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Introduction

In the 15 years since their first description, the
conceptual and technical approaches that encompass
combinatorial chemistry have gained wide acceptance
across virtually all scientific disciplines. More than 1000
articles have been published on the subject, including
numerous books and journals, and a range of “com-
bichem” symposia are held each year. Also, college
courses have been introduced on the subject, and
Internet sites are available (www.5z.com is one of the
most complete). The journal Science recognized combi-
natorial chemistry as one of nine breakthroughs in
scientific research for 1998,1 and a unique perspective
on the history of this growing field was recently pre-
sented.2

The emphasis in this Perspective will be on the power
of combinatorial chemistry, more specifically mixture-
based libraries, to accelerate chemical information
acquisition for basic research and drug discovery. While
a number of innovative approaches have been pre-
sented, the majority of combinatorial chemistry pro-
grams still prefer the time-tested but slow and expen-
sive preparation of large numbers of individual com-
pounds by parallel synthesis methods using either solid-
or solution-phase approaches. In contrast, the synthesis
and screening of combinatorial libraries made up of
mixtures of compounds, which was one of the first
combinatorial approaches presented, is still underuti-
lized and often regarded with skepticism. This Perspec-
tive illustrates the inherent strengths of mixture-based

combinatorial libraries and reviews the successful ap-
plications of this efficient and powerful technology.

Combinatorial techniques have their origins in Merri-
field’s seminal solid-phase synthesis of peptides in
19633,4 and have been greatly accelerated by the parallel
solid-phase synthesis methods developed during the mid
1980s. These parallel synthetic approaches were ini-
tially used for the synthesis of peptides as first il-
lustrated by the “pin”,5 “tea bag”,6 and “spot”7

approaches. Such approaches enabled hundreds of
individual compounds to be prepared in a fraction of the
time and cost of earlier linear “one at a time” solid-phase
methods. The original mixture-based combinatorial
concepts involved the generation of all possible sequence
combinations for peptides of a given length (e.g., 206 )
64 million hexapeptides when the 20 proteogenic amino
acids are used), hence the origin of the term “combina-
torial”. Since peptides are known to have limitations in
their later development as pharmaceuticals, often due
to poor bioavailability and/or rapid enzymatic degrada-
tion, the focus of combinatorial chemistry in recent years
has shifted to libraries of small acyclic and heterocyclic
compounds.

Two different approaches for the generation of im-
mense mixtures (ranging from 106-1012 compounds)
have been developed and used successfully. Recombi-
nant DNA techniques have been used to generate
millions of peptides expressed randomly in a fusion
phage or other vector system.8-11 This method has
proved popular with laboratories already familiar with
molecular biology techniques; however, it is restricted
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to the generation of peptides displayed in the context
of an expressed protein using the 20 proteogenic amino
acids as building blocks. In contrast, solid-phase syn-
thetic methods can incorporate virtually any building
block of interest to produce combinatorial libraries of
an explosively increasing range and number.

Due to their versatility, amino acids and short pep-
tides have been used as starting materials for the
synthesis of low-molecular-weight organic compounds.12,13

A wide range of protected amino acids, possessing a
variety of functional groups, has greatly facilitated
synthetic operations. Their activation, protection, and
deprotection are well-documented, and they are com-
mercially available in enantiomerically pure forms.
Postsynthetic chemical modification of peptide libraries
using a “libraries from libraries” approach enables the
generation of peptidomimetic libraries14 and low-mo-
lecular-weight, organic compound libraries.15 A greater
understanding of heterocyclic chemistry on the solid
phase has expanded the strategies for the synthesis of
such compounds. The rapidly increasing number of
organic reactions being adapted for use in solid-phase
chemistry15,16 is testament to the escalating importance
of synthetic combinatorial libraries. Heterocyclic and
small molecule combinatorial libraries synthesized to
date have been prepared as individual compound arrays,
in resin-bound one-bead-one-compound or “tagged”
arrays, and as non-support-bound mixtures. The prin-
cipal differences between the various solid-phase syn-
thetic combinatorial technologies are the (1) solid sup-
port, (2) synthetic strategy for the incorporation of
building blocks to generate mixtures, (3) screening
conditions (support-bound or in solution), and (4) meth-
ods used to identify individual compounds (deconvolu-
tion).

In this Perspective, the synthesis and screening of a
specific heterocyclic mixture-based library is described
to familiarize the reader with the principles and termi-
nology used in this field. This is followed by a review of
the recent solid-phase chemistry used to prepare small
molecule and heterocyclic mixture-based libraries. A
number of synthetic approaches for the generation of
combinatorial libraries as parallel arrays of individual
compounds have been extensively reviewed else-
where15,17-20 and will not be included here. One-bead-
one-compound libraries21 (including various strategies
for the coding of nonpeptide compounds)22-24 are not

viewed as mixture-based libraries since each individual
compound is physically separated from the others by
its attachment to an individual resin bead. We have only
included one-bead-one-compound libraries in those
instances in which the library has been cleaved from
the bead and screened as a mixture of compounds. The
published identification of compounds from mixture-
based libraries for receptors, antibodies, major histo-
compatibility complex (MHC) molecules, T-cells, en-
zymes, antimicrobials, and other targets is arranged in
five different tables. The most commonly used decon-
volution techniques are described, followed by a discus-
sion on the practical aspects required for the screening
and analysis of data generated from mixture-based
synthetic combinatorial libraries. This Perspective closes
with a discussion on the advantages of using mixture-
based libraries, including answers to frequently asked
questions regarding this technology.

Identification of Individual Active Bicyclic
Guanidines from a Mixture-Based Positional
Scanning Synthetic Combinatorial Library

A heterocyclic combinatorial library composed of
trisubstituted bicyclic guanidines is used here to il-
lustrate that the concepts central to the use of mixture-
based libraries apply regardless of the compound chemi-
cal class used. This example is intended to give the
reader an understanding of the methods employed for
the synthesis and use of a positional scanning library
for the identification of active compounds. General
methods for the synthesis of mixture-based libraries,
deconvolution strategies, and library-screening condi-
tions and requirements that are used in this example
are described in more detail in later sections of this
Perspective.

A. Synthesis. Scheme 1 shows the synthetic pathway
for the solid-phase synthesis of bicyclic guanidines. The
first step requires the exhaustive reduction of a resin-
bound N-acylated dipeptide using borane in THF.25

Following treatment with thiocarbonyldiimidazole, the
presence of three secondary amines allows the reaction
to proceed via highly reactive intermediates to the
positively charged resin-bound bicyclic guanidine. HF
cleavage yields protonated trisubstituted bicyclic guani-
dines in good yield and high purity.25

Although the reaction shown in Scheme 1 appears
straightforward, extensive optimization of reaction con-

Scheme 1
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ditions was necessary prior to the synthesis of the
library. Optimization of the chemistry involved is
required for any library synthesis to ensure a broad
range of functional group incorporation. Reaction condi-
tions for the exhaustive reduction of peptide libraries
have been determined.25-28 The conditions necessary for
the cyclization in the second step were determined by
the synthesis of approximately 100 individual control
bicyclic guanidines through the variation of the tem-
perature, choice of solvent, and reaction time.

The next step was to determine the breadth of the
reaction by synthesizing individual controls encompass-
ing all proposed individual building blocks to be used
in the library. Table 1 lists the 206 individual building
blocks tested for use in this bicyclic guanidine combi-
natorial library. Using the parallel synthesis approach,
commonly referred to as the “tea bag” method,6 indi-
vidual compounds were synthesized as controls for each
of the three positions of diversity. Three sets of controls
were prepared, in which one position was varied with
each of the available building blocks while the other two
positions were fixed with a single specific building block.
Starting with the parent bicyclic guanidine described
in Table 1, 73 individual controls were synthesized for
position 1, 73 controls for position 2, and 60 controls
for position 3. Following analysis of the 206 compounds
by LC-MS and RP-HPLC, 49 different building blocks
for position 1, 51 for position 2, and 41 for position 3
were found to have both yields and purities greater than
80% and showing a single major product by RP-HPLC.
We have found that selecting only building blocks in
which the individual control compounds give yields and
purities greater than 80% greatly simplifies the decon-
volution process.

On the basis of the synthesis of the controls described
above, a positional scanning synthetic combinatorial
library (PS-SCL) having three positions of diversity and
composed of 102 459 bicyclic guanidines was prepared.
The mixtures within the library are listed in Table 2.
It should be noted that three separate sublibraries were
synthesized, each differing from the others solely by the
location of the defined position. Sublibrary 1 is made
up of mixtures 1-49, in which the first position of each
mixture is defined with an individual functionality. The
same diversity is found in sublibraries 2 and 3 (mixtures
50-100 and 101-141, respectively). The 141 individual
control compounds corresponding to the building blocks
chosen for inclusion into the library were also synthe-
sized concurrently with the synthesis of the mixtures
making up the library. These compounds serve as
controls to permit the determination of the completion

of all reaction steps and the reproducibility of the
synthesis. In addition, these individual compounds are
screened with the mixture-based library to serve as
controls for activity differentiation.

B. Screening. To illustrate the screening and decon-
volution of mixture-based libraries, this trisubstituted
bicyclic guanidine PS-SCL was screened at 4 µg/mL in
a radioreceptor binding assay specific for the κ opioid
receptor (Figure 1). The first panel represents the 49
mixtures of the first sublibrary in which the R1 position
is defined, the second panel represents R2 (51 mixtures),
and the third panel represents R3 (41 mixtures). Mix-
tures exhibiting greater than 80% inhibition (total of
38 mixtures) were selected and tested in a dose-
response manner. The IC50 values obtained for these
mixtures are listed in Table 3. The most active mixtures
were chosen (outlined in Table 3), and all possible
combinations of these were synthesized as individual
compounds. In this case, three building blocks were
chosen for R1, four for R2, and four for R3. Forty-eight
(3 × 4 × 4) individual bicyclic guanidines were then
synthesized and tested, and their activities ranged from
37 to 10 000 nM (Table 4). TPI 614-1 (1) was found to
be the most active (IC50 ) 37 nM). These results show
the structure-activity relationships (SAR) of the com-
pounds identified.

