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INTRODUCTION

Most biological processes are controlled and modulated by intermolecutar
interactions, These interactions can occur with a change in the covalent
structure of one or more of the participants {e.9., an enzyme substrate
interaction) or with no change in covalent structure {e.g., an antibody-
antigen interaction). In the latter case, in general, the three-dimensional
structures of both the ligand and the acceptor molecule(s) change as a
consequence of the interaction, which in turn can lead to a change in the
physical and chemical properties of the acceptor molecule(s) in a way that
madulates cellular structure and function. Thus, these interactions are
critical requirements for the conformational, dynamic, and stereoelectronic
changes that are central to the "chemistry of life” in bioiogical systems.

| this regard, peptides and proteins and their posttransiationally modified
derivatives constitute the most widely used "malecules of life” and can

rve many functional rales {e.g., as antibodies, enzymes, growth factors,
mmunomodulators, hormones, neurotransmitters, and receplors) and the
many other functions that are critical to cellular function and to intercellular
communication in complex fiving systems. 1t is no accident that nature

uses proteins as the major functional molecules in living systems, which
undoubtedly is related to the enormous physical and chemical diversity

hat Is possible for these compounds. For example, if one utilizes only the
20 standard amino acid residues found in proteins and examines the number
f distinct chemical species available, millions of molecules afready are
ossible at the pentapeptide stage (3.2x10%; that number becomes 1.28x10%
t the heptapeptide stage. Thus, for even a small protein of 100 amino acid
esidues, there are an astronomical number of possibilittes. It is not clear
ow many of these possibilities nature has explored, but it is clear that only

1 small fraction of those possible are used.
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There i5 a great opporiunity in the possibility for utitizing enormous chem;c
diversity to obtain a better understanding of how nature works and for the:
discovery of novel lead molecules that can serve as starting points for the
development of agonist or antagonist drugs with specific biclogical effects.
It also is a challenge to develop a simple method to prepare such large apy
diverse chemical libraries in a cost-effective manner that will allow exami;
of the binding properties of a particular species in the library and at the sz
time have each chemical species present in sufficient quantlttes for siructu
determination. ,

The authors recently proposed and developed a methodology for prepann.
Iarge statistically diverse peptide libraries (1 0* to 108 individual species) .
in a short time and for examining their ligand-binding activities with accept
macromolecules such as antibodies and enzymes (Lam et al. 1991, 1992)
This chapter briefly reviews the basic approach in this development and

discusses some oi the possible applications for the future. :

RESULTS AND DISCUSSION

The creation of a large peptide library creates several problems. The
most important is that of scale. The basic question posed was how much’
of each peptide is needed so that, on the one hand, sufficient concentratic
are available to screen for binding and, on the other hand, sufficient amo(
are available for structure determination. Afier examining several approac
the authors devised a method that maximizes chances for success with th
minimum amount of peptide. This method exploits the idea of one peptide
for ane bead. The synthetic methodolegy used is the Merrifield method
{Merrifield 1863) in which the peptide of interest is synthesized on a solid:
support. This method has revolutionized peptide chemistry (and synthetig
chemistry in general) in that it greatly simplifies the multistep synthetic -
processes of preparing a peptide. The growing peptide chain is assemblg
on a resin bead, and as a consequence, the solvents and reagents requiri
for the synthesis can be removed by the simple expedient of washing. Th
methodology provides two other prevnousiy unexploited advantages. First
depending on the substitution level and size of the bead (in standard
Merrifield syntheses, the substitution level is generally 0.2 to 1.0 mmol/g -
resin, and the bead size is generally from 50 to 200 microns), a high local
concentration of peptide can be present on each bead. Calculations sugg
that the local concentration of peptide on a single bead is in the millimolar
to micromolar range and that the amount of peptide present would be fron
50 to 300 pmol, more than sufficient to determine the sequence, because
modern sequencers can sequence in the 2 to 5 pmol range. Second, a .
baad provides a unique surface (like a cell} for interaction of the ligand
present on the surface of the bead with 2 macromolecule in the surroundi
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~ medium. Such a surface should be excellent for large-scale screening in a

= minimum volume but with a large surface area.

 The next question posed was, given the above considerations, how to

. prepare a large, chemically diverse peptide mixture in which each peptide

+'In the mixture would be localized to a single resin bead and each bead

- would possess & single peptide and In which each peptide in the library

- would be present in approximately the same concentration. The answer to

- the latter part of the question s to have each bead in the mixture approximataly
the same size and substituted to the same extent. To ensure that each bead

. has a unique peptide and only that peptide, it is necessary that each bead be

exposed to only a single coupling reaction at a time and that the reaction be

driven to completion. The approach is similar to that presented by Furka and

colleagues (1988, 1391}, who, hawever, did not recognize the potential of

- having a unique peptide sequence on every bead. Finally, for diversity, one
must turn to statistics. For example, if the 20 standard amino acids are used
for the construction of a library, by dividing the resin into 20 equal paris, adding
each amino acid to only one of these parts, then thoroughly mixing all the parts,
by dividing intc 20 equal parts again, adding each amino acid to only one
of these paris, and so forth, one can rapidly develop a fibrary of millions

- of peptides on millions of beads. Because a gram of standard-size solid-
phase resin contains about 1 million 100-micron beads, very large libraries
are feasible using Merrifield solid-phase methodology.

