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PARALLEL ARRAY AND MIXTURE-BASED

SYNTHETIC COMBINATORIAL CHEMISTRY:
Tools for the Next Millennium

Richard A. Houghten
Torrey Pines Institute for Molecular Studies, San Diego, California 92121;
e-mail: rhoughten@tpims.org
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Abstract Technological advances continue to be a central driving force in the
acceleration of the drug discovery process. Combinatorial chemistry methods, devel-
oped over the past 15 years, represent a paradigm shift in drug discovery. Initially
viewed as a curiosity by the pharmaceutical industry, combinatorial chemistry is now
recognized as an essential tool that decreases the time of discovery and increases the
throughput of chemical screening by as much as 1000-fold. The use of parallel array
synthesis approaches and mixture-based combinatorial libraries for drug discovery is
reviewed.

INTRODUCTION

The philosophical and practical concepts encompassed by the varied approaches
now termed combinatorial chemistry have fundamentally altered drug discovery.
The first synthetic combinatorial chemistry methods were presented by Geysen
et al (individual compounds chemically synthesized on plastic ‘‘pins’’) (1) and
Houghten (simultaneous multiple compound synthesis on polystyrene resin ‘‘tea
bags’’) (2) in 1984 and 1985, respectively. Both of these methods are based on
Merrifield’s pioneering work in solid-phase peptide synthesis (3). Even with the
advent of automated means to carry out solid-phase peptide synthesis, the number
of peptides available remained the limiting factor in virtually all studies. This
was also true for the solution phase synthesis of classical heterocycles and other
small molecule organic compounds. It is of note that Leznoff & Wong (4, 5)
and Crowley & Rapoport (6) first carried out the solid-phase synthesis of het-
erocycles in 1973 and 1976, respectively, but this powerful approach remained
unappreciated until work by Bunin & Ellman in 1992 (7). In the author’s lab-
oratory, the value of the parallel preparation of large numbers of peptides was
shown in a 1988 study, in which more than 500 analogs of the 23-residue peptide
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magainin were prepared (8). This increased synthetic capability (at the time,
approximately 10-fold greater for peptides) has led to the successful clinical trial
of the magainin analog Cytolexe (MSI-78) and other therapeutic peptides (9).
Furthermore, these approaches have made possible a range of basic research
studies that were previously impractical due to economic or timeframe factors
(reviewed in 10, 11).

As is true for all combinatorial chemistry approaches, the pin and tea-bag
methods for solid-phase synthesis were first used to prepare peptides (1, 2, 11–
14). They are now widely used to prepare large individual compound libraries of
virtually all types, including peptidomimetics (15–19), oligonucleotides (20, 21),
oligosaccharides (22–24), and heterocycles (25, 26). The widespread success of
solid-phase synthesis is due to the ability to drive reactions to completion (often
.99.8%) on polymer supports, the ability to readily remove excess reagents or
starting materials, and automation (2, 7, 25). Despite the great increase in syn-
thesis capability made possible by the pin and tea-bag techniques, it was soon
clear that the barrier in virtually all studies still remained the number of com-
pounds that could be synthesized. The successful preparation of mixture-based
combinatorial libraries, in combination with earlier parallel-array synthesis
approaches, has now pushed aside the synthesis limitations that were inherent in
the drug-discovery process. Our laboratory’s efforts have remained focused on
the use of parallel-array synthesis for the preparation of very large, mixture-based
combinatorial libraries.

MIXTURES VERSUS INDIVIDUAL COMPOUND ARRAYS

It is well accepted that the screening of natural product extracts is a productive
source of therapeutic compounds. Such extracts are typically composed of hun-
dreds to thousands of different compounds in varying concentrations. Addition-
ally, highly active individual compounds have been found that were present in
extracts at one part per 100,000 or less. In spite of the fact that natural products
and, indeed, the very nature of biological interactions are inherently mixture-
based, and the fact that these interactions do not occur in an environment made
up of single compounds and single acceptors, an intense debate continues on the
relative merits of the preparation and screening of individual compound arrays
versus mixture-based combinatorial libraries of the same compounds. The central
issue is the tradeoff between the time and cost necessary to acquire complete
information about every compound making up an individual compound array,
versus a somewhat less complete information set derived from the same com-
pounds in a mixture-based library. Our experience over the past 15 years has
found the generation and use of mixture-based combinatorial libraries to be an
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extremely effective and cost-efficient means to generate highly active, therapeu-
tically relevant individual compounds.