This same bicyclic guanidine PS-SCL has been
screened to identify potent antifungal compounds.29

Each of the 141 mixtures was tested for its ability to
inhibit Candida albicans growth in a standard micro-
dilution assay. Half of the generated 32 individual
compounds exhibited antifungal activity with minimum
inhibitory concentrations (MIC) varying from 3 to 10
µg/mL.
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Existing Mixture-Based Heterocyclic and Small
Organic Molecule Libraries

The majority of the current literature on mixture-
based libraries describes the use of peptide libraries,
which is due primarily to the fact that robust solid-
phase chemistries are available for peptides.3,4 A variety
of mixture-based libraries of heterocycles and small
organic molecules have now been reported (Table 5).
Substituted heterocyclic compounds offer a high degree
of structural diversity and have proven to be broadly
and economically useful as therapeutic agents.

Imines are often used as intermediates in organic
synthesis and are a starting point for chemical reactions
such as cycloadditions, condensation reactions, and
nucleophilic addition. The formation of imines via
condensation of amines with aldehydes was initially
used for the reductive alkylation of resin-bound amino
acids.30-32 Imines have now been used as synthetic
intermediates in the generation of a range of mixture-
based heterocyclic combinatorial libraries.

For example, Murphy and co-workers reported the
synthesis of pyrrolidine combinatorial libraries.33 Start-
ing from polystyrene resin-bound amino acids, the
R-amino ester was condensed with aromatic and het-
eroaromatic aldehydes to afford the resin-bound aryl-
imine. Pyrrolidine and pyrroline derivatives were ob-
tained through cycloaddition of the 1,3-dipoles to olefin
and acetylene dipolarophiles (Scheme 2). A library of
500 compounds was screened for in vivo inhibition of
angiotensin-converting enzyme (ACE), leading to the
identification of 1-(3′-mercapto-2′(S)-methyl-1′-oxo-
propyl)-5-phenyl-2,4-pyrrolidinedicarboxylic acid 4-
methyl ester as a potent ACE inhibitor.

Imine intermediates were also used for the solid-
phase synthesis of a 43 000 compound tetrahydroiso-
quinoline combinatorial library.34 The resulting tetrahy-

droisoquinolines were obtained by treating imines with
homophthalic anhydride. This tetrahydroisoquinoline
library was prepared using 11 protected amino acids,
38 aldehydes, and 51 amines (Scheme 2).

An efficient method for the solid-phase synthesis of
4-amino-3,4-dihydro-2(1H)-quinolinones was developed
by Pei and co-workers.35 Following formation of an imine
by reaction of a resin-bound amino acid with o-nitro-
benzaldehyde, treatment with a ketene afforded a four-
member ring cis-â-lactam intermediate. Following re-
duction of the nitro group, the â-lactam ring underwent
an intramolecular rearrangement to afford the trans-
3,4-dihydro-2(1H)-quinolinones. A library of 4 140 di-
hydroquinolinones derived from 69 amino acids, 6
o-nitrobenzaldehydes, and 5 acid chlorides was synthe-
sized (Scheme 2).

Roussel and co-workers described the synthesis of a
library of amidinonaphthols.36 This library was screened
for inhibition of tissue factor/factor VIIa complex. A
compound having an IC50 of 4 µM (10 times more potent
than the original lead compound) was identified.

The solid-phase synthesis of diketopiperazines was
developed based on reductive alkylation of support-
bound amino acids32 or resin-bound dicarboxylic amino
acids37 with aldehydes (Scheme 3). The resulting sec-
ondary amines were then acylated with protected amino
acids. Cyclization to the desired diketopiperazines oc-
curred either by heating at reflux in toluene32 or by a
second reductive alkylation followed by ring closure
using diisopropylcarbodiimide (DIPCDI).37 In the second
case,37 the use of bifunctional amino acids allowed the
diversity of the library to be extended through further
modification.

In a different approach, a novel route to a library of
22 540 diketopiperazines has been reported using R-bro-
mocarboxylic acids and a range of amines.38 Following
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esterification of Wang resin with an R-bromocarboxylic
acid, reaction with a primary amine was followed by the
N-acylation of the secondary amine with an additional
R-bromocarboxylic acid. Treatment of the resulting
resin-bound bromide with a primary amine, followed by
cyclization of the resulting intermediate, afforded the
desired diketopiperazine. Two routes to cyclization were
observed: intramolecular cyclization could occur directly
under the reaction conditions to afford the desired
diketopiperazine or the cyclization could be induced with
TFA. The cyclization via in situ release was influenced
by the nature of the aminoalkyl groups.

Krchňák et al. reported the solid-phase synthesis of
1,4,7-trisubstituted perhydro-1,4-diazepine-2,5-diones.39

Following attachment of an amino alcohol to chlorotrityl
resin, the amino group was reductively alkylated and
then N-acylated with Fmoc-Asp(OAll)-OH. Following
deprotection, a second reductive alkylation was per-
formed. The generated secondary amine was treated
with TFFH-activated bromoacetic acid. The bromo

functionality was displaced by a 2 M solution of a
primary amine in DMSO. Following deprotection of the
allyl ester with Pd(PPh3)4, an intramolecular cyclization
occurred by mild activation of the carboxyl group with
diphenyl phosphorazidate overnight. The desired prod-
ucts were obtained following treatment of the resin with
TFA vapor. Using 8 secondary diamines and amino
alcohols, 17 aldehydes, and 20 primary amines, a library
of 2 720 compounds was prepared (Scheme 4).

Using the same approach previously described for the
solid-phase synthesis of diketopiperazines via R-bro-
mocarboxylic acids, a library of diketomorpholines has
been prepared.38 The cyclization of resin-bound bro-
mides to diketomorpholines was induced by treatment
with TFA. Initial cleavage from Wang resin afforded an
acyclic bromo acid, which was followed by intramolecu-
lar displacement of the bromine by the carboxylate to
afford the diketomorpholines. The diketomorpholine
library consisted of 980 compounds (7 acids × 20 amines
× 7 acids).

Figure 1. Screening results of the bicyclic guanidine library in a κ opioid receptor binding assay. Each graph shows the results
of one of the three sublibraries. Each bar within a graph represents the percent inhibition of a given mixture. The mixtures are
represented by the same numbers used in Table 2. Mixtures having activity >80% inhibition (dotted line) were further tested in
a dose-response manner (see Table 3). The library was screened at 4 µg/mL; mixtures were incubated for 2.5 h at 25 °C, with 3
nM [3H]U69,593 in a total volume of 0.65 mL of guinea pig brain homogenate.
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Other small molecule mixture-based libraries in-
clude: (1) the synthesis of 4-thiazolidinones and 4-
metathiazanones derived from three-component con-
densation of an amino acid ester or a resin-bound amino
acid, an aldehyde, and an R-mercaptocarboxylic acid40

(the identification of cyclooxygenase-1 inhibitors from
4-thiazolidinone combinatorial libraries has recently
been reported by Look and co-workers41); (2) the syn-
thesis of hydantoin and thiohydantoin libraries through
isocyanate and thioisocyanate formation on the solid
support and intramolecular cyclization;42 (3) the syn-
thesis of amide-based small molecules using various

cyclic/acyclic amines, primary/secondary amines, and
different protected bifunctional amines as nucleophiles
to react with different anhydrides;43 (4) the synthesis
of phosphoramidate combinatorial libraries from oxida-
tion with primary and secondary amines to support-
bound aminodiol scaffolds;44 (5) the synthesis of dihy-
dropyridines, pyridines, and pyrido[2,3-d]pyrimidines;45

and (6) the synthesis of a library composed of 1 296
N-acylated dipeptides with the identification of inhibi-
tors of phosphomannose isomerase having low micro-
molar activity.46

In this laboratory, we have focused on the design and

Perspective Journal of Medicinal Chemistry, 1999, Vol. 42, No. 19 3751



Table 5. Mixture-Based Heterocyclic Combinatorial Libraries

3752 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 19 Perspective



synthesis of organic and heterocyclic synthetic combi-
natorial libraries (SCLs) using short resin-bound amino
acids and peptides as starting materials.13,25,47 Entirely
new chemical diversities are generated by the chemical
modification of existing libraries (“libraries from librar-

ies” approach14). Thus, existing resin-bound peptide
libraries have been successfully modified by per-N-
alkylation47-49 and/or exhaustive reduction25-28 of the
amide bonds (Figure 2). Linear peptide SCLs have also
been used as starting materials for the generation of
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small heterocyclic SCLs such as N-alkylamino cyclic
urea and thiourea SCLs,50 diazepine SCLs,51 bicyclic
guanidines,25 imidazol-pyrido-indoles,52 and hydantoins
and thiohydantoins.53

For example, we have developed a straightforward
synthetic route to the solid-phase synthesis of hydantoin
and thiohydantoin SCLs from resin-bound dipeptide
SCLs. This involves the reaction of the N-terminal
amino group of a resin-bound dipeptide with phosgene
or thiophosgene, leading to the formation of the inter-
mediate isocyanate or isothiocyanate, which undergoes
an intramolecular cyclization to form the five-member
ring hydantoin or thiohydantoin (Scheme 5). To increase

the number and range of available compounds, we first
selectively alkylated the resin-bound amide. Following
formation of the hydantoins, a second alkylation was
carried out to generate a dialkylated hydantoin library.
Using 54 amino acids for the first site of diversity, 60
amino acids for the second site of diversity, and 4
different alkylating agents, a library of 38 880 com-
pounds (54 × 60 × 3 × 4) was synthesized (Scheme 6).
This positional scanning library was examined in a
σ-specific receptor binding assay using [3H]pentazocine
as the σ receptor radioligand. Two of the individual
dialkylated hydantoins identified following deconvolu-
tion of this library had IC50 values of 50-60 nM.13

Scheme 2

Scheme 3

Scheme 4
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In another example, a library of 46 750 imidazol-
pyrido-indoles was generated by cyclodehydration under
Bischler-Napieralski conditions of resin-bound N-acy-

lated dipeptide amides having tryptophan as the C-
terminal amino acid. Starting from methylbenz-
hydrylamine resin, 22 tryptophan analogues were

Figure 2. Generation of dipeptidomimetic libraries through chemical modifications of an existing dipepeptide library.