It is important to recognize two important synthetic issues in the construction
of such a large, diverse peptide library. First, different amino acid residues

“have very different chemical reactivities, For example, activated N®-Fmoe-
alanine is much more reactive than N®-Fmoc-isoleucine, Second, and even
more important, when a large peptide library is constructed, the peptide
products become very diverse chemically and hence differ greatly in their
reactivity (nucieophilicity), Therefore, every reaction must be driven to
completion. As a practical matter, we found that using a threefold to fourfald

. excess of the amino acid, a 1- to 2-hour reaction time in a minimum volume,

.. and optimized Merrifield synthetic procedures generally leads to completion

- of the reaction even for difficult sequences such as Val to Val-peptide coupling.

. To check on the fidelity of the methodology for producing single peptide
moieties on a bead, we examined a large number of single resin beads
chosen both randomly and from our binding assay for their structure and for
the synthetic fidelity of the synthetic peptide on the bead using a Pulsed Liguid

" Autematic Peptide Sequencer to determine the sequence and quantitate the
amount of peptide on a single bead and then used modern preview analysis to
determine the fidelity of the peptide on a single bead. These studies showed
that each bead contains between 50 and 300 pmols of peplide as predicted,
and preview analysis demanstrated that the peptides on each head were

" homegeneous, with the percentage of a singie peptide species being between
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97 to 99.9 percent in a pentapeptide fibrary of more than 2 million peptides
(Lam et al., in press). The results of such an analysis {or seversl pentapepné
beads that interact with streptavidin (Lam et al. 1991, 1992) are given in tabl:
These results demonstrate that the synthetic methods used, optimized to
maximize completion of reactions on solid phase resins, can provide targe
peptide libraries In which each peptide produced is present in enough yleld
and each bead present has on its surface and throughout the bead a untque
peptide sequence. The realization that a sungie solid-phase bead could cont,
enough peptide in sufficient purity for use in a screening process was a crmc,
element in the development of th|5 methodoiogy .

Next, these libraries were utilized to screen for binding to acceptor
macromolecules. For this purpose, the authors prepared the libraries to *
leave the peptide attached to the bead, but with all the protecting groups =
{amino terminal and side-chain moieties) removed, Thus, it was necessary.
to develop a synthetic strategy so that all side-chain protecting groups could
be removed following construction of the peptide library while the peptide
remained on the resin and, in addition, to ensure ihat the peptide on the
surface of the bead was accessible {or binding to the macromolecular :
acceptor by construction of a spacer of suitable length that is "biocompatib[_é;
One approach is to use polyamide resins that have been modified witha
spacer arm that consisted of a B-alanine, an e-aming caproic acid moiety,
and an ethylenediamine moiely atiached to the polyamide polymer.

in this strategy, Fmoc protection is used for N®-amino groups, and tert-

TABLE 1. Examination of the amount of peptide and preview analysis fof??
individual pentapeptide beads that intaract with streptavidin =

Peptide Recovered Percent Preview

Sequence Determined {pmol) for Cycle 5
HPQGP 60 0.35
HPQAG 53° 1.5
FHPQG 72 0.23
QHPQG 60 23
GHPQG 250 0.44
REHPQ 112 0.56
IQHPQ 19z - 1.8
GNHPQ 222 0
WMHPQ 257 2.7
TPHPQ 158 ‘ 0
WNHPM 89 2.5
MHPMA, 140 0.31
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- butyloxycarbonyl, tert-butyl esters, and tert-butyl ether type side-chain
protections are used (N®-Boc protection in conjunction with Fmog-based
ide-chain protecting groups also can be used). Tha N®-Fmac groups werg
“removed with piperidine, and following construction of the peptide library,
‘the side-chain protecting groups were removed by 80 percent trifluoroacetic
cid in N,N-dimethylformamide (v/v) containing 1 percent anisole and 0.9
“percent ethanedithiol. The peptide-resin beads were then neutralized with
10 percent diisopropylethylamine in N,N-dimethyiformamide and thoroughly
‘washed with several solvents (including water) before use in screening.
“Utilizing this methodoiogy, we obtained a number of peptide libraries
‘suitable for rapid screening of the type described below.

