the peptidic chain), S is the number of beads screened, An is number of sub-
units used for randomization, and n(crit) is the number of “critical” residues. In other
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words the number of positive hits depends on the number of “critical pharmacophores”
both peptidic and non-peptidic, as well as 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 can provide a reasonable number of positive beads. These formulas were ex-
perimentally proven6 and became a basis for the design of incomplete peptide libraries
as well as of the library of libraries6,311.

The mathematical tools for discussing the probability of binding, catalytic properties
as well as synergism of some interacting molecules in a random pool, detection limits
etc. were introduced by Kauffman408–410. A model system based on oligonucleotide
hybridization that addresses these questions using computer simulations has been de-
scribed by Freier et al.407. They have found that iterative deconvolution methods gener-
ally find in a large random library either the best binder or one with activity very close
to the best, despite experimental and synthetic errors. The presence of many binding
molecules in a random pool influenced the profile of subset activities, but did not pre-
clude selection of molecule with near optimal activity. A FORTRAN program simulat-
ing typical random library preparation was written by Burgess et al.411.

Rational approach utilizing knowledge of lipophilicity, shape, branching, chemical
functionality and specific binding features was used for computational design of com-
plex libraries412. Using structural descriptors and statistical techniques, monomers can
be chosen to maximize a library’s diversity or to bias a library toward certain features
while keeping other features dissimilar.

A variety of theoretical tools prove the rationality of library approaches as well as
enabling rational design of great collections of synthetic compounds. They may also
show the limitations of such approaches.

4. CONCLUSION

All the above referred tools, both biological and synthetic, for generation of molecular
diversity have a great impact on drug discovery methodologies. At present, the majority
of these approaches have found commercial application. The number of presented and
published works in this field has tremendously increased during the past few years
(for the dynamic database of published articles see http://vesta.pd.com). The speed and
efficiency of the multiple synthesis and library techniques in the generation of new
leads and in the evaluation of structure–activity relationships was most dramatically
documented by the successes in the chemistry and biology of peptides. However, due
to the outstanding effort dedicated to the development of nonpeptidic molecular
diversity, we will not have to wait long for the flood of new leads with nonpeptidic
structures.
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LIST OF ABBREVIATIONS

Boc tert-butoxycarbonyl
BOP benzotriazolyloxytris(dimethylamino)phosphonium hexafluorophosphate 
Bzl benzyl
CCK cholecystokinin
Ddz 2-(3,5-dimethyloxyphenyl)propyloxycarbonyl
DIAD diisopropyl azodicarboxylate
DKP diketopiperazine
DMF dimethylformamide
DPSPCL dual positional synthetic peptide combinatorial library
ELISA enzyme-linked immunosorbent assay
FACS fluorescence-activated cell sorter
Fm fluorenylmethyl
Fmoc fluorenyl-9-methoxycarbonyl
FT IR Fourier-transform infrared
HIV human immunodeficiency virus
HPLC high performance liquid chromatography
MALDIMS matrix assisted laser desorption/ionization mass spectrometry
Menpoc α-methyl-6-nitropiperonyloxycarbonyl
MHC major histocompatibility complex
MPS multiple peptide synthesis
MS mass spectrometry
NMR nuclear magnetic resonance
Npys 3-nitro-2-pyridinesulfenyl
Nvoc 6-nitroveratryloxycarbonyl
PCR polymerase chain reaction
SCAL safety-catch amide linker (derived from 2-alkoxy-4,4′-bis(methylthio)benzhydrylamine)
SMPS simultaneous multiple peptide synthesis
SPCL synthetic peptide combinatorial library
SPPS solid phase peptide synthesis
TBTU O-benzotriazoyl-N,N,N′,N′-tetramethyluronium tetrafluoroborate
t-Bu tert-butyl
TFA trifluoroacetic acid
THF tetrahydrofuran
TLC thin layer chromatography
TMG tetramethylguanidine
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