Scheme 5

Scheme 6

Perspective Journal of Medicinal Chemistry, 1999, Vol. 42, No. 19 3755



coupled. Following deprotection, 25 additional amino
acids were coupled to generate a mixture of dipeptides.
Upon deprotection of these and N-acylation with 85
different carboxylic acids, dehydrative cyclization was
carried out by treatment with phosphorus oxychloride
in dioxane. A library of 46 750 individual imidazol-
pyrido-indoles was obtained in high yield and good
purity following HF cleavage (Scheme 7).52

The “libraries from libraries” approach has also been
successfully used for the generation of peralkylated
peptide and polyamine SCLs derived from existing
peptide SCLs. Thus, a wide range of N-methyl and
N-benzyl trisubstituted diethylenetriamines were gen-
erated from p-methylbenzhydrylamine resin-bound dipep-
tides.28 Following Boc deprotection, the initial amino
acid amine salt was neutralized and the resulting
primary amine protected using triphenylmethyl chlo-
ride. The resin-bound secondary amide was then selec-
tively alkylated in the presence of lithium tert-butoxide
and an N-alkylating reagent (methyl iodide or benzyl
bromide). Following addition of a second Fmoc-protected
amino acid, removal of the Fmoc group, and N-acylation
of the resin bound-dipeptide, the exhaustive reduction
of the amide bonds was achieved using borane in
tetrahydrofuran.25 The desired products were readily
obtained following cleavage of the resin-bound triamine
with anhydrous HF (Scheme 8). Such resin-bound
polyamines have also been used as starting materials
for the solid-phase synthesis of a range of heterocyclic
compounds, such as cyclic ureas and cyclic thioureas.50

Similar to the synthesis previously described for bicyclic
guanidines, a monoalkylated resin-bound N-acylated
dipeptide library was exhaustively reduced using borane
in THF, yielding a triamine SCL having two available
secondary amine functionalities. Treatment of this
resin-bound triamine SCL with carbonyldiimidazole or
thiocarbonyldiimidazole afforded the corresponding cy-
clic urea and cyclic thioureas in good yield and high
purity (Scheme 8). Following the initial synthesis of
individual control compounds and using 37 amino acids
for the first site of diversity, 40 amino acids for the
second site, and 80 carboxylic acids for the third site,
four separate PS-SCLs were generated from N-alkylated
dipeptide SCLs. Each separate PS-SCL was composed
of 118 400 (37 × 40 × 80) compounds containing either
a methyl or benzyl group on the C-terminal amide and
a urea or thiourea within the ring. These libraries were
assayed for their ability to inhibit C. albicans growth,
which is one of the most common opportunistic fungi
responsible for infections and is the fungal infection
most frequently associated with HIV-positive patients.
Greater activities were found for the N-benzylated
compounds relative to N-methylated compounds (MIC
values of the most active compounds varied from 8 to
64 µg/mL and from 64 to 125 µg/mL, respectively).54

Finally, a linear urea library has been prepared by
the reaction of a resin-bound amino acid with individual
isocyanates, affording the linear ureas in good yields.
The isocyanates were generated by slowly adding an
amine to a solution of triphosgene in anhydrous DCM

Scheme 7

Scheme 8
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in the presence of diisopropylethylamine (DIEA). Con-
densation of the resulting isocyanates with resin-bound
deprotected amino acids afforded the expected linear
ureas (Scheme 9). To increase the number of available
compounds, a selective N-alkylation was performed on
the resin-bound amino acid, following the individual
synthesis of control compounds as described earlier. A
library of 125 000 linear N,N′-disubstituted ureas was
prepared and has been tested for opioid activity in µ, δ,
and κ opioid and σ receptor binding assays. Following
deconvolution of the library, individual compounds with
1-10 nM affinities at the µ or σ receptors were found
(manuscript in preparation).

Active Compounds Identified from
Mixture-Based Libraries

Mixture-based SCLs have been successfully used in
a wide range of bioassays by a number of groups from
both pharmaceutical companies and academic institu-
tions. Novel enzyme inhibitors, agonists, and antago-
nists to specific receptors, antimicrobial, antifungal, and
antiviral compounds, and B- and T-cell epitopes have
been identified from such libraries. The libraries used
for these studies cover a large diversity of chemical
structure and size (i.e., from small organic molecules
to long peptide sequences). The library characteristics
(i.e., chemical class and total number of compounds
within the library and within a single mixture), the
deconvolution method, and the structure and activities
of the lead compounds are listed in Tables 6-10. The
tables are categorized by screening target. Within each
table, the libraries have been sorted by peptide length,
followed by peptidomimetics and finally acyclic and
heterocyclic molecules.

While the general utility of mixture-based combina-
torial libraries is still questioned by some in the
scientific community, more than 100 separate studies
in which active compounds have been identified from
mixture-based libraries of various classes have now been
reported. These studies have been carried out by nearly
50 separate research groups. A larger number of pub-
lications have come from academic groups than from the
pharmaceutical industry, and this may be due in part
to pharmaceutical companies being accustomed to tra-
ditional high-throughput assay systems which utilize
individual compounds.

As shown in Tables 6-10, the number of compounds
present within different mixture-based libraries tested
ranges from less than 10 to greater than 1014 individual
compounds, and the number of individual compounds
per mixture ranges from less than 10 to more than 2 ×
1010. It should be noted, however, that the ranges in
activity of the individual compounds identified from
these libraries are independent of the complexity and
chemical nature of the library tested. In contrast, the
ranges in activity of the final individual compounds that

have been identified so far from mixture-based libraries
appear to be target- and assay-dependent with picomo-
lar to nanomolar activity for antigenic determinants
specific to T-cells, nanomolar activity for receptor
ligands and antigenic determinants specific to B-cells,
nanomolar to micromolar activity for enzyme inhibitors,
and micromolar activity for antimicrobial and antifungal
compounds. This is most likely due to the nature of
ligand/target specificity, i.e., mechanisms of interactions
or actions of the ligands toward various target systems.
For example, a given receptor binding site often requires
a highly specific ligand conformation, and, therefore,
may require a high-affinity ligand to trigger activity.
In contrast, lysis of microorganisms may occur via a
number of different mechanisms, with cell-membrane
disruption being the main mechanism of the antimicro-
bial and antifungal compounds identified from combi-
natorial libraries.55 This lysis mechanism lacks high
specificity in compound sequence and structure but
requires common physicochemical characteristics to
disrupt the cell membrane, which may explain their
micromolar activity range.

Mixture-based libraries have been used in a number
of different biological assays, ranging from binding
assays to whole cell-based assays. The majority of
studies (33% of published reports in Tables 6-10)
involving mixture-based libraries have been reported for
receptor-ligand interactions (Table 6). Most of these
studies belong to the class of receptors known as seven-
transmembrane G-protein-linked coupled receptors, in
particular the neuropeptide receptors. These include the
opioid, melanocortin, bradykinin, endothelin, soma-
tostatin, and neurokinin receptors, among others. Li-
braries screened include peptide, peptidomimetic, and
heterocyclic organic compounds, which range in size
from 25 to >50 million compounds. Individual com-
pound activities range from 50 pM to 850 nM. It is of
interest that of the individual ligands identified and
further tested, 60% were found to be agonists and 40%
were found to be antagonists.

A number of reports have been presented on the
determination of B- and T-cell specificity using mixture-
based libraries made up of thousands to millions of
synthetic peptides (Table 7). The use of this approach
has led to: (a) the definition of high-affinity ligands for
both T-cells and antibodies, (b) alternative means for
identifying immunologically relevant peptides for use
as potential preventive and therapeutic vaccines, (c) new
appreciation of the requirements for T-cell receptor
interactions with peptide/MHC complexes in immuno-
genicity, and (d) new principles regarding the level of
cross-reactivity in immunological recognition.56

Approximately 15% of the published studies have
focused on the identification of enzyme inhibitors (Table
8). Enzyme specificity represents a broader range rela-
tive to receptor or antibody specificity, which may
explain why the activities range from nanomolar to
micromolar for the inhibitors that have been identified.
The activity found will likely depend on the target
enzyme rather than the library structure. For example,
nanomolar activities were found for both hexapeptides
and heterocyclic compounds.

In contrast to the above-mentioned targets, only four
groups reported the use of mixture-based libraries for

Scheme 9
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the identification of novel antimicrobial and/or antifun-
gal compounds (Table 9). This application is limited to
the use of non-support-bound combinatorial libraries,
which permit the screening of compounds free in solu-
tion in a cell suspension environment without interfer-
ence from a solid support. While most of the compounds
identified show broad-spectrum activity against various
strains of Gram-positive and Gram-negative bacteria
and fungi, N-permethylated hexapeptides were found
to act specifically on Gram-positive bacteria.14

Finally, Table 10 illustrates the use of mixture-based
libraries against a variety of other biological targets.
These include the identification of enzyme substrates,
inhibitors of hemolysis by melittin, compounds selected
based on permeability, and compounds selected for
tumor cell toxicity. The large number of successes
against a wide variety of assay targets in which highly
active compounds have been identified demonstrates the

great potential for identifying compounds with desired
properties from screening mixture-based libraries.

Synthesis of Mixture-Based Libraries
Typically, combinatorial libraries containing several

positions of diversity are synthesized by the consecutive
incorporation of multifunctional building blocks with
orthogonal protecting groups, using Merrifield’s concept
of solid-phase synthesis.3,4 In the case of the first
building block added, the solid-phase support serves as
a protecting group for one functionality following incor-
poration. Following deprotection of the orthogonal pro-
tecting group, subsequent building blocks are similarly
incorporated until all positions of diversity are added.
Since amide bond formation on the solid phase has been
optimized, it is used extensively in combinatorial syn-
thesis. Two synthetic approaches, involving either the
mixing of multiple resins [a process known as “divide-
couple-recombine” (DCR),57 “split-synthesis”,58 or “por-
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tioning-mixing”59] or the use of mixtures of incoming
reagents,60 are now widely used to incorporate multiple
building blocks at any position within a combinatorial
library. The following section discusses these two ap-
proaches, as well as the importance of optimizing new
chemical reaction schemes prior to library synthesis.

A. DCR Synthesis. Two important aspects of library
synthesis are the need to obtain an approximate equi-
molar representation of all individual compounds within
the library and the need to synthesize such libraries
with good reproducibility. Therefore, the various build-
ing blocks have to be incorporated into each of the
diversity positions in as close to equimolar ratios as
possible. The DCR process involves the incorporation
of each building block to separate, equal portions of the
resin followed by combining and mixing all resin por-
tions. The resin is divided again for the next building
block incorporation. This method allows the generation
of resin-bound one-bead-one-compound arrays, which
when cleaved yield approximately equimolar mixtures
of compounds. Due to the statistical distribution of
beads at each step, care must be taken in using the
appropriate amount of resin in the synthesis in order
to ensure appropriate statistical representation of all
compounds in the library.19,61 After assembly, the library
can either be cleaved from the resin for bioassays in
solution or left on the resin for solid-phase assays.