SYNTHESIS OF MIXTURES

Divide-Couple-Recombine (Split-and-Mix) Synthesis

One important issue in library synthesis is to obtain as close to equimolar rep-
resentation as possible of all individual compounds within a mixture-based library
for ease of deconvolution. For peptides, therefore, the various amino acids have
to be incorporated into each of the library positions in a ratio as close to equimolar
as possible. When using resin beads as the solid support for library synthesis, this
can be achieved using a process known as ‘‘divide-couple-recombine’’ (DCR)
(27), ‘‘split-and-mix synthesis’’ (28), or ‘‘portioning-mixing’’ (29). This process
involves the coupling of each protected amino acid to be used for the library to
separate portions of resin, followed by combining and mixing all resin portions,
before dividing the resin again for the next coupling step. By repeating this pro-
cess for a total of five couplings, and using 20 amino acids as building blocks, a
library of 3,200,000 (205) pentapeptides can be readily prepared. Due to the physi-
cal separation of the resins prior to incorporating the individual amino acids, the
DCR process yields libraries containing an individual, unique compound on each
resin bead.

Coupling of Mixtures of Incoming Reagents

An alternative means for the introduction of mixture positions is through the
coupling of mixtures of incoming reagents, such as protected amino acids. Due
to the differences in coupling rates of the various amino acids, coupling of an
equimolar amino acid mixture to resin-bound amino groups, as typically used in
solid-phase peptide synthesis, will lead to nonequimolar incorporation of amino
acids into the mixture positions. This ultimately will result in a highly nonequi-
molar distribution of individual peptides within the library. To overcome this
problem, the ratio of protected amino acids within the coupling mixture is adjusted
according to their different coupling rates, i.e. the higher the coupling rate of a
particular amino acid, the lower the concentration of that amino acid in the cou-
pling mixture (30, 31). Such ratios are established by adjusting the relative con-
centration of each amino acid according to its incorporation ratio after coupling
of an equimolar amino acid mixture, as determined by amino acid analysis or
HPLC. Because these amino acid mixtures are coupled in a large (i.e. 5- to 10-
fold) molar excess over resin-bound amino groups, the coupling can be considered
a pseudo-first-order reaction. The ratio of coupling rates of the amino acids within
the mixture is therefore independent of the amino acid it is being coupled to.
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DECONVOLUTION—FINDING THE NEEDLE
IN THE HAYSTACK

Iterative Deconvolution

Geysen’s early use of very large peptide mixtures immobilized on pins, while
clearly of conceptual importance, has not been found to be generally useful. To
deconvolute pin-immobilized peptide mixtures, Geysen et al used an iterative
approach (30), as did the author’s laboratory for soluble libraries (27). This
approach steadily decreases the number of compounds per mixture while steadily
defining successive positions. Iterative deconvolution of soluble (i.e. not immo-
bilized on a solid support) mixture-based libraries has been found to be successful
in a wide range of studies (reviewed in 32). The primary limitation of iterative
deconvolution is the cost and time associated with the need for repetitive synthesis
and screening steps, typically equal to the number of variable positions.

Positional Scanning Deconvolution

A rapid means to gather information about all possible variable positions in a
library was presented by the author’s laboratory in 1992 (33). An illustration of
the positional scanning deconvolution approach for a simple tripeptide combi-
natorial library is shown in Figure 1. Four different amino acids are incorporated
at each of the three diversity positions, resulting in 64 (43) individual peptides.
When the same diversity is arranged as a positional scanning synthetic combi-
natorial library (PS-SCL), only 12 peptide mixtures (4 separate mixtures for each
of the 3 positions) need to be synthesized. Each of the three positional sublibraries,
namely OXX, XOX, and XXO, contain exactly the same diversity of peptides,
differing only in the location of the position defined. Each of the O positions is
singularly defined with one of the four amino acids, whereas the remaining two
positions are mixtures (X) of the same four amino acids.

In this example, assume that the sequence RAT is the sole tripeptide having
activity. Since each positional sublibrary contains the exact same diversity of
peptides, the RAT tripeptide (outlined below each sublibrary in Figure 1) is pres-
ent in all three positional sublibraries. Thus, the only mixtures with activity will
be RXX, XAX, and XXT because the only active sequence, RAT, is present only
in those mixtures. These three amino acids in their respective positions yield the
tripeptide RAT, which can then be synthesized and tested for its individual activ-
ity. It should be noted that the activity observed for each of the three mixtures
(RXX, XAX, and XXT) is due to the presence of the tripeptide RAT within each
of these mixtures and is not due to the individual amino acids (R, A, and T) that
occupy the defined positions. As expected, and found experimentally in more
complex libraries, more than one mixture is usually found to have activity at each
position. Selection of the building blocks for the synthesis of individual com-
pounds is based first on the overall activity of the mixture and then on differences
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Tripeptide Combinatorial Library
Positional Scanning Format

