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INTRODUCTION

Mostbiological processes are controlled and moduiated by Intermolecular
Interactions. These interactions can occurwith a change In the covalent
structure of one or more of the participants (e.g., 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-dimensionai
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
modulates cellular structure and function. Thus, these interactions are
critical requirements for the conformational, dynamic, and stereoelectronic
phanges that arecentral to the "chemistry of lite" in biological systems.
Ip this regard, peptides and proteins and theirposttranslationally modified
derivatives constitute the mostwidely used"molecules of lite" and can
s.erve many functionai roles (e.g., as antibodies, enzymes, growth factors,
lmmunomoculators, hormones, neurotransmitters, and receptors) and the
many other functions that are critical to cellular function andto intercellular
pommunicatlon In complex livingsystems. It is no accident that nature
uses proteins asthe majorfunctional molecules in living systems, which
undoubtedly is related to the enormous physical and chemical diversity
that Is possible for these compounds. For exampie, if one utilizes only the
20standard amino acid residues found In proteins and examines the number
pfdistinctchemicai species available, millions of molecules already are
possible at the pentapeptide stage (3.2x1 O~; that number becomes 1.28x1 09

~t the heptapeptide stage. Thus, for even a smallproteinof 100aminoacid
residues, thereare an astronomical number of possibilities. It is not clear
hpw many of these possibilities nature has explored, but it is clear that only
asmall fraction of those possible areused.
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There Is a great opportunity in the possibiHty for utiHzlng enormous chemi6
diversity to obtaina better understanding of how nature worksand for the
discovery of novel lead molecules that can serve as starting points for the
development of agonistor antagonist drugswith specific biological effects;
It also is a challenge to developa simple method to prepare such large ani
diverse chemical libraries In a cost-effective mannerthat will allow examini
of the binding properties of a particular species in the library and at the sa,
time have each chemical species present in SUfficient quantities for structU
determination.

The authors recently proposed anddeveioped a methodology for preparll1l
large, statistically diversepeptide libraries (10' 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 at. 1991, 1992)
This chapterbriefly reviews the basicapproach in this development and
discusses some of the possible applications for the future.

RESULTS AND DISCUSSION

The creation of a large peptide librarycreates several problems. The
most Important is that of scale. The basicquestion posed was how much
of each peptide is needed so that, on the one hand,sufficient concentratic
are available to screenfor binding and, on the otherhand, sufficient arnou
are available for structure determination. After examining several approac
the authors devised a method that maximizes chances for success with th
minimum amountof peptide. This method exploits the Ideaof one peptide
for one bead. The synthetic methodology used is the Merrifield method
(Merrifield 1963) in which the peptide of Interest is synthesized on a solid
support. This method has revolutionized peptide chemistry (and synthetic
chemistry in general) In that it greatlysimplifies the multistep synthetic
processes of preparing a peptide. The growingpeptide chain is assemble
on a resin bead, and as a consequence, the solvents and reagents requln
for the synthesis can be removed by the simple expedient of washing. Th
methodology provides two other previously unexploited advantages. First
depending on the substitution level andsize of the bead (instandard
Merrifield syntheses, the substitution level is generally 0.2 to 1.0 mmol/g
resin, and the beadsize is generally from 50 to 200 microns), a high local
concentration of peptide can be present on each bead. Calcuiations sugg
that the local concentration of peptide on a single bead Is In the millimolar
to mlcromolar range and that the amount of peptide present wouid be fron
50 to 300 pmol, morethan sufficient to determine the sequence, because
modern sequencers can sequence In the 2 to 5 pmol range. Second, a
bead provides a uniquesurface (like a cell) for interaction of the ligand
presenton the surface of the beadwith a macromolecule in the surroundl
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medium. Such a surface should be excellent for large-scale screening In a
rrurumurn volume but with a large surface area.