The main limitation of the DCR method is inherent
in the physical nature of mixing resins. Once a position
of diversity is defined in a particular reaction scheme,
the work required to incorporate further mixture posi-
tions increases proportionally to the number of func-
tionalities at the defined position, since each resin must
be kept separate from the other resins during any
subsequent steps. Therefore, for practical purposes, once

a position of diversity is defined with individual building
blocks, no additional mixture positions can be readily
incorporated.

B. “Reagent Mixture” Method. The “reagent mix-
ture” method, on the other hand, allows mixtures to be
incorporated into the molecule anywhere within the
reaction scheme. The “reagent mixture” method for the
generation of mixtures of compounds uses a predefined
ratio of reagents in excess to achieve approximately
equimolar incorporation of each reagent at a position
of diversity.60-63 Reaction of incoming building blocks
in molar excess over amino groups is typically used in
solid-phase synthesis, due to the differences in reaction
rates of the various building blocks. When preparing
mixture-based libraries, the use of a mixture of incoming
building blocks can lead to nonequimolar incorporation,
resulting in an unequal distribution of individual com-
pounds within the library. The use of reagent mixtures,
therefore, requires a thorough knowledge of the mech-
anism and kinetics involved in the specific reactions
being carried out. This method offers the advantage that
once the conditions have been established, a mixture of
reagents can be readily incorporated at any diversity
position.

Two different strategies to achieve equimolar incor-
poration of building blocks are used. In the first, a large
excess of incoming reagents is used such that pseudo-
first-order reaction kinetics are observed and the ratio
of building blocks within the coupling mixture is ad-
justed according to their different coupling rates, i.e.,
the higher the coupling rate of a particular building
block, the lower the concentration of that building block
in the mixture.60,64 It is important that the relative
reaction rates of the incoming reagents are approxi-
mately equal and relatively independent of the resin-

Perspective Journal of Medicinal Chemistry, 1999, Vol. 42, No. 19 3761



bound reagents (e.g., similar nucleophilicity, no signifi-
cant steric hindrance). These ratios are established by
adjusting the relative concentration of each building
block according to its incorporation ratio after coupling

of an equimolar building block mixture, as determined
by HPLC. We have found that this concept applies
equally well to mixtures of incoming reagents such as
aldehydes, carboxylic acids, etc., as for amino acids. The
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reagent mixture method has also been applied to the
synthesis of heterocyclic compounds, including cyclic
urea, cyclic thiourea,50 and bicyclic guanidine libraries.25

The second strategy uses double couplings of equi-
molar building block mixtures in an approximate equi-
molar ratio to resin-bound functional groups,65,66 thus
preventing some building blocks from being incorpo-
rated in greater amounts than others. A potential
problem associated with this strategy is the fact that
the coupling is a second-order reaction, whose rate is
influenced by both incoming and accepting pairs. Con-
sequently, when a mixture of building blocks is coupled
to a resin-bound mixture using this method, some
combinations of incoming and accepting building blocks
are likely to be formed at variable ratios, although the
apparent overall incorporation of building blocks is close
to equimolar at both positions.

C. Chemistry Optimization. When developing a
mixture-based synthetic combinatorial library, many
factors must be considered. Once the reaction scheme

is established, the reaction conditions need to be opti-
mized for widest possible breadth of diversity and
reproducibility. This generally means that the synthetic
scheme should be tested under a variety of reaction
conditions using control compounds derived from the
most reactive and least reactive building blocks. Opti-
mal conditions are those that yield acceptable products
using the largest number of building blocks. In our
efforts, we have defined acceptable products as those
having the correct molecular weight and appearing as
a single major peak in RP-HPLC with greater than 80%
yield and purity. A recent paper by our group28 details
the synthesis and analysis of the control compounds
used in the development of N-alkylated triamines
obtained by the selective N-alkylation and exhaustive
reduction of N-acylated dipeptides. After general reac-
tion conditions have been determined, NMR should be
used for structure determination of the controls syn-
thesized. Once confidence in structural assignment is
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obtained, LC-MS can be used for analyzing large
numbers of compounds.

Methods for determining yields and purity are also
factors. We generally measure purities by UV absor-
bance at 215 nm during RP-HPLC analysis. Depending
on the chromophores present, wide variability in molar
absorbance can be obtained. Purities can also be deter-
mined through the measurement of total ion current
during RP-HPLC with mass spectral detection. How-
ever, we have found that ionization within a single class
of compounds can vary widely. An alternative approach

is to use light scattering detection. Again, different
compounds within the class can yield different results.
Thus, the analysis used should be based on the particu-
lar structures being synthesized.

During the development of general reaction condi-
tions, it is also important to synthesize a series of
controls several times to test for synthetic reproduc-
ibility. This is especially important for reactions carried
out under inert conditions or those with moisture-
sensitive reagents. Care should also be taken during
scale-up of the reaction. Although initial experiments
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may be performed on the milligram to gram of resin
scale, the library synthesis may involve up to 100 g of
resin.

The breadth of the synthetic approach should also be
determined. Every proposed building block should be
tested in the synthesis of a control before inclusion in a
library. In this laboratory, once general reaction condi-
tions have been determined, we vary a parent compound
with each of the individual proposed building blocks (as
described above in the synthesis section of the bicyclic
guanidine library). The structure of the parent com-
pound is chosen such that the building blocks used are
of average reactivity and yield a clean product of
sufficient purity. The effect of an individual building
block on the reaction can then be seen. It is possible
that some adverse interactions between individual
building blocks can be missed with this approach.
Controls to check for this type of interaction are included
during the development of the general conditions.

Once the appropriate building blocks for a particular
library are chosen, a set of control compounds incorpo-
rating the chosen building blocks should always be
synthesized concurrently with the mixture-based library
as controls for completeness of the reactions and for
reproducibility. When a library is being synthesized as
mixtures, the use of these controls is extremely impor-
tant. Individual control compounds should also be
included and cleaved at all intermediate stages of the
library synthesis to test for reaction completion.

Following synthesis, mass spectral analysis of mix-
tures within the library is used to confirm that the
expected range of masses is present. The individual
control compounds synthesized both during the develop-
ment and synthesis of the library can then be used in
conjunction with the mixture-based library to provide
an abundant amount of SAR data on the particular class
of molecules.

Deconvolution Strategies of Mixture-Based
Libraries

Deconvolution procedures are an essential element in
the identification of active individual compounds from
mixture-based libraries. A number of deconvolution
approaches have been presented, the most commonly
used being iterative,57,62 positional scanning,63 and the
sequencing of resin-bound peptides or tags from one-
bead-one-compound libraries.21,24,58 While straight-
forward, the iterative approach is an inherently time-
consuming deconvolution method due to the repetitive
rounds of synthesis and testing, requiring the same
number of syntheses as the original number of nonde-
fined diversity positions in the library. Other deconvo-
lution methods include orthogonal pooling,67 subtractive
pooling,68-70 bogus coin pooling,71,72 indexed pooling,73

libraries of libraries,74 affinity separation,75-77 and mass
spectrometry78 based strategies. The theoretical and
comparative evaluations of these methods have been
reported.70,79,80

A. Iterative Method. An iterative synthetic combi-
natorial library consists of a single set of mixtures,
typically having one or two positions defined. Following
the screening of this initial set of mixtures, the iterative
process is carried out by selecting the most active
mixture and fixing the defined position with the corre-

sponding functionality associated with this mixture.
Subsequent mixture positions are then sequentially
defined in a similar manner until a final set of indi-
vidual compounds is obtained and tested.

The concept of iterative deconvolution is illustrated
in Figure 3 with a library having three diversity
positions (OXX). Three different building blocks are
incorporated into each diversity position, resulting in a
total of 27 (33) compounds. Such a small number of
compounds could obviously be generated as a single
compound array and is only used here to illustrate the
deconvolution concept. The defined or “O” position
represents one of three functionalities (Me, Et, Bzl),
while the remaining two positions (X) are mixtures of
three functionalities (F, Cl, Br and NH2, OH, SH,
respectively). Thus, the library is composed of three
mixtures, and each mixture contains nine compounds
(32). For this example, let us assume that only one
compound is recognized by a given receptor, with all of
the other compounds being inactive. In this illustration,
let us define this single active compound as having an
ethyl at the first position, a fluorine at the second
position, and a thiol functionality at the third position
(represented as Et/F/SH). When the library (OXX) is
screened, only mixture 2 defined by the “Et” functional-
ity would therefore show any activity because it is the
only mixture containing Et/F/SH. We have set this
example so that no other compounds are active. This
mixture would therefore be selected, and a new set of
three mixtures (iteration 1) would then be synthesized,
each composed of a mixture of three compounds now
having defined functionalities in the first two positions
(Et and F or Cl or Br). Since we have defined here that
only Et/F/SH is active, then only the “F” mixture would
be active at the second position, and the most active
mixture identified would then be mixture 1 (Et/F/X). A
second and final iterative synthesis and screening step
would be required to identify the active individual
compound, “Et/F/SH”. The majority of iterative libraries
reported to date require two to four iterative steps prior
to the identification of final individual compounds.

B. Methods Related to Iterative Deconvolution.
A variation of the iterative approach has been presented
and is referred to as subtractive pooling.69 This approach
involves the synthesis of mixtures using all building
blocks, minus a defined group of building blocks at all
of the diversity positions. Loss in activity indicates the
importance of one or several of the missing building
blocks. On the basis of the screening results, one can
identify potential key building blocks (i.e., those building
blocks contained in the missing groups defining the
active mixtures) and generate a smaller subtractive
library by separating those building blocks into smaller
groups. This step is repeated until a small number of
potential key building blocks are identified. While this
method allows the nature of important functionalities
to be determined, the position of those building blocks
within the molecule remains undetermined. The final
step is the synthesis of all possible combinations of these
building blocks at all positions. This method may
become labor-intensive if several mixtures show similar
loss in activity.