X X X

Position 1 O X X Position 2 X O X Position 3 X X O

1 A X X 5 X A X 9 X X A
2 R X X 6 X R X 10 X X R
3 T X X 7 X T X 11 X X T
4 W X X 8 X W X 12 X X W

A X X R X X T X X W X X X A X X R X X T X X W X X X A X X R X X T X X W
A A A R A A T A A W A A A A A A R A A T A A W A A A A A A R A A T A A W
A A R R A R T A R W A R A A R A R R A T R A W R A R A A R R A R T A R W
A A T R A T T A T W A T A A T A R T A T T A W T A T A A T R A T T A T W
A A W R A W T A W W A W A A W A R W A T W A W W A W A A W R A W T A W W
A R A R R A T R A W R A R A A R R A R T A R W A R A A R A R R A T R A W
A R R R R R T R R W R R R A R R R R R T R R W R R R A R R R R R T R R W
A R T R R T T R T W R T R A T R R T R T T R W T R T A R T R R T T R T W
A R W R R W T R W W R W R A W R R W R T W R W W R W A R W R R W T R W W
A T A R T A T T A W T A T A A T R A T T A T W A T A A T A R T A T T A W
A T R R T R T T R W T R T A R T R R T T R T W R T R A T R R T R T T R W
A T T R T T T T T W T T T A T T R T T T T T W T T T A T T R T T T T T W
A T W R T W T T W W T W T A W T R W T T W T W W T W A T W R T W T T W W
A W A R W A T W A W W A W A A W R A W T A W W A W A A W A R W A T W A W
A W R R W R T W R W W R W A R W R R W T R W W R W R A W R R W R T W R W
A W T R W T T W T W W T W A T W R T W T T W W T W T A W T R W T T W T W
A W W R W W T W W W W W W A W W R W W T W W W W W W A W W R W W T W W W

Figure 1 Tripeptide combinatorial library—positional scanning format.
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Figure 2 Solid-phase synthesis of acyclic compounds using dipeptides as starting
material.

in the chemical character of the building block (to reduce the number of individual
compounds to be made). Freier and coworkers have presented an excellent dis-
cussion of the theoretical and experimental aspects of iterative and positional
scanning deconvolution (34, 35).

The use of mixtures of compounds in a positional scanning combinatorial
library format versus the use of individual compound arrays is clearly cost ben-
eficial, thus allowing biotechnology companies, universities, and research insti-
tutes to carry out basic research and the initial stages of the drug-discovery
process. Thus, previously unimagined numbers of compounds can be prepared
and screened to yield highly active individual compounds.

The author’s laboratory has successfully identified uniquely active and selec-
tive peptides from libraries made up of L-, D-, and unnatural amino acids totaling
6.25 million tetrapeptides (36), 52 million hexapeptides (27), and 6 trillion deca-
peptides (37). In practical terms, we believe that the cost and time savings make
the use of mixtures in the positional scanning format a powerful alternative to
the use of large individual compound arrays. A wide variety of classic hetero-
cycles and other acyclic organic compounds can now be prepared using solid-
phase parallel synthesis. The author’s laboratory has found that existing libraries
can be utilized to generate a diverse range of mixture-based heterocyclic libraries
through the transformation of peptide and peptidomimetic libraries using the
‘‘libraries from libraries’’ approach (38). Such heterocyclic compounds have dra-
matically different physical and biological properties from the peptide libraries
used as starting materials. Figures 2 and 3 illustrate a number of the transfor-
mations we have successfully carried out. The average library generated for the
compound classes shown contains more than 50,000 compounds. We have
recently generated a variation of the bicyclic guanidine library shown in Figure
2 (26), which is composed of more than 1.2 million bicyclic guanidines. It should
be noted that each of the compounds illustrated in Figure 2 can be further trans-
formed into other pharmacophores.

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
00

0.
40

:2
73

-2
82

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 S
ta

te
 U

ni
ve

rs
ity

 o
f 

N
ew

 Y
or

k 
- 

St
on

y 
B

ro
ok

 o
n 

03
/2

5/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MIXTURES IN COMBINATORIAL CHEMISTRY 279

N
H

H
N

O

O

H2N

R

R

N

N

N

R

R

R

NH2

O

R

NHN

X

O
R

X= O, S

NH2

O

R

NN

X

R

R

X= O, S

S

N

R

H2N

O

O

RR

N

N
H2N

O O

O

R

R

R

N
H

N

N

R

R

R

O

NH2

Figure 3 Solid-phase synthesis of heterocyclic compounds using dipeptides and acylated
dipeptides as starting material.

CONCLUSIONS

Extensive studies on the use of mixture-based combinatorial libraries carried out
by this laboratory (reviewed in 32) and others have enabled the rapid, cost-
effective identification of highly active and specific individual compounds. These
methods are extremely effective and broadly applicable, and have shown that
there is nothing inherently unique about peptides or other oligomers that permits
their successful use in mixture-based library formats as compared to heterocycles.
Thus, the use of massive parallel synthesis in conjunction with classic high
throughput screening methods versus the use of mixture-based combinatorial
libraries must be tied to the balance between the need for complete data acqui-
sition versus the pragmatic and rapid gathering of compound information for lead
development. The use of extremely large mixture-based combinatorial libraries
offers unique advantages that are simply not possible with other approaches.

Combinatorial chemistry, in all its manifestations over the past 15 years, has
fundamentally changed synthetic chemistry in all areas of basic research and drug
discovery. When coupled with methods such as computer-assisted design and
molecular biology, combinatorial chemistry can be expected to enhance and con-
tinually increase the speed and thoroughness of drug discovery into the next
millennium.
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