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ABSTRACT

A new technology for drug discovery (Selectide technolo-
gy} has been developed which greatly extends the capabil-
ity for rapid molecular and cellular screening 1o large
libraries containing millions of chemieally synthesized
compounds. Using a split synthesis approach to conden-
sation chemistry, we recognized thar each individual com-
pound of potential interest is located on a different solid
phase resin bead. Sereening for binding activity on the
bead surface: In order to screen for binlogical activiry, we
used several cleavable linkers which could release a por-
tion of the compound from each bead into the solution
phase in each of two sequential steps. For libraries com-
prised of peptides, there is sufficient residual peptide on
each bead 1o permit sequence determination via Edman
degradation. For non-peptide libraries, a system of pep-
ride encoding is used on each bead so that the structure of
the non-peptide compound car be determined by decading
the information conveyed by the peptide (which can be
sequenced). We have applied this technology to various
areas af drug discovery including @ major interest in the
development of anticancer drugs. Molecular rargets ai-
der evaluation include cell surface monoclonal immunoglob-
ulin on B-cell lymphomas, the epidermal growth factor
receptor, and the HER2-new receptor. Solution phase
screening with releasable libravies is being used 1o evali-
dte anti-tumor aclivity using a bauery of human tumor
cell lines. Based on data obiained thus far, we believe that
the Selectide technology has the potential for discaovering
novel new anticancer drugs.
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INTRODUCTION

The anticancer drug discovery process has proven to
be difficult and has focused on two major approach-
es: rational drug design and random screening of
natural and synthetic products. The majority of cur-
rent anticancer drugs are derived from, or are semi-
synthetic derivatives of, natural products (plant al-
kaloids, antibiotics). The alkylating agents and
antimetabolites which are in use are chemical com-
pounds discovered largely by serendipity, though there
also has been some success using rational design. As
a generalization, at least 50,000 agents must be
screened before a promising lead compound is dis-
covered. Both the rational and random screening ap-
proaches have yielded some success, and there are
now over 40 anticancer drugs that are in clinical use.
Nonetheless, there is stiil a major need for new an-
ticancer drugs particularly in the treatment of com-
mon solid tumors as the existing agents have limited
efficacy and substantial side effects. As in other fields
of drug discovery. structural modification of lead
compounds is often essential in order to move from
the discovery phase through lead optimization of a
new class of compounds, and then on to a final can-
didate drug suitable for clinical testing. This caveat
applies to both natural product derived or chemical-
ly synthesized lead compounds. Within nature, pep-
tides and proteins have been used extensively by
living organisms as key molecules with a variety of
functions including hormonal signaling as well as in
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interactions with the internal and external environ-
ment. The diversity of peptidic compounds that can
be synthesized from just the 20 eukaryotic (L) amino
acids is enormous. If one wishes to synthesize the
thearetical number of pentapeptides (5mers) that can
be made {rom just these 20 naturdl amine acids, the
approximate total is 3,200,000. If one wishes to pro-
duce 10mers from these building blocks, then the
approximate number of unique sequences rises to
10,240,000,000,000. Accordingly, if such structures
can be generated in random libraries and screened
rapidly for biological activity, the lead discovery proc-
ess for anticancer drugs might be markedly acceler-
ated. This objective is the goal of these research ef-
forts.

The “One-Bead, One-Compound” Concept and
Related Technological Developments

Several years ago, we first introduced the concept of
using large libraries of chemically synthesized pep-
tides or peptidomimetics for drug discovery and de-
velopment based on an original “one-bead, one pep-
tide” synthesis and screening concept which we now
designate as the Selectide technology or Selectide
process (Lam et al., 1991; Lam and Lebl, 1992; Lam
er al., 1993). Prior to our studies, relatively small
peptide libraries had been chemically synthesized
using 2 multi-pin technique in 96 well plates as orig-
inally described by Geysen er al. (1987) for epitope
mapping, and the biological generation of very large
peptide libraries had been accomplished by insert-
ing a randomized oligonucleotide into the genome
of the filamentous phage pIII coat protein (Scott and
Smith, 1990; Cwirla et al., 1990; Devlin er al., 1990).
Once generated, the phage library can be tested by
screening the live phage, selecting those which ex-
press peptides within the pIII coat protein with the
desired Iigand binding activity. Identification of the
active peptide is accomplished by sequencing the
nucleic acid code after expanding the active phage
clone through a series of plating and expansion steps.
Contemporaneously with our development of the
“ane-bead, one peptide” concept, Houghten and his
colleagues (1991) developed a modification of Gey-
sen’s multistep iterative chemical process (Geysen
et al., 1986) in which batches of peptides of known
structure were synthesized and cleaved into solution
and repetitively screened to identify peptides with
various functional or binding activities. The Selec-
tide process (which is also capable of producing free