The “bogus coin” strategy is also a variant of the
iterative process; it involves the synthesis of a library
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in a single mixture and the preparation of additional
mixtures made up using a different ratio of the building
blocks.71,72 Variations in activity relative to the initial
single mixture can then be used to indicate which group
of building blocks is responsible for the activities found.
For example, if a mixture is generated that has twice
the proportion of defined groups at a given position and
is found to show higher activity, it indicates that this
group is responsible for the activity seen in the original
library. In a second step, the key groups are divided into
smaller subgroups, and mixtures having varying pro-
portions of these subgroups are generated and screened
to narrow down the possible building blocks responsible
for activity. This step is repeated until an individual
active compound is identified. Unless highly specific, an
increase in proportion of an important group of func-
tionalities is not likely to result in a proportional
increase in activity relative to the original single-
mixture library. This is due to the occurrence of less
active, but still significantly detectable, compounds in
the original single-mixture library, which reduces the
potential success of this deconvolution method.70

C. Positional Scanning. Positional scanning syn-
thetic combinatorial libraries (PS-SCLs) are composed
of one sublibrary for each variable position.63 In the case
of single-position-defined PS-SCLs, each compound
present in a given mixture has a common individual
building block at a given position, while the remaining
positions are composed of mixtures of all of the building
blocks used to prepare the library; a common single
building block defines each relevant mixture. The sub-
libraries for each position represent the same collection
of individual compounds, and they differ only by the

location of the defined position. The screening data
permit the identification of key functionalities at each
diversity position. It is important to note, however, that
the activity found for a mixture is due to the presence
of specific active compound(s) within the mixture, and
not the individual functionalities as separate indepen-
dent entities. The combination of all positional func-
tional groups identified as key elements leads to active
individual compound(s).

As an illustration of the PS-SCL concept, the same
trifunctional combinatorial library used above to de-
scribe the iterative deconvolution will be used. When
this same diversity of compounds is arranged as a PS-
SCL (Figure 4), nine separate mixtures (3 building
blocks × 3 positions) are synthesized. It is important to
note that each of the three sublibraries of mixtures,
namely OXX, XOX, and XXO, contains the same com-
pounds, and they differ only in the location of their
defined functionalities. This illustration assumes that
only one compound (Et/F/SH) is active, with all of the
other compounds being inactive. Since each sublibrary
contains the same diversity of compounds, “Et/F/SH” is
present in only one mixture in each of the three
sublibraries. The only mixtures exhibiting activity will
therefore be mixture 2 (Et/X/X) from sublibrary 1,
mixture 4 (X/F/X) from sublibrary 2, and mixture 9 (X/
X/SH) from sublibrary 3, since only these mixtures
contain the active individual compound “Et/F/SH”.
Following screening, one need synthesize only this one
compound corresponding to the combination of these
three building blocks in their respective positions to
yield “Et/F/SH”. Testing of “Et/F/SH” in the assay of
interest not only confirms that the selections made

Figure 3. Illustration of an iterative trifunctional combinatorial library. The library is composed of three mixtures having one
position defined with three different building blocks. The individual compounds that make up each mixture are shown below.
Two rounds of screening and synthesis are required to identify individual compounds. See text for more details.
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actually lead to the active compound but also allows the
determination of its biological activity. As stated above,
the activity observed for each of the three mixtures (Et/
X/X, X/F/X, and X/X/SH) is due to the presence of a
single active compound “Et/F/SH” within each of these
mixtures and is not independently due to the individual
building blocks Et, F, and SH that occupy the relevant
defined positions.

In more complex libraries, more than one mixture is
often found to exhibit significant activity at each posi-
tion. In the process of selecting building blocks for the
synthesis of individual compounds, one first selects
based on relative activity and then on differences in the
chemical character of the building block. While posi-
tional scanning deconvolution is usually highly pre-
ferred over iterative deconvolution due to the speed in
which individual compounds can be identified, iterative
deconvolution may also be performed from any of the
sublibraries making up a positional scanning library.
An iterative deconvolution can therefore be initiated at
any of the diversity positions of a positional scanning
library and typically would be initiated with the most
active mixture.

While the preceding description illustrates the single
defined PS-SCL, the same concept has been applied to
libraries having more than one defined position. For
example, a dual-defined hexapeptide PS-SCL composed
of three sublibraries, each composed of 400 mixtures

(OOXXXX, XXOOXX, XXXXOO), was successfully gen-
erated and screened by this laboratory for the identifi-
cation of novel peptides having high affinity for the
nociceptin/orphanin FQ receptor, ORL1,81 as well as for
exploring antibody polyspecificity.82 Another example
of dual-defined positional scanning libraries, termed a
Spatially Arrayed Mixture library, has been reported
by Berk and Chapman.83 This library was composed of
two sublibraries of over 9 000 peptoids and was vali-
dated by the identification of an R1-adrenergic receptor
agonist, known to be present within the library.

D. Methods Related to Positional Scanning De-
convolution. The indexed pooling strategy involves the
generation of a positional scanning library and the
screening of pools of mixtures in a matrix format, having
one sublibrary screened in rows and the other sublibrary
in columns.73 Each cell of the matrix represents a
defined building block from each of the two sublibraries,
which upon screening allows the direct determination
of the key building blocks responsible for an activity of
interest. Acetylcholinesterase inhibitors were success-
fully identified from an indexed library of 64 carbamates
grouped into 15 mixtures.73

A hybrid of the one-bead-one-compound and posi-
tional scanning library formats is presented by an
approach termed “library of libraries”74 directed toward
the identification of pharmacophore motifs (i.e., struc-
tural motifs necessary for the bioactivity of interest),

Figure 4. Illustration of a trifunctional positional scanning combinatorial library. The library is composed of nine mixtures,
which are grouped into three sublibraries for each of the three diversity positions. Each sublibrary contains three mixtures having
one position defined with three different building blocks. The individual compounds that make up each mixture are shown below.
Each sublibrary contains the same total compounds but differs only in the location of the defined position, i.e., the grouping of
those compounds. Following the library screening, the most active mixture(s) is selected from each sublibrary (boxed mixtures),
and the individual compound(s) having the combination of the functionality defining those mixtures is synthesized. The individual
compound responsible for the activity seen in the three active mixtures is boxed (this compound is the same in the three
sublibraries). The resulting individual compounds are tested to determine their final activities. See text for more details.
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rather than the complete structures of individual active
compounds. This library format enables the identifica-
tion of specific (nonreplaceable) positions in a compound
having bioactivity of interest versus nonspecific posi-
tions, which can be replaced by a variety of different
building blocks without loss in activity.

A deletion deconvolution approach that uses a concept
similar to the positional scanning approach was re-
ported for the identification of active heterodimeric
structures.84 In contrast to PS-SCLs, in which all
compounds present within a mixture have a common
building block at a given position, each mixture of a
deletion library is prepared using all building blocks
minus a defined building block at a given position. The
activities of such mixtures are compared to a control
mixture containing all of the compounds making up the
library. A loss in activity observed for a specific mixture
indicates that the building block omitted to build this
particular mixture is a key element for the activity of
interest. Combinations of these building blocks should
lead to active individual compounds. While similar
results are obtained when deconvoluting homooligomers
using the positional scanning or deletion approaches,
the deletion approach facilitates the identification of
heterooligomers, where different building blocks are
necessary at a given position for activity to occur.
However, the number of individual compounds per
mixture is greater in a deletion library than in the same
diversity formatted in a PS-SCL.

E. Orthogonal Deconvolution Strategies. Two-
dimensional orthogonal libraries have been reported by
Déprez et al.67 These libraries consist of two separate
sublibraries, which represent the same set of compounds
in different arrangements, so that each mixture of a
sublibrary has a single compound in common with any
mixture of the other sublibrary. Both sublibraries (A
and B) of the reported two-dimensional orthogonal
library were composed of separate compound mixtures,
generated by coupling three separate groups of five
building blocks. The building blocks were grouped
differently in each sublibrary, such that each group in
sublibrary A had one, and only one, building block in
common with each group in sublibrary B. Thus, each of
the two sublibraries was composed of 125 (53) separate
tripeptide mixtures, and each mixture contained 125
tripeptides, for a total of 15 625 (253) individual tri-
peptides in the library. After determining the most
active mixtures in both sublibraries for a given assay,
individual active compounds are identified by decipher-
ing the compounds common to the active mixtures in
sublibraries A and B. If more than one mixture is active
in each sublibrary, individual compounds representing
the common compounds of different mixture pairs from
both sublibraries must be synthesized and tested in
order to identify the most active individual compounds.

F. Deconvolution by Analytical Techniques. A
number of analytical techniques have been used to
identify active compounds from mixtures. For example,
online pulsed ultrafiltration and electrospray mass
spectrometry78 have been developed to rapidly identify
solution-phase ligands that bind with moderate or high
affinity to solution-phase receptors. Using this tech-
nique, ligand-receptor complexes in solution following
ultrafiltration can be determined by electrospray mass

spectrometry. Similar deconvolution approaches involve
the separation of ligand-receptor complex from un-
bound compounds by size exclusion chromatography
followed by identification of bound ligand by electro-
spray mass spectrometry75,76 or successive fractionations
by HPLC followed by mass spectrometry analysis of the
library and active fractions.77 These different analytical-
based deconvolution approaches to date have been used
only for relatively small libraries (i.e., containing up to
4 000 individual compounds).

Library Screening Conditions and
Requirements

The screening of mixtures is not a new concept. In
vivo and in vitro biochemical interactions, such as
receptor-ligand interactions, routinely occur in a vast
milieu of other compounds (e.g., proteins, salts, cofac-
tors, amino acids). Furthermore, natural product ex-
tracts and bacterial broths are screened as diversity
sources that are naturally composed of complex mix-
tures of compounds. Many of the existing approved
therapeutics are directly identified from natural product
mixtures or are derived from these compounds. Com-
pared to natural product extracts or bacterial broths,
mixture-based SCLs have a number of clear inherent
advantages: (1) the concentration of individual com-
pounds within the libraries is approximately equal; (2)
the structures of the compounds making up the libraries
are known; and (3) no synthetic hurdles have to be
overcome once an active individual compound has been
identified.

