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Combinatorial chemistry: 20 years on...

‘The mass of a protein
library...would exceed
that of the universe by
more than two hundred
orders of magnitude.’

Arpéd Furka, Dept of Organic
Chemistry, E6tvOs Lorand University,
Hungary
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In traditional pharmaceutical research, drug candidates
were prepared and tested one by one. The philosophy
behind the combinatorial approach brought about a revo-
lutionary change in this methodology and can be best ex-
pressed by the question: Why deal with a single compound
when you could prepare and test thousands or millions of
compounds? However, new synthetic and screening meth-
ods were needed to apply this philosophy. The develop-
ment of one of the most efficient combinatorial synthetic
methods began 20 years ago in our laboratory at the E6tvos
Lorand University, Budapest.

The roots

During 1964-1965, | was a postdoctoral fellow at the
University of Alberta, Canada, and participated in the de-
termination of the amino acid sequence of a pro-enzyme,
chymotrypsinogen-B. After returning to Budapest, | won-
dered from how many possible structures was the cor-
rect sequence chosen? Given that the protein contained
245 amino acid residues and that each position could be
one of the 20 natural amino acids, the number of possible
sequences was 20245 (= 5.65 x 10318). This certainly seemed
to be a very large number, but to really realize its magni-
tude we had to compare it with an entity that was also
very large. Finally, | found an estimate of the mass of the
universe based on an Einstein formula. The comparison
showed that the mass of a protein library, in which each
sequence is represented by a single molecule, would exceed
that of the universe by more than two hundred orders of
magnitude. Initially, this immense diversity of molecules
shocked me; however, it later induced a speculation
about the possibilities of preparing such peptide libraries.
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Although the number of components was far from being
as huge as the number of protein sequences, it was still too
large to consider synthesizing such libraries using tech-
niques available at that time. By 1980, we were generally
still preparing one peptide at a time using solution-phase
or solid-phase methods with an elongation rate of one
amino acid per day. Based on this rate, the synthesis of all
the possible 160,000 tetrapeptides, for example, would
have taken around 1800 years of uninterrupted work. This
time could have been reduced to a still-unrealistic 460
years by optimization of synthesis by splitting the prod-
ucts of each coupling step according to the branches of a
combinatorial tree.

The split-mix method

The first idea that was considered for synthesizing peptide
libraries was the use of amino acid mixtures in couplings.
It was clear, however, that as a result of such couplings
the products would form in unequal molar quantities as a
consequence of the differences in the reactivities of each
amino acid. The differences in molarities would be ampli-
fied in each successive coupling step, leading to a mixture
with uncertain composition. For this reason, the idea of
amino acid mixtures was abandoned. However, the prob-
lem was finally solved by splitting the resin into portions
and performing the couplings with single amino acids. The
split-mix method [1,2] enabled the production of peptide
mixtures that contained millions of components. Such
mixtures, however, appeared unacceptable in the conven-
tional drug discovery practice where single compounds
were used in pure form. Hence, there was an urgent need
to also present an efficient strategy for identification of the
bioactive substance that might be present in the complex
synthetic mixture. This task, however, was comparable
to finding the proverbial needle in a (huge) haystack.
Nevertheless, a theoretical solution was developed in a very
short time. | called it ‘synthetic back-searching strategy’,
which later proved to be, in principle, identical to the
‘iteration strategy’ published by others [3].

The first description of the method

I was fully aware of the important role that the combinato-
rial approach might play in pharmaceutical research, but
one of the leading Hungarian pharmaceutical companies
| contacted showed no interest at all. In addition, the
split-mix method was considered by patent attorneys only
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as a potential research tool and, for this reason, was judged
not to be patentable. They suggested, however, that |
should describe the method in a document and, in the
event of future priority disputes, to notarize it [4]. | did
this, and the document (written in Hungarian), in which
the principles of combinatorial chemistry, including both
synthesis and screening were first clearly explained, was
notarized in May 1982. The photograph of the first and last
pages of this document is shown in Fig. 1, and an abbrevi-
ated form of the English translation can be found in Box 1.

The use of combinatorial methods

The use of combinatorial chemistry techniques began to
spread in the early nineties and the field has continued to
explode. New powerful combinatorial synthetic and de-
convolution methods have been published, such as the

Box 1. English translation of original notarized
document (abbreviated version)

Study on the possibilities of systematic searching for
pharmaceutically useful peptides

The proposal outlined here constitutes a research project
that makes possible a search for biologically active peptides
with much greater chance than before. As | write this pro-
ject | am fully aware of its potential importance in industry.