peptides in solution) is based on a technique for ran-
dam compound synthesis of oligomers produced via
solid phase chemical synthesis conducted in such a
fashion that each individual compound in the library
is represented on a separate solid phase resin bead
on which it was synthesized. This “one-bead, one-
peptide” situation can be achieved by synthesizing
the compounds using the standard solid phase pep-
tide synthesis method of condensation chemistry with
a technique of “split synthesis” (Lam er al,, 1991
Furka er al., 1991). We recognized that by using this
approach, each resin bead would contain a single
unique peptide sequence. The individual beads within
the batch of resin beads used for synthesis were di-
vided up into different reaction vessels, one for each
reactant species (e.g., amino acid) to be added to a
growing polymer or compound. After each cycle of
deprotection and building block addition (e.g., using
Boc or Fmoc protected amine acids and sufficient
time to allow the reaction step to go to completion),
the beads were recovered and pooled from the vari-
ous vessels, washed and thoroughly mixed and then
redistributed into the vessels again for the next addi-
tion step. In a model experiment using three differ-
ent amino acids to produce a library of tripeptides,
all 27 theoretically generated tripeptides were suc-
cessfully produced and identified and found to be
produced in approximately equimolar quantities. Of
importance, each individual bead contained a suffi-
cient quantity of its unique peptide to permit its se-
quence to be determined via Edman degradation us-
ing an automated protein sequencer, This approach
proved to be readily adaptable to a generation of
libraries of various sized peptides (e.g., pentapep-
tides to dodecapeptides), using as many as 40 amino
acids.

A wide variety of peptide library formats have
been synthesized using natural or unnatural amino
acids, varying peptide length, and with introduction
of conformational constraints to produce libraries of
cyclic or alpha-helical peptidic structures. Inasmuch
as each individual peptide in the library was repre-
sented separately on an individual bead, binding as-
says using enzyme- or fluorescent-marker coupled
molecular acceptors were developed to identify unique
peptides that bound tightly to a given molecular ac-
ceptor (e.g., antibody, enzyme, receptor, etc.). The
technique proved to be quite effective for high vol-
ume testing as a library could be synthesized within
a few days, and screening of a library of up to ten
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million peptides could be accomplished within a day.

Using several model macromolecular aceceplors,
we then established that we could identify structur-
ally unique high affinity ligands from within a series
of pentapeptide libraries containing approximately
three million different peptide structures (Lam et al.,
1993). The specific staining of just those few beads
that bound the tagged acceptor at high dilution there-
fore provided a rapid means for screening for ligand
or “mimotope” activity of peptides in these large
libraries, Specific high affinity peptide ligands for
an anti-B-endorphin monoclonal antibody {clone E-
7) and for the biotin-binding site of streptavidin pro-
vided the specific demonstrations of specificity of
this screening process and established that it was
based on molecular-recognition principles (Lam er
al., 1991; Lam and Lebl, 1992; Lam ez al., 1993). As
mentioned above, the technology based on develop-
ing unique libraries of compounds with each com-
pound on a different solid phase bead as well as the
related techniques for rapidly identifying compounds

of interest within such large libraries represents the
core of the Selectide technology. Development of
this technology required development of suitable
chemistries, materials, and assay iechnigues to bring
its potential into focus for drug discovery. We do
not believe this concept is limited to the generation
and screening of peptide libraries, but rather repre-
sents a more general process for abtaining lead com-
pounds from a chemical library with specific molec-
ular recognition properties which may serve as the
basis for drug discovery and development.