A. Assay Optimization. While often overlooked as
a factor in screening combinatorial libraries, a thorough
knowledge of the assay parameters, such as signal-to-
background ratio, variability, and sensitivity, is es-
sential for the successful use of mixture-based libraries.
These parameters are inherent to every assay and are
not influenced by the samples being screened (mixtures
or individual compounds). The main objective in opti-
mizing an assay for the screening of mixture-based
libraries is to obtain the highest and most reproducible
signal-to-background ratio possible. For inhibition as-
says, the signal of the reagent to be inhibited should be
as high as possible, while the background should be as
low as possible. Table 11 illustrates the signal ranges
of various assays in which mixture-based libraries have
been used. Signal-to-background ratios of 5 or higher
have proven to allow clear identification of active
compounds from mixture-based libraries. When screen-
ing mixture-based libraries, it is critical that the assay
variability (i.e., noise of the signals) is known. Positive
and negative control compounds facilitate the evaluation
of the variability of an assay. Both intra- and intervari-
ability of an assay should be determined prior to
screening any library. Such information is critical for
the design of the screening program to determine the
number of experiments and replicates required, as well
as for the interpretation of the results. It is, unfortu-
nately, too often neglected.

B. Screening Conditions. The initial concentration
used to screen a library varies from assay to assay (see
Table 11). While many assays can tolerate high con-
centrations of compounds (1-10 mg/mL of compound
or mixture), a number of cell-based assays are sensitive
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to high concentrations of compounds, whether in indi-
vidual or mixture formats. In such cell-based assays,
the screening of mixtures typically starts at 0.1-0.5 mg/
mL. Since many nonpeptide libraries are not highly
water-soluble, solubility can often be enhanced by the
presence of 1-10% DMF or DMSO or other cosolvent
in order to achieve these concentrations. When stored
in 100% organic solvent, it is necessary to aliquot
mixture-based libraries at the highest concentration
possible (∼10 mg/mL), since many assays are sensitive
to more than 1% organic solvent. This ensures that
individual compounds within each mixture are present
at a detectable concentration without having excess
solvent affecting the assay. Another interesting feature
of mixture-based libraries that we have found is the
“self-solubilizing” nature of the related compounds
making up the mixtures.

C. Data Handling. Analysis of screening data from
mixture-based libraries is not fundamentally different
from the analysis required using individual compounds.
Discrimination among active and inactive mixtures is
not dependent on the number of compounds per mix-
ture, but rather it is dependent on the activity of the
individual compound or compounds within the mixture.
The large quantity of generated data points is more
easily handled with a computer spreadsheet. To ensure
the selection of active versus non- or less-active mix-
tures, one must first confirm the screening results by
replicating the assay. Screening of replicates enables
simple averages, within and between assays, and stan-
dard deviations to be determined, which in most cases
is sufficient to differentiate among active mixtures or
compounds. To compare replicate assays, it is conve-
nient to normalize the activity of the mixtures. In
competitive assays, for example, the data can be nor-
malized and expressed as percent inhibition using both
the background and total binding measurements. In
noncompetitive assays or in those cases where the
variability between assays is high, the activities of the
mixtures can be ranked within each assay and the order
between assays compared.

To further differentiate between mixtures having
similar activities, serial-dilution experiments should be
carried out to determine dose-response curves. This is
also necessary when the distinction between active and
inactive mixtures is difficult to establish at a particular
concentration. The inhibitory activities of the mixtures

can then be expressed as the concentration that inhibits
50% of the activity of interest (IC50 values).

When the activity of the most active mixtures at the
screening concentration is less than 50% and assay
parameters prevent the use of a higher concentration,
a useful strategy is to compare the activity of a given
mixture relative to the average mixture activity within
the same sublibrary. The use of the average activity of
all mixtures in a library is also valuable when dose-
response information is required for different mixtures.

Although statistical analysis is not always necessary,
it can be useful as a more rigorous strategy for evalu-
ation of the significance of the relative activities ob-
served (e.g., analysis of variance, ANOVA, with a Tukey
or Dunnett post test). ANOVA determines if the screen-
ing results have significant differences, while a Tukey
post test compares each single mixture to each of the
others using a fixed confidence interval. Dunnett’s post
test may also be used to compare each mixture’s activity
to the activity of a control set (usually multiple repli-
cates of a negative control). These statistical tests are
valid only if an adequate number of replicates have been
performed (i.e., >4 within and between combined as-
says). One example of such use of statistical analysis
for mixture screening has been reported for the identi-
fication of antifungal compounds from a bicyclic guani-
dine library.29 In this study, ANOVA analysis combined
with Tukey post test confirmed the significance of a
2-fold difference in activity between the most active
mixtures and the rest.

D. Deconvolution and Building Block Selection.
The successive steps and decision junctures involved in
the screening and deconvolution of mixture-based li-
braries are outlined as a flowchart in Figure 5. After
screening a library in a given assay, there are three
possible outcomes: (1) none of the mixtures are active,
(2) all of the mixtures are active, or (3) some of the
mixtures are active. If no activity is observed (i.e., all
mixtures exhibit <10% inhibition), the library should
be rescreened at a higher concentration if possible, or a
different library should be tested. Not all libraries will
contain active compounds in a particular assay system.
If all mixtures are found to exhibit activity (>80% of
mixtures having >50% activity), the library should be
rescreened at a lower concentration. When a small
number of mixtures (<20% of the library) are found to
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exhibit activity, IC50 values should be determined for
those mixtures (see data handling section above).

The number of individual compounds, or alternatively
smaller intermediate mixtures, to be synthesized fol-
lowing the screening of a given library is based on
several factors: (1) the library format, (2) the statistical
significance of the activities, (3) the chemical nature of
the defined functionalities of the active mixtures, and
(4) the resources available for the given project. Often
mixtures defined at a given position with functionalities
of similar chemical character will have similar activities.
This may indicate that a number of related analogues
of the same compound are responsible for the observed
activity. To reduce the number of final compounds
needed to be synthesized, similar functionalities can
often be excluded from the original selection. One can

at a later stage iterate other mixtures, or for positional
scanning libraries, synthesize analogues of the most
active individual compounds containing functionalities
that were originally excluded.

If iterative deconvolution is used, then the selection
of mixtures should be kept to a minimum since separate
syntheses will be required for each mixture chosen.
However, more than one mixture should be chosen, so
that the activities in the next iterative step can be
compared. The active parent mixture should always be
resynthesized along with its subsequent iteration to
serve as an internal synthetic control. There is typically
a significant improvement in activity found upon defin-
ing each additional position. This is due to a combina-
tion of the reduction in the number of compounds in the
new mixture (iterations are typically tested at lower

Figure 5. Flowchart of the steps taken when screening a mixture-based library to identify individual compounds. See text for
more details.
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concentrations than their parent mixtures) and the
importance of the defined building block(s) on the
activity of the individual compounds present in the
active mixture. If only a single building block at a
particular position is acceptable in a given active
compound, then only a single mixture in an iteration
will be significantly more active than the parent mix-
ture. If all building blocks can be accommodated in the
active compound at that position, the position is redun-
dant and little or no increase in activity will be found
for the iteration when compared to its parent mixture.
This does not mean that further improvement will not
be found for subsequent iterative steps. Iterating more
than one mixture offers more assurance of finding active
compounds in such cases. Table 12 illustrates the
improvement found following the deconvolution pro-
cesses in various assay systems.

To identify the most active individual compounds from
a PS-SCL, individual compounds corresponding to the
combination of the building blocks defining the most
active mixtures at each position are synthesized and
tested. For practical purposes, the number of the build-
ing blocks selected to prepare individual compounds is
minimized whenever possible as the number of com-
pounds to be made rises exponentially with the number
of diversity positions. Since PS-SCLs are composed of
separate sublibraries, in which each sublibrary contains
the same compounds but differs only in its defined
positions, each sublibrary can be considered to yield
results independent of the others. This enables each
sublibrary to be independently screened and pursued
using an iterative synthesis and selection process if
desired.

Advantages of Mixture-Based Libraries
There is an ongoing debate on the relative merits of

the preparation and screening of libraries as individual
compound arrays or as mixtures.85,86 The central issue
is the balance between the time and cost of synthesis,
analysis, storage, and screening of these libraries, in
addition to the chances of identifying or missing active
compounds. Starting with the assumption that the same
number of compounds will be tested, we believe that the
two approaches that will prove the most pragmatic in
the long-term are the robotic synthesis of very large

individual compound arrays and the synthesis of mix-
tures deconvoluted using the positional scanning ap-
proach. Robotically prepared individual compound ar-
rays and classical high-throughput screening systems
have the advantage of providing more complete infor-
mation since all the compounds in a given class are
individually examined. On the other hand, while not
providing complete information on every individual
compound present within the library, mixture-based
libraries combined with positional scanning deconvolu-
tion have the advantage of greatly decreasing the
economics and time constraints of compound array
systems. Screening of millions of compounds can be
accomplished even in assays that are not formatted for
conventional high-throughput.

Table 13 illustrates a comparison of the effort needed
to prepare and screen a library of 27 000 compounds
using 30 different building blocks on a pharmacophore
having 3 diversity positions (30 × 30 × 30 ) 27 000,
which is 3 orders of magnitude greater than the simple
illustration shown in Figure 3). A parallel array format
of this library would require the preparation, analysis,
screening, and storage of 27 000 individual compounds.
Alternatively, the same 27 000 compounds prepared as
mixtures in either an iterative or a positional scanning
format would require the preparation of 30 or 90
mixtures, respectively. A substantial cost reduction in
using libraries formatted as mixtures is also found in
decreased amounts of assay reagents and materials
required for screening. As illustrated in Table 13, the
number of 96-well microtiter plates that are required
for testing this library as mixtures is much lower than
testing as individual compounds. As can be seen, even
with the additional deconvolution steps required, an
exceptional time and labor savings is achieved with
mixture-based libraries.

Frequently Asked Questions About Screening
Mixture-Based Libraries

When first introduced to the concept of screening
mixtures, many researchers appear to be confounded
by the numbers of compounds involved, and many of
the same questions arise. Brief answers to a number of
the most frequently asked questions are given below.

Why do mixtures work? Virtually all biological
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interactions occur in a milieu of other compounds. The
following simple example may help explain why indi-
vidual compounds can be readily identified from mix-
tures of compounds. Envision a mixture of 100 different
compounds, one of which is recognized by a given target
and the other 99 compounds are completely inactive.
This mixture can then be considered a simple 100-fold
dilution of this particular active compound (i.e., 100 µg/
mL of mixture will have the same activity at the target
as 1 µg/mL of the individual compound). This is an
essential principle behind the concept of using mixtures
as a screening tool. The signal and discrimination
between active and inactive mixtures are dependent on
the activity of the individual compound(s) within the
mixture.