The essence of the proposal is that instead of synthesiz-
ing peptides seperately, peptide mixtures are prepared that
contain several hundred or several thousand peptides in
approximately 1:1 molar ratio, and these peptide mixtures
are then submitted to screening tests. It will be shown
that significant time and labour can be saved both in the
synthetic work and in the screening experiments.

Method for synthesis of peptide mixtures

As mixtures of peptides rather than single peptides are
synthesized, post-synthetic purification and removal of
by-products is not possible. The solid-phase method must
therefore be used for the synthesis of peptide mixtures.

Realization of the synthesis

The resin is divided into k, equal portions (i.e. into the same
number of portions as the intended number of C-terminal
variations). Each portion of resin is then coupled with one of
the k; types of amino acids followed by removal of the
amino-protecting group from each sample. A small quantity
is removed from each sample and put aside for later use,
and then the remaining samples are thoroughly mixed. The
mixture of aminoacyl resins is then divided into k, equal por-
tions and each one is coupled with one of the k, types of
protected amino acids followed by removal of the amino-
protecting groups from each sample. Before mixing, small
samples are removed and taken aside as before. The mixture
of dipeptides is cleaved from a small portion of the mixed
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production of phage-displayed peptide libraries [5] and the
light-directed synthesis of libraries on a glass surface [6].
The earlier-developed parallel synthesis [7], although not
as powerful as the real combinatorial methods, became
popular also, particularly when different automatic ma-
chines were developed and became commercially available.

Developments in the synthetic side were paralleled by
the appearance of the high-throughput screening methods
and automation of analytical characterization methods.
Handling and storage of huge numbers of compounds,
along with their analytical and screening data, also re-
quired the development of computerized data management
methods. Software was developed to aid library design, in-
cluding databases of available starting materials and gener-
ation of ‘virtual libraries’ and filters to select promising
structures and reduce the number of compounds to be

resin for use in biological tests. The rest of the mixed resin is
divided into k; equal parts and the amino acids intended to
occupy the third position are coupled to them. The synthesis
is likewise continued until the mixture of n-residue peptides
is reached.

There are several points that should be noted. The
amount of labour required could be significantly reduced
by using mixtures of properly protected amino acids in
acylation reactions. This, however, does not seem to be an
acceptable solution because of the differences in reactivity
of the activated amino acids, which would lead to the for-
mation of peptides in significantly different concentrations,
thereby causing problems in the screening experiments.
Formation of peptides in equal concentrations can only be
assured by mechanical mixing of samples followed by their
division into equal portions. This makes possible a complete
conversion for every amino acid component.

The number of peptides (N,) formed in the synthesis
(that is, the number of components in the peptide mixtures)
can generally be calculated by the following formula:

N, =Kykp.. Kok, 1)

where k,, k,,... are the numbers of amino acids used in
couplings.

The number of synthetic steps (S,) in the synthesis of a
peptide mixture containing N,, peptides (considering the at-
tachment of the first amino acid to the resin as a separate
step) is:

Sn =k tky totk, 4tk 2

The formulae show the advantage of synthesizing pep-
tide mixtures: the number of the synthetic steps can be cal-
culated by the sum of the numbers of the varied amino
acids, while the number of peptides is given by the product
of the numbers of the varied amino acids.

As an example, synthesis of a mixture of tetrapeptides
prepared by variation of 20 different amino acids, needs
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synthesized to a reasonable level, a particular requirement
of the low-efficiency parallel synthetic methods. The prob-
lem with software currently used in library design is that
the rules of molecular interactions are far from being
understood. It is well known, for example, that the shapes
of molecules are of primary importance. Every molecule
can have a multitude of shapes and the software cannot
take all of them into account, particularly if they are de-
duced from 2D structural formulae. We can hope, however,
that the huge amount of data accumulating from the test-
ing of combinatorial libraries will eventually help to better
our understanding of how the molecular interactions de-
pend on structure. Indeed, it would be very useful if all
data produced by the various companies could be collated
to form a large database that was then made available for
scientific analysis. However, it would of course be equally

only 80 synthetic steps! It should be noted that in the same
run, all possible shorter peptides — that is, the 400 dipeptides
and the 8000 tripeptides — are also formed. By contrast, the
traditional synthesis of these peptides would require 168,400
synthetic steps.