We have recently extended the Selectide technol-
ogy to the testing of free peptides in solution by
incorporating two cleavable linkers, with orthogo-
nal cleavage characteristics (diketopiperazine and ester
bonds), as well as a third non-cleavable linker onto
each bead. The same oligimer is synthesized on each
of these linkers, producing a construct where one-
third of the compound can be released and tested,
subsequently the second third can be released and
tested, and the final third remains on the bead, ena-

XXKKX

XYXXX —ESTER
XKKXXKX — DKP

Fig. 1, Organization of the three linkers connected to » singte random peptide sequence on a typical dual release-peptide
random peptide bead. For simplification, only one representative linker construct is shown, whereas each actual
bead contains very large numbers of identical linker constructs both within the bead and on its surface. Cleavage
with reverse-diketopiperazine (DKP) formation releases the first 100 pM of peptide into solution for the first
stage assay, Cleavage of an ester bond releases the second 100 pM of peptide into solution for the second stage of
the assay, The remaining linker, which is non-cleavable under these conditions, retains the sequence information
on the bead of origin. This remaining linker provides more than an adeguate amount of the bead's peptide
sequence so that microsequencing of a single bead can be accomplished readily after a positive second stage
assay has been completed. More detail on assay technology has been published elsewhere (Lebl er al., 1993;
Salmon et al., 1993). With current plating volumes, the maximum concentration of any one peptide in a single

microwell is in the range of 1 pM,
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bling its idenlity to be determined {(Lebl et al., 1993).
Figure 1 provides a conceptual illustration of the
construction of the dual release, sequenceable pep-
tide bead. This approach provided a means to test
libraries of millions of peptides comprised of either
natural or unnatural amino acids with conventional
microplate pharmacological assays of growth, sign-
aling, etc. A two-stage design ‘was developed for
solution assays wherein for the first phase, 500-1,000
beads were piaced in each of the 96 wells in a micro-
assay plate and the first linker (a diketopiperazine-
type linkage) was cleaved at neutral pH. Thus, each
individual 96 well plate contained from about 50,000-
100,000 unique peptides released into solution (de-
pending upon the number of beads distributed in the
wells). The peptide solution from each well of each
“master” Millipore filtration plate was then trans-
ferred by filtration into a corresponding test well for
solution phase testing. After identifying the “active”
well(s) in the first stage assay, the beads from the
corresponding master well(s) were then recovered
and redistributed into new master plates at a concen-
tration of about one bead per well (range 0-6) and
the second stage linker {an ester bond) was cleaved
using either base or gaseous ammonia. Following
transfer by filtration and assay, the active well(s)
were then identified and the corresponding beads
from the second stage master well(s) were recovered
for peptide sequencing. As demonstrations of the
specificity of this release-technology for finding spe-
cific ligands, we utilized two molecular targets: the
same anti-B-endorphin monoclonal antibody as used
in defining the specificity of the bead binding assay,
and the human platelet-derived gp IIb/IlIa receptor
for fibrinogen (Salmon et al., 1993). Again, we were
able to find specific high affinity ligands using the
release technology. This release technology is there-
fore useful for testing peptides for growth inhibition
effects or other signaling assays that can directly
evaluate functional as well as structural interactions.
It is the release assay that we have used in an effort
to discover new anticancer drugs.

These studies established that we could identify
peptideé which bound to the active sites of antibod-
tes and of cell surface receptors. More recently, the
Selectide Corporation has also established that this
technology can be successfully applied to identify
potent enzyme inhibitors. We recognized that it would
be of value to move the Selectide technology be-
vond peptides to the more general world of organic

compounds, as most pharmaceutical agents are not
peptidic in structure. Although there are exceptions,
most peptides are not active orally as pharmaceuti-
cals, and furthermore, in most instances, peptidic
agents do not gain access to the intracellular envi-
ronment. The cyclic b-amino acid containing pep-
tide antibiotic cyclosporine is a distinct gxception to
this generalization. In this instance, cyclosporine is
internalized via a cell surface receptor for cyclo-
phyllin. The technology for producing libraries of
non-peptides (including both polymeric structures
based on subunits linked as amides, ureas etc., or as
derivatives of biologically interesting molecular scaf-
folds such as steroids, sugars, etc.) proved to be rel-
atively straightforward and we determined that such
structures could be built with the Selectide process
by using a variety of precursor organic molecules
that are available for chemical syntheses achieved
via condensation chemistry. Screening of such li-
braries is of course feasible using either the bead-
binding or release assay screening technologies as
described above, after which the active bead(s) can
be recovered. A major problem that had to be ad-
dressed with the non-peptidic libraries was that of
structure determination of functionally active com-
pounds. While some structures can be determined
using techniques such as mass Spectroscopy., this is
not always feasible. Therefore, we developed an en-
coding technique using peptide encoding wherein
non-sequenceable structures could be identified by
incorporating an amino acid coding unit on each bead
that identifies each non-sequenceable subunit. Ac-
cordingly, such beads have two separate structures
represented: a non-sequenceable oligomer or other
organic compound and a readily sequenceable pep-
tide (the amino acids which serve as the code for the
structure of the non-sequenceable compound)
(Nikolaiev et al., 1993). Related techniques for en-
coding other forms of combinatorial chemical libraries
have recently been reported by Brenner and Lerner
(1992) using a nucleoside encoding technique and
with peptide encoding by Kerr et al. (1993).