How can one detect activity in mixtures when
the individual compound concentrations are so
low? Most mixture-based libraries are made up of
compounds of similar structures and chemical charac-
teristics. Thus, a number of analogous compounds
within a mixture are typically responsible for the
observed activity of the mixture. Analogues having
activity within the mixture can be expected to increase
the “effective” molar concentration of that particular
mixture. Even extremely large mixtures such as those
making up a decapeptide PS-SCL (200 mixtures, each
mixture containing 2 × 1011 individual decapeptides)
have been successfully deconvoluted for a peptide-
antibody interaction87 and for the identification of novel
T-cell ligands.88 Furthermore, from the same library in
conjunction with a κ-specific opiate receptor binding
assay, two decamers were identified (Ac-YRTRYRYRRR-
NH2, IC50 ) 28 nM; Ac-RGWFHYKPKR-NH2, IC50 )
30 nM). It would be unlikely that a single active
compound within such a large mixture would be identi-
fied.

How can one be sure that the most active
compound in the library has been identified?
Other than physically making all of the individual
compounds that make up the library and testing them
individually, one can never be certain to have identified
the single most active compound. Many case studies
have shown that not only is it possible to identify the
expected known ligands from mixture-based libraries,
but also new compounds have been identified having
greater or similar activities to these known compounds.

How does one distinguish between mixtures
having many low-affinity compounds and those

containing a few high-affinity compounds? Dif-
ferentiation between mixtures having low-affinity com-
pounds and those containing high-affinity compounds
becomes apparent upon deconvolution. Although with
experience one comes to recognize the warning signs for
one’s particular assay (e.g., when it is found that all
mixtures have similar activities), each library screening
should be treated on a case-to-case basis. In the end,
only the individual compounds prepared from the
mixture-based screening data can truly answer this
question.

Will antagonists present in a given mixture
cancel out other compounds having agonist activ-
ity? In functional cell-based assays, an antagonist
would have to be present in a specific excess over an
agonist to yield a “null” response. While the occurrence
of a cancellation of activity response is unlikely, it
should be considered when performing such assays.
When using radioreceptor binding assays, one cannot
distinguish between agonists and antagonists present
within the same mixture, and both have been identified
in these assays. However, functional assays have been
used to selectively detect agonists or antagonists (i.e.,
competition with a control agonist/antagonist).

Is synergy a problem when deconvoluting mix-
tures? While anticipated, we have never observed
synergy within mixtures. Synergism should result in a
loss of activity when going from a complex to a less
complex mixture or to individual compounds; such
activity would be restored upon mixing all components
in question. Any loss of activity reported thus far
appears to have been due to a lack of reproducibility in
synthetic procedures or errors made during the synthe-
sis. In no reported cases has mixing all of the inactive
components resulted in an active mixture. Synergism
would be harder to identify in positional scanning
libraries.

Is it better to screen the widest diversity pos-
sible or a small, directed diversity? The answer to
this question is dependent on prior knowledge of the
target and its assay. If little is known about the target,
then a larger diversity is recommended. If prior infor-
mation is available, then a more directed approach
would be preferable. It has been argued that a very
restricted number of building blocks having desired
chemical characteristics, such as those selected based
on computer modeling, should be sufficient to represent
the whole spatial array of a class of building blocks.
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However, our studies and others have shown that
chemical dissimilarity should not be the only criterion
for building block selection, since slight variations can
often result in dramatic effects on a biological activity
of interest.

Is it better to screen individual compound ar-
rays or small mixtures rather than large mix-
tures? The decision to screen large versus small mix-
tures is based on individual circumstances. Obviously,
if one’s synthetic, analytical, storage, and assay capa-
bilities permit all desired individual compounds to be
prepared and tested, then this will result in the clearest
most complete data acquisition. If one wants to screen
mixtures of chemically unrelated compounds, it would
seem preferable to keep the number of compounds per
mixture to under 100. Not only are small mixtures
easier to assemble, but where structures are unrelated,
the increase in effective concentration as a result of
more than one active compound present in the mixture
may not be observed. Thus, individual hits may be
missed in larger mixtures. If one synthesizes individual
compounds and then combines them as mixtures for
screening (e.g., when high-throughput is available for
synthesis but the assay of interest is not amenable to
large numbers of compounds), it is obviously easier to
assemble small mixtures of 10-100 compounds each.
In this case, mixtures can be used to shorten the
screening process. A point-counterpoint discussion on
screening mixtures versus individual compounds was
recently reported.85,86 We believe that if high-through-
put screening facilities are not available, the prepara-
tion and screening of large mixtures is the most time-
and cost-efficient technique.

Will you miss weakly active compounds? This is
somewhat dependent on one’s definition of “weakly
active”. Weakly active compounds often have a higher
degree of redundancy in their positions, which will
result in a number of similar analogues existing in the
same mixture and their cumulative concentration will
confer activity to the mixture. Weakly active compounds
can be identified from mixtures. Weaker compounds in
a mixture may be missed if more active compounds are
present and have been identified from the same mix-
ture, but in this case it would seem that the weaker
compounds would be of lesser interest.

Why have others had trouble using mixture-
based libraries? We believe that the difficulty others
have had in the preparation and use of mixture-based
combinatorial libraries stems from a fundamental mis-
understanding of what is required for their successful
synthesis and use. Each step must be more carefully
planned and executed than in the synthesis of individual
compounds. It is of fundamental importance to develop
chemistries that afford high yields and are as clean as
possible, and that are also reproducible. The reproduc-
ibility of the chemistries allows the identification of side
reactions that might be responsible for a given activity
during the deconvolution of individual compounds. We
have encountered instances in which an activity did not
reside in the major component of an individual crude
compound following deconvolution, but rather in a
5-10% side reaction. In these instances, due to the
reproducible nature of the chemistries involved, iden-
tifying the active side reaction was straightforward. In

fact, every step in the solid-phase synthesis, cleavage,
extraction, lyophilization, reconstitution, storage, and
use must be carefully and reproducibly carried out. It
is important to note that the assays used in conjunction
with these libraries should have good signal-to-noise
ratios and, of course, good reproducibility. One other
factor which appears to often be misunderstood is that
a single library, even if it is composed of a very large
number of compounds, will not necessarily have any
activity in a given assay. We have repeatedly found that
our preconceived expectations for activity in a given
library and assay have been incorrect. Our experience
has been that when a given library appears to be
inactive, the best course of action is to simply test a
different library and let the assay dictate the next step.

Summary
The field of combinatorial chemistry has grown ex-

ponentially in the past decade. It can be expected that
all aspects of combinatorial chemistry will continue to
develop as researchers refine these methods and use
them to identify relevant compounds in a variety of
biological as well as nonbiological systems. Not only
have automated high-throughput screening systems
greatly improved in recent years, but it is also likely
that the daily synthesis of thousands of compounds will
seem routine in the very near future.

Mixture-based combinatorial library approaches will
continue to find favor with researchers who have limited
resources, limited knowledge of their biological target,
and/or assays that are not amenable to classic high-
throughput methods. Mixture-based libraries offer a
powerful advantage in that very large diversities can
be synthesized and screened in a rapid and cost-efficient
manner. Mixtures also enable large numbers of com-
pounds to be tested in “low-throughput” assays (e.g.,
tissue and/or in vivo systems) and in those systems in
which target reagents are limited by availability or cost.

The methods encompassed by combinatorial chemis-
try are now 15 years old. As with virtually all new and
far reaching methods, combinatorial methods have been
slow to win acceptance. As discussed in this Perspective,
this has been especially true for mixture-based combi-
natorial methods. The resistance to mixture-based
methods is likely due to the distance between these
approaches and the traditional “one at a time” methods
the pharmaceutical industry has successfully employed
for decades. As with all innovations, only those methods
that prove to be practical will eventually be embraced
by those who will benefit by their use. What began as a
need to produce larger numbers of compounds per unit
time (approaches such as Merrifield’s solid-phase
method3,4 and the pin5 and tea bag6 parallel methods)
has now evolved to permit an individual to synthesize
not just hundreds of compounds per year but hundreds
of thousands or even millions. Combinatorial methods
include high-throughput parallel synthesis, phage dis-
play approaches, synthetic mixtures, one-bead-one-
compound concepts, etc. These were first directed
toward and used by the pharmaceutical industry but
have now evolved to encompass all areas of research
and development that benefit from increased numbers
and/or rapid information gathering. As originally pre-
sented and now practiced, combinatorial chemistry
results in a tremendous increase in the information
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gathering capabilities across all areas of scientific
exploration.

In the future, the concepts inherent in combinatorial
approaches will be applied to a wide range of other
disciplines and interests. Thus, new materials will be
devised, synthetic chemical reactions will be readily
optimized, and chemical information gathering will be
greatly improved. The de novo design of highly specific
receptors, new ceramic materials, and artificial catalytic
compounds will also be developed by the application of
combinatorial methods to these areas. The future direc-
tion of combinatorial methods has such a broad range
of possibilities that the most important and greatest
impact will likely be in an area that has not yet even
been considered. What is clear, however, is that com-
binatorial methods have forever changed the expecta-
tions of chemists, biologists, immunologists, molecular
biologists, and their organizations in terms of what can
and must be done in a given period of time. While
combinatorial methods are now becoming more and
more part of the routine tools used by the scientific
community, they have forged interdisciplinary col-
laborations that would have been inconceivable in
earlier times and with earlier methods. We believe that
combinatorial methods will continue to evolve and be
used in other areas of basic research and applied
science.
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Schneider-Mergener, J. Molecular basis for the binding promis-
cuity of an anti-p24 (HIV-1) monoclonal antibody. Cell 1997, 91,
799-809.

(131) Udaka, K.; Wiesmüller, K.-H.; Kienle, S.; Jung, G.; Walden, P.
Tolerance to amino acid variations in peptides binding to the
major histocompatibility complex class I protein H-2Kb. J. Biol.
Chem. 1995, 270, 24130-24134.

(132) Stryhn, A.; Pedersen, L. O.; Romme, T.; Holm, C. H.; Holm, A.;
Buus, S. Peptide binding specificity of major histocompatibility
complex class I resolved into an array of apparently independent
subspecificities: Quantitation by peptide libraries and improved
prediction of binding. Eur. J. Immunol. 1996, 26, 1911-1918.