next question posedwas, 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 a single peptide and in which each peptide in the iibrary
would be present in approximately the sameconcentration. The answerto
the latter part of the question is to have each bead In the mixture approximately
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 Furkaand
colleagues (1988, 1991 " who, however, did not recognize the potential of
havinp 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 parts, adding
each amino acid to only one of theseparts, then thoroughly mixing all the parts,
by dividing into 20 equalparts again, adding each amino acid to only one
of these parts, and so forth, one can rapidly develop a libraryof millions
of peptides on mliiionsof beads. Because a gram of standard-size solid-
phase resin contains about 1 million 1DO-micron beads,very iarge 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, differentamino acid residues
have very differentchemical reactivities. Forexample, activated N··Fmoc
alanine is much more reactive than N··Fmoc-isoleucine. Second, and even
more important, when a largepeptide library is constructed, the peptide
products becomevery diverse chemically and hencediffer greatly in their
reactivity (nucleophiiicity). Therefore, every reaction mustbe driven to
completion. As a practical matter, we found that using a threefold to fourfold
excess of the amino acid, a 1- to 2-hourreaction time in a minimum volume,
and optimized Merrifield synthetic procedures generally leadsto completion
of the reaction even for difficuitsequences suchas Val to Val-peptidecoupling,
To checkon the fidelity of the methodology for producing single peptide
moietieson a bead, we examined a largenumber of single resin beads
chosen both randomly and from our binding assayfor their structure and for
the syntheticfidelity of the synthetic peptide on the bead usinga Pulsed Liquld

. AutomaticPeptideSequencerto determine the sequence and quantitate the
amountof peptideon a single bead and then usedmodern preview analysis to
determine the fidelity of the peptide on a single bead. These studiesshowed
that each bead contains between 50 and 300 pmols of peptideas predicted,
and preview analysis demonstrated that the peptides on each beadwere
homogeneous, with the percentage of a single peptidespecies being between
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97 to 99.9 percent in a pentapeptide library of more than 2 million pe~ltide",

(Lam et ai., in press). The resuits of such an analysis for severai pelltaipeiltic
beads that interact with streptavidin (Lam et al. 1991, 1992) are given in
These results demonstrate that the synthetic methods used, optimized to
maximize compietion of reactions on solid phase resins, can provide
peptide libraries in which each peptide produced is present in enough
and each bead present has on its surface and throughout the bead a
peptide sequence. The realization that a singie solid-phase bead coulo
enough peptide in sufficient purity for use in a screening processwas a
eiement in the deveiopment of this methodology.

TABLE 1. Examination of the amountof peptideandpreview analysis
individuai pentapeptide beads that interactwith streptavidin

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 ail side-chain protecting groups
be removed foilowing construction of the peptide library while the peptide
remained on the resin and, in addition, to ensure that the peptide on the
surface of the bead was accessible for binding to the macromolecular
acceptor by construction of a spacer of suitable length that is "blocornpatlbla
One approach is to use polyamide resins that have been modified with a
spacer arm that consisted of a ~-alanine, an a-aminecaproic acid moiety,
and an ethylenediamine moiety attached to the polyamide polymer.
In this strategy, Fmoc protection Is used for Na-aminogroups, and tert-

Sequence Determined

HPQGP
HPQAG
FHPQG
QHPQG
GHPOG
REHPQ
IOHPO
GNHPQ
WMHPQ
TPHPO
WNHPM
MHPMA

Peptide Recovered
(pmol)

60
53·
72
60

250.
112
192
222
257
158
59

140
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Percent Preview
for Cycle 5

0.35
1.5
0.23
2.3
0.44
0.56
1.8
o
2.7
o
2.5·
0.31



butyloxycarbonyl, tert-butyl esters, and tert-butyl ethertype side-chain
protections are used (N"-Soc protection in conjunction with Fmoc-based
side-chain protecting groups aiso can be used). The N"-Fmoc groupswere
removed with piperidine, and following construction of the peptide library,
the side-chain protecting groups were removed by 90 percent trifiuoroacetic
acid in N,N-dimethylformamlde (v/v) containing 1 percent anisole and 0.9
percent ethanedlthloi. The peptide-resin beads were then neutralized with
10 percentdilsopropyiethyiamlne In N,N-dlmethylformamide and thoroughly
washed with several solvents (inciuding water) before use In screening.
Utilizing this methodology, we obtained a number of peptide libraries
suitable for rapid screening of the type described beiow.