Current Applications of the Selectide Process to
Anticancer Drug Discovery '

We are currently using the Selectide technology in
an effort to discover new anticancer drugs. One tar-
get identified by one of us (KSL) was the cell sur-
face immunoglobulin on the surface of malignant B-
cells. The concept in this instance was L0 develop
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“antigene-directed immunotherapy™ (ADI) for B-cell
non-Hodgkin’s lymphoma (Lam, 1993). This approach
is intended to be patient specific and designed to
identify peptide ligands for the cell-surface mono-
clonal immunoeglobulin “idiotype” (id) which is unique
for every individual patient's lymphoma (Miller et
al., 1982). This approach appears feasible from sev-
eral standpoints: a) the first proofs of principle for
the Selectide process were obtained by demonstrat-
ing that the technology could be used to identify
mimotopes for the specific antigen-epitope which
hinds to the combining site of individual murine
monoctonal antibodies, and b) anti-id antibodies have
shown therapeutic benefit in some patients with B-
cell lymphoma (Miller er al., 1982). The overall con-
cept of ADI as envisioned involves recovery of cell
surface id, identification of a highly specific peptide
(with the Selectide process) which binds to the id,
followed by resynthesis of and radioiodination of
the patient-specific peptide for use in radioimmuno-
therapy (Lam 1993). Use of a peptide to deliver tu-
mor-specific radiotherapy would have more favora-
ble pharmacokinetic characteristics than a monoclonal
antibody for tumor imaging, dusimetry and therapy.
This concept is currently being tested in preclinical
models at the Arizona Cancer Center. If this patient
specific technology can be perfected, we envision
that the whole program of discovery and synthesis
of an individualized radioactive peptide for patient
therapy might be accomplished within one month
from the time of biopsy of the patient’s lymphoma.
We recognize that there are other obstacles 1o be
overcome, including the potential of in vive evolu-
tion of tumor clones expressing variants of the idio-
type or which lack cell surface immunoglobulin (Ren-
schler and Levy 1983).

Qur efforts at drug discovery using the Selectide
technology were substantially expanded in 1992 with
establishment of collaborative interactions between
a series of laboratories at The University of Arizona,
New York University, The Max Planck Institute, The
Selectide Corporation and The National Cancer In-
stitute (NCI). This program is intended to discover
new anticancer drugs which may be of more general
use than the patient specific approach as described
above. It is therefore amenable to more conventional
drug development invelving the pharmaceutical in-
dustry. The initiative is supported in part with “Na-
tional Cancer Drug Discovery Group” funding from
the NCI {which involves ongoing close cooperation

with the NCI). The discovery program utilizes both
bead binding technology (for specific receptors pro-
duced with recombinant DNA technoiogy), and the
release assay technology for identifying peptides with
antiproliferative activity. While this program was
only initiated recently, we have already obtained pre-
liminary evidence that the Selectide technology can
be used for lead discovery for anticancer agents.