(133) Pridzun, L.; Wiesmüller, K.-H.; Kienle, S.; Jung, G.; Walden, P.
Amino acid preferences in the octapeptide subunit of the major
histocompatibility complex class I heterodimer H-2Ld. Eur. J.
Biochem. 1996, 236, 249-253.

(134) Fleckenstein, B.; Kalbacher, H.; Muller, C. P.; Stoll, D.; Halder,
T.; Jung, G.; Wiesmüller, K.-H. New ligands binding to the
human leucocyte antigen class II molecule DRB*0101 based on
the activity pattern of an undecapeptide library. Eur. J. Biochem.
1996, 240, 71-77.

(135) Davenport, M. P.; Smith, K. J.; Barouch, D.; Reid, S. W.; Bodnar,
W. M.; Willis, A. C.; Hunt, D. F.; Hill, A. V. S. HLA class I
binding motifs derived from random peptide libraries differ at
the COOH terminus from those of eluted peptides. J. Exp. Med.
1997, 185, 367-371.

(136) Stevens, J.; Wiesmüller, K.-H.; Barker, P. J.; Walden, P.;
Butcher, G. W.; Joly, E. Efficient generation of major histo-
compatibility complex class I-peptide complexes using synthetic
peptide libraries. J. Biol. Chem. 1998, 273, 2874-2884.

(137) Udaka, K.; Wiesmüller, K.-H.; Kienle, S.; Jung, G.; Walden, P.
Self-MHC-restricted peptides recognized by an alloreactive T
lymphocyte clone. J. Immunol. 1996, 157, 670-678.

(138) Gundlach, B. R.; Wiesmüller, K.-H.; Junt, T.; Kienle, S.; Jung,
G.; Walden, P. Determination of T cell epitopes with random
peptide libraries. J. Immunol. Methods 1996, 192, 149-155.

(139) Gundlach, B. R.; Wiesmüller, K.-H.; Junt, T.; Kienle, S.; Jung,
G.; Walden, P. Specificity and degeneracy of minor histocom-
patibility antigen-specific MHC-restricted CTL. J. Immunol.
1996, 156, 3645-3651.

(140) Münz, C.; Obst, R.; Osen, W.; Stevanovic, S.; Rammensee, H.
G. Alloreactivity as a source of high avidity peptide-specific
human CTL. J. Immunol. 1999, 162, 25-34.

(141) Hemmer, B.; Pinilla, C.; Appel, J.; Pascal, J.; Houghten, R.;
Martin, R. The use of soluble synthetic peptide combinatorial
libraries to determine antigen recognition of T cells. J. Pept. Res.
1998, 52, 338-345.

(142) Daniel, C.; Horvath, S.; Allen, P. M. A basis for alloreactivity:
MHC helical residues broaden peptide recognition by the TCR.
Immunity 1998, 8, 543-552.

(143) Hiemstra, H. S.; Duinkerken, G.; Benckhuijsen, W. E.; Amons,
R.; De Vries, R. R.; Roep, B. O.; Drijfhout, J. W. The identifica-
tion of CD4+ T cell epitopes with dedicated synthetic peptide
libraries. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 10313-10318.

(144) Hiemstra, H. S.; Van Veelen, P. A.; Schloot, N. C.; Geluk, A.;
Van Meijgaarden, K. E.; Willemen, S. J. M.; Leunissen, J. A.
M.; Benckhuijsen, W. E.; Amons, R.; De Vries, R. R. P.; Roep,
B. O.; Ottenhoff, T. H. M.; Drijfhout, J. W. Definition of natural
T cell antigens with mimicry epitopes obtained from dedicated
synthetic peptide libraries. J. Immunol. 1998, 161, 4078-4082.

(145) Vendeville, S.; Buisine, E.; Williard, X.; Schrevel, J.; Grellier,
P.; Santana, J.; Sergheraert, C. Identification of inhibitors of
an 80 kDa protease from Trypanosoma cruzi through the
screening of a combinatorial peptide library. Chem. Pharm. Bull.
1999, 47, 194-198.

(146) Owens, R. A.; Gesellchen, P. D.; Houchins, B. J.; DiMarchi, R.
D. The rapid identification of HIV protease inhibitors through
the synthesis and screening of defined peptide mixtures. Bio-
chem. Biophys. Res. Commun. 1991, 181, 402-408.

Perspective Journal of Medicinal Chemistry, 1999, Vol. 42, No. 19 3777



(147) Kundu, B.; Bauser, M.; Betschinger, J.; Kraas, W.; Jung, G.
Identification of a potent analogue of nazumamide A through
iteration of combinatorial tetrapeptide libraries. Bioorg. Med.
Chem. Lett. 1998, 8, 1669-1672.

(148) Wallace, A.; Koblan, K. S.; Hamilton, K.; Marquis-Omer, D. J.;
Miller, P. J.; Mosser, S. D.; Omer, C. A.; Schaber, M. D.; Cortese,
R.; Oliff, A.; Gibbs, J. B.; Pessi, A. Selection of potent inhibitors
of farnesyl-protein transferase from a synthetic tetrapeptide
combinatorial library. J. Biol. Chem. 1996, 271, 31306-31311.

(149) Lutzke, R. A. P.; Eppens, N. A.; Weber, P. A.; Houghten, R. A.;
Plasterk, R. H. Identification of a hexapeptide inhibitor of the
human immunodeficiency virus integrase protein by using a
combinatorial chemical library. Proc. Natl. Acad. Sci. U.S.A.
1995, 92, 11456-11460.

(150) Apletalina, E.; Appel, J. R.; Lamango, N. S.; Houghten, R. A.;
Lindberg, I. Identification of inhibitors of prohormone conver-
tases 1 and 2 using a peptide combinatorial library. J. Biol.
Chem. 1998, 273, 26589-26595.

(151) Devulapalle, K. S.; Mooser, G. Preliminary screening of a
hexapeptide combinatorial library for glucosyltransferase
(GTF-1) inhibition. Protein Pept. Lett. 1998, 5, 159-162.

(152) Lukas, T. J.; Mirzoeva, S.; Slomczynska, U.; Watterson, D. M.
Identification of novel classes of protein kinase inhibitors using
combinatorial peptide chemistry based on functional genomics
knowledge. J. Med. Chem. 1999, 42, 910-919.

(153) Mukhija, S.; Germeroth, L.; Schneider-Mergener, J.; Erni, B.
Identification of peptides inhibiting enzyme I of the bacterial
phosphotransferase system using combinatorial cellulose-bound
peptide libraries. Eur. J. Biochem. 1998, 254, 433-438.

(154) Eichler, J.; Lucka, A. W.; Pinilla, C.; Houghten, R. A. Novel
R-glucosidase inhibitors identified using multiple cyclic peptide
combinatorial libraries. Mol. Diversity 1996, 1, 233-240.

(155) Eichler, J.; Lucka, A. W.; Houghten, R. A. Cyclic peptide template
combinatorial libraries: Synthesis and identification of chymo-
trypsin inhibitors. Pept. Res. 1994, 7, 300-307.

(156) Blackburn, C.; Pingali, A.; Herman, L. W.; Wang, H.; Kates, S.
A. Libraries of angiotensin converting enzyme inhibitors: solid-
phase synthesis and affinity selection. Bioorg. Med. Chem. Lett.
1997, 7, 823-826.

(157) Lohse, A.; Jensen, K. B.; Bols, M. The first combinatorial library
of azasugar glycosidase inhibitors. Tetrahedron Lett. 1999, 40,
3033-3036.

(158) Martin, L.; Cornille, F.; Turcaud, S.; Meudal, H.; Roques, B. P.;
Fournie-Zaluski, M.-C. Metallopeptidase inhibitors of tetanus
toxin: a combinatorial approach. J. Med. Chem. 1999, 42, 515-
525.

(159) Jiracek, J.; Yiotakis, A.; Vincent, B.; Checler, F.; Dive, V.
Development of the first potent and selective inhibitor of the
zinc endopeptidase neurolysin using a systematic approach
based on combinatorial chemistry of phosophinic peptides. J.
Biol. Chem. 1996, 271, 19606-19611.

(160) Esser, C. K.; Kevin, N. J.; Yates, N. A.; Chapman, K. T. Solid-
phase synthesis of a N-carboxyalkyl tripeptide combinatorial
library. BioMed. Chem. Lett. 1997, 7, 2639-2644.

(161) Pellegrini, M. C.; Liang, H. B.; Mandiyan, S.; Wang, K.; Yuryev,
A.; Vlattas, I.; Sytwu, T.; Li, Y. C.; Wennogle, L. P. Mapping
the subsite preferences of protein tyrosine phosphatase PTP-
1B using combinatorial chemistry approaches. Biochemistry
1998, 37, 15598-15606.

(162) Campbell, D. A.; Bermak, J. C.; Burkoth, T. S.; Patel, D. V. A
transition state analogue inhibitor combinatorial library. J. Am.
Chem. Soc. 1995, 117, 5381-5382.

(163) Szardenings, A. K.; Harris, D.; Lam, S.; Shi, L. H.; Tien, D.;
Wang, Y. W.; Patel, D. V.; Navre, M.; Campbell, D. A. Rational
design and combinatorial evaluation of enzyme inhibitor scaf-
folds: Identification of novel inhibitors of matrix metallo-
proteinases. J. Med. Chem. 1998, 41, 2194-2200.

(164) Blondelle, S. E.; Takahashi, E.; Weber, P. A.; Houghten, R. A.
Identification of antimicrobial peptides using combinatorial
libraries made up of unnatural amino acids. Antimicrob. Agents
Chemother. 1994, 38, 2280-2286.

(165) Pinilla, C.; Appel, J.; Blondelle, S. E.; Dooley, C. T.; Dörner, B.;
Eichler, J.; Ostresh, J. M.; Houghten, R. A. A review of the utility
of peptide combinatorial libraries. Biopolymers (Pept. Sci.) 1995,
37, 221-240.

(166) Houghten, R. A.; Dinh, K. T.; Burcin, D. E.; Blondelle, S. E. The
systematic development of peptides having potent antimicrobial
activity against E. coli through the use of synthetic peptide
combinatorial libraries. In Techniques in Protein Chemistry IV;
Angeletti, R. H., Ed.; Academic Press: Orlando, FL, 1993; pp
249-256.
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