To screen a library composed of miiiions of different chemical species
requires careful consideration. Among the mostcommon problems for
consideration are the signal-to-noise (background slgnai) ratio, nonspecific
chemical reactions, unexpected chemical reactions, and the usuai probiems
of sensitivity and specificity. To overcome these probiems, the authors
developed a rapidscreening method that utilizes an enzyme-linked
immunoassay method In which the acceptor moiecuie (e.g., a monoclonai
antibody) is coupled to the enzyme alkaline phosphatase, which can then
catalyze a reaction Inwhich those beads thatinteractwith the monoclonal
antibodybecomecolored as a resultof the enzyme-cataiyzed reaction.
These beads can be easilydistinguished from those that do not react
because they are colorless. The reacting beads (those that are colored)
can be removed easilyfrom the Incubation medium by a micromanlpuiator
under a low-powerdissecting microscope as previousiy discussed
(Lam et al, 1991, 1992).

The colored beads are then washed, the bound monoclonal antibody
enzyme complex removed by treatment withdenaturing reagents that
can solubilizeproteins (e.g., 6M guanidine hydrochloride), and the single
beadSUbjected to sequence analysis. In this way, unique new structures
can be discovered that bindwith high affinity (micromolar to nanomoiar)

. to acceptor molecules. Ordinarily, we separately synthesize the binding
peptides discovered by these procedures and examine their binding to the
acceptormolecules by standard radioreceptor 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 ai. 1991,
1992, In press).

SUMMARY AND OVERVIEW

The authors developed a slmpie, highly reproducible, and synthetically clean
methodfor 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 bloiogical and chemical methods
provide polypeptide diversityfor a variety of appiications (Scott and
1990;Geysen et ai. 1984; Fodor et ai. 1991;Cwirla et ai. 1990;HOluorlt,,"
et ai. 1991;Oldenburg et ai. 1992; Deviin et ai. 1990;Scottet ai. 1
Cuii et ai. 1992;Brenner and Lerner 1992). These methods, and
to be discovered and developed, offer a number of opportunities to
in new ways the fundamental issuesof molecularrecognition and the
diversityof ways in which molecularrecognition problems can be
With the availability of large, diverse peptide libraries, it is likely
the same acceptor site on a macromolecule, severaldifferentpeptide
structures will bind specifically to the same site with an affinitywithin
few ordersof magnitude of each other.

From these and otherfundamental studies, it will be possible to ad,ire".
issues that could not be addressed before the availability of these Iib"lri'"
For example, there are the basic questions of whether a small peptide
5 to 15 residues can mimica protein in its activities, whethera
peptide can serve as a mimotope for a discontinuous epitope on an
or how big an area an inhibitorneeds to recognize to be able
binding of the native ligand. The last question is an especially critical
for protein-protein interactions, where fairly large surface areasacoear
involved in molecular recognition. Cana small peptide serve as a
Inhibitorfor one of the sites of interaction to block the entire lntaractlon?
The answer is not clear.

Anotherissue is how manydifferentways a particularmoiecularrec:ogrliiip
problem can be solved. For exampie, it alreadyhas beennoted that a
particular recognition favors a particularprimary sequence, called a
sequence, and that this sequence is conserved throughout evoiution.
question is whether this sequence is truiy "essential" or whethersome
sequence canservethe samepurpose. This question now can be
by constructing a large library of peptides (millions or more) that do
possess this consensus to determine whether one or more new seouences

can accomplish the same binding interactions and whethera new consens
sequence" will be developed. Another extension of thesemethods Is

"'. ': ',; ,<-;'

Another major issue is the difference between a peptide agonist and
antagonist. it was suggested manyyears ago that peptide agonists
antagonists, even competitive ones, bind differentlyto the acceptor
(Meraldi et al. 1977). In this case, a peptide antagonist had greatiy
flexibility relative to the agonist, and the specific induced rigidity was
for antagonist bioactivity (Meraidi et ai. 1977). Perhaps this effect of
explains why small, reiatively rigid peptidomimetics generally are antiegonij
of ligands for macromoiecular acceptors.



recoqnitlcn processes involving nonpeptides, such as sugars, polysaccharides,
nucleotldes, and lipids. Again, some very critical issues can be addressed.

Many other possibiiities exist for exploiting moleculardiversity, and
acceleration can be expected In the development of assay methods,
nhamical methods, and physicalmethods to examine complex diverse
mixtures. In this regard, it is likely that the developmentof new synthetic
methods to prepare large, diverse chemical structures will challenge the
current methodsof structural elucidation.
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