“To screen a library composed of millions of different chemical species
“requires careful consideration. Among the most common prablems for
‘consideration are the signal-to-noise (background signal) ratie, nonspecific
chemical reactions, unexpected chemical reactions, and the usual problems
‘of sensitivity and specificity. To overcome these praoblems, the authors
developed a rapid screening method that utilizes an enzyme-linked
‘immunoassay method in which the acceptor molecule {e.g., a monocional
antibody) is coupled to the enzyme alkaline phosphatase, which can then
‘catalyze a reaction in which those beads that interact with the monoclonal
-antibedy become colored as a result of the enzyme-catalyzed reaction.
These heads can be easily distinguished from thase that do not react
because they are colorless. The reacting beads (those that are colored)
can be removed easily from the incubation medium by a micromanipulator
under a low-power dissecting microscope as previously discussed

{Lam et al. 1991, 1892},

‘The colored beads are then washed, the bound monoclonal antibody-
enzyme complex remaoved by treatment with denaturing reagents that
can solubilize proteins {e.g., 6M guanidine hydrochloride), and the single
bead subjected to sequence analysis. In this way, unique new structures
can be discovered that bind with high affinity (micromolar to nanomolar)
to acceptor molecules. Ordinarily, we separately synthesize the binding
peptides discovered by these procedures and examine their binding to the
acceptor molecules by standard radicreceptor binding assays. Generally,
there is a good correspondence between the binding seen on the bead
-“and that obtained in the solution binding experiments {Lam et al. 1981,
1992, in press).

“SUMMARY AND OVERVIEW

- The authors developed a simple, highly reproducible, and synthetically clean
- ‘method for preparing large, statistically diverse peptide libraries that can be
“used to discover ligands that will bind to acceptor molecules. Several other
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methods were developed using both biological and chemical methods to-
provide polypeptide diversity for a variety of applications {Scott and Smith
1990; Geysen et al. 1984; Fodor et al. 1991; Cwirla et al. 1990, Houghten.
et al. 1991; Oldenburg et al. 1982; Devlin et al. 1990; Scott et al. 1992;.
Cull et al. 1982; Brenner and Lerner 1992). These methods, and others.
to be discovered and developed, offer a number of opportunities to exam;
in new ways the fundamental issues of molecular recognition and the
diversity of ways in which molecular recognition problems can be solved
With the availability of large, diverse peptide libraries, it Is likely that, for:
the same acceptor site on a macromolecule, several difierent peptide -
structures will bind speciiically to the same site with an affinity within a.
few orders of magmtude of each ather. .

From these and other fundamental studies, it will be possible to address .
issues that could not be addressed before the availability of these hbranes
For example, there are the basic questions of whether a small peptide of

5 to 15 residues can mimic & protein in its activities, whether a small Imear
peptide can serve as a mimatope for a discontinuous epitope on an antito
or how big an area an inhibitor needs to recognize to be able to block the:
binding of the native ligand. The last question is an especially critical que<
for protein-protein interactions, where fairly large surface areas appearto
involved in molecular recognition. Can a small peptide serve as a compe%
inhibitor for one of the sites of interaction to block the entire mteractmn"

The answer is not clear. '

Another major issue is the difference between a peptide zgonist and a'p’ep
antagonist. |t was suggested many years ago that peptide agonists and’::

antagonists, even competitive ones, bind difierently to the acceptor molecz
(Meraidi et al. 1977). In this case, a peptide antagonist had greatly reduce
flexibility relative to the agonist, and the specific induced rigidity was critica
for antagonist bicactivity (Meraldi et al. 1977). Perhaps this effect of I‘lgldit‘
explains why small, relatively rigid peplidomimetics generally are antagomi
of Iigands for macromolecular acceptors. G

Another issue s how many dtfferent ways a particular molecular recognmr
problem can be solved. For example, it aiready has been noted thata
particular recognition favors a particular primary sequence, called a conse:_
Sequence, and that this sequence is conserved throughout evolution. The
Question is whether this sequence s truly “essential” or whether some othe
Sequence can serve the same purpose. This question now can be explore_
Dy tonstructing a large library of peptides (millions or more) that do not-:
Possess this consensus to determine whether one or more new sequences
can accomplish the same binding interactions and whether a new consens
saquence will be developed. Another extension of these methods is molE

.:‘:
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recognition processes involving nonpeptides, such as sugars, polysaccharides,
nucleotides, and lipids. Again, same very critical issues can be addressed.

Many other possibilities exist for exploiting molscular diversity, and
acceleration can be expected in the development of assay methods,
chemical methods, and physicai methods to examine complex diverse
mixtures. In this regard, it is likely that the devalopment of new synthetic
: methods to prepare large, diverse chemical structures wiil challenge the
~“current methods of structural elucidation.
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