Screening of peptide mixtures: ‘backsearching’ for the
active peptide

If the peptide mixture is found to contain an active compo-
nent (that is, if the mixture shows a new biological effect),
the next step is the isolation and structure determination of
the active peptide followed by its synthesis.

Backsearching step No. 1

The experiment begins by selecting the k, samples that were
produced in the synthesis of the n-residue peptides before
the final mixing step. The mixtures of n-residue peptides are
then cleaved from each resin sample. The mixtures of pep-
tides differ from each other in the n-th (that is, the N-termi-
nal) residue of their component peptides. Each peptide mix-
ture is submitted to a quantitative activity determination,
which shows how activity varies depending on the terminal
amino acid residue. Hence, this way we can determine the
N-terminal residue of the active peptide and, in addition,
show the effect of its replacement by other amino acid
residues. Let’s suppose, for example, that the N-terminal
residue in the sample showing the highest activity (as well
as in the active peptide) is Phe. It should be noted that
if there are several samples showing equally high activity,
it is practical to choose the cheapest or the synthetically
less-problematic amino acid as the N-terminal residue of the
active peptide. This point also applies to the subsequent
backsearching steps.

Backsearching step No. 2

The k,_, samples produced in the synthetic stage of the
(n—1)-residue peptides are then selected. The amino acid
determined before (Phe in our example), is coupled to each
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important to preserve the interests of the companies who
supply the data.

In most cases, libraries are designed for a single target. In
the near future, the success of the Human Genome Project
will make available thousands of new targets. For this
situation, different approaches would also be worth con-
sidering, such as exploiting the power of combinatorial
synthetic methods [8,9] for the synthesis of large libraries,
and testing all compounds against all potential targets. To
achieve this, faster and cheaper screening methods need to
be developed.

In contrast to libraries applied in drug discovery, where
the components are prepared by a combination of mol-
ecular building blocks, there is a large class of important
materials where the properties depend on the proportion
of mixed ingredients and on the conditions of preparation.

sample. Cleavage of the peptides from the support gives k,,_;
different peptide mixtures. Their common feature is that
every peptide has Phe in the N-terminal position. By submit-
ting the peptide mixtures to quantitative screening experi-
ments, one can determine the amino acid residue occupying
position n-1 (that is, the pre-N-terminal position) in the
active peptide. This experiment also shows the effect that a
single amino acid has on the overall activity. For example,
let’s suppose that the pre-amino-terminal amino acid is Arg.
It should be noted that in this backsearching step, the Phe
is coupled to k,_; samples and the same number (k,_,) of
screening experiments need to be performed. Consequently,
the number of synthetic steps and the number of screening
experiments are the same, k,. It should also be noted
that in the previous backsearching step, only screening tests
are done (their number is k,) and no synthetic steps are
needed.

Backsearching step No. 3

We then take the k,_, samples created in the synthesis of
(n—2)-residue peptides. Each sample is coupled first with
protected Arg and then with protected Phe. After cleaving
the peptides from the support, each of the k,_, peptide mix-
tures is submitted to activity tests to determine the amino
acid residue occupying the third position counting from the
N-terminal end. The number of screening tests that need to
be executed is k,,_,. The number of the required synthetic
steps is 2k, _,.

Extension of the method to other types of compounds
Applicability of the method outlined here is not restricted
only to systematic searching for active peptides. The same
principle applies to all other sequential types of compounds,
that is, when the compounds differ from each other only in
the nature or sequence of the building blocks. Among them
might occur natural compounds such as oligosaccharides
or oligonucleotides, as well as synthetic products, such as
sequential copolymers or sequential polycondensates.
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Figure 1. Photograph of the first and last pages of the original document [4] notarized in 1982 describing the principles of combinatorial
chemistry and written in Hungarian. For a complete version in Hungarian and translated English, please see http://archive.omn.com/
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The principle of the systematic experiments that are 9 Furka, A. et al. (2000) The string synthesis. A spatially addressable split

expressed in the title of the original 1982 document have
been similarly applied in this area with some success [10].
Extension of this principle to some areas of biology is al-
ready fact and further extension of combinatorial methods
to other fields can be expected in the future.
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