Molecular Recognition of Cancer-related Recep-
tors

We have initiated a collaborative program to identi-
fy peptidic ligands which bind to the external do-
mains of tyrosine kinase receptors known to be over-
expressed on certain forms of cancer (Ullrich and
Schiessinger 1990). After binding with their growth
factor ligands, these receptors transduce signals
thought to stimulate cancer growth. The specific re-
ceptors being studied are the epidermal growth fac-
tor receptor (EGFR) and the HER2-neu oncogene
expression product, which also appears to be a re-
ceptor (HER2R). The external domains for both of
these receptors have been synthesized via recom-
binant DNA technology in forms that are of particu-
lar use for our screening efforts. It is our hypothesis
that a binding peptide that occupies the growth fac-
tor binding site on these receptors may function as a
competitive inhibiter of growth factor action, and
thereby inhibit cancer growth. A second alternative
approach to antagonism of signaling by such growth
factor receptors would be to identify a peptide lig-
and which blocks receptor dimerization (dimeriza-
tion resulting from ligand interaction is thought to
be necessary to initiate the tyrosine-kinase-linked
signaling process). For both EGFR and HERZR, the
bead binding technology was employed after cou-
pling the relevant receptor to either alkaline phos-
phatase or fluorescent markers. Each of these mark-
ers has certain advantages, and they have been used
differentially for the two receptor targets. An advan-
tage of the EGFR target is that the natural ligand
(EGF) is available for competitive binding studies
which increase the specificity of the screening as-
says and provide experimental evidence that the dis-
covered peptides bind at the ligand binding site. To
date we have identified several Tmer cyclic peptides
which bind to EGFR and can block the binding of
EGF. We are not vet certain of the affinity of these
peptides for EGFR and they have yet to be tested in
functional assays. Further screening as well as lead
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optimization based on the initial cyclic peptide leads
is now underway.

Molecujar screening for binding ligands for HER2R
is mare difficult, because the natural ligand for this
tyrosine-kinase receptor-like molecule has not been
clearly identified, and has not been available for our

studies, Accordingly, we cannot carry out competi-

tive binding studies. Thus, peptide ligands which we
determine to bind to HER2R may well bind at alter-
native sites on the receptor than at the ligand bhind-
ing site. These peptides may prove of interest (e.g.,
if they block receptor dimerization), but functional
assays are required (o determine their relevance to
signaling. To date, we have identified some 13-mers
which bind with specificity to HER2R. Several of
these appear to inhibit functional kinase activity,
Characterization of affinity and effect on cell prolif-
eratton is in progress.

Cancer Cell Line Screening

Using the release assay, we have initiated an active
screening program using six human tumor cell lines
(breast, colon, lung, melanoma, prostate, leukemia)
using a replicate plating technique. The cell lines
tested were obtained from the American Type Tis-
sue Culture Collection (Rockville, MD). For first
stage screening for antitumor activity, the released
peptide from each well of the 96 well plates (500-
1,000 beads per well} is divided and simultaneously
tested against 2-3 cell lines in a 96-hour cell growth
inhibition assay. Based on bead content and peptide
release characteristics as well as plating volumes of
releasate, the maximal concentration of each test pep-
tide in the assay wells is approximately 1 UM, Meas-
urement of drug effect is determined after four days
of culture with the sulforhedamine B (SRB) assay
(Monks er al., 1991). The growth-inhibition endpoint
for the SRB assay is determined spectrophotometri-
cally, with a positive well defined as exhibiting greater
than 30% reduction in OD compared to controls.
With releasate from 300 beads per well, each 96
well test plate permits the simultaneous evaluation
of close to 30,000 peptides. A single investigator
can set up 20 plates per day with each cell line,
permitting the evaluation of almost 1,000,000 pep-
tides in each four-day assay with three assays per
week. Once a positive well is identified in the first
stage assay, the beads from the master plate for that
well are recovered and redistributed with 1-2 beads
per well for second stage testing. The second stage

test is performed with the specific cell line that yielded
the positive screening result in the first stage assay.
With a positive second stage assay, the 1-2 beads
from the master well are then recovered for sequenc-
ing. The identified peptide is resynthesized and re-
tested against all six cell lines in dose-response fash-
ion. Over the past nine months we have conducted
first stage screening against ten different library for-
mats which were prepared with the dual cleavable
linkers, and tested more than 30 million individual
peptides. At this stage of technology development,
library format is exploratory since specific molecu-
lar targets have not been identified from the cell line
testing. Structural modifications tested to date have
included libraries of differing peptide chain length
{(up to L5mers), cyclic structure, or incorperating
various end-groups added to the amine terminus of
the peptides. Complete screening of a library was
feasible for peptide lengths up to Smers, but only a
statistically representative fraction of longer chain
length libraries. At least three million individual pep-
tides were tested from each of the libraries tested. In
first stage screening of the libraries, a total of ap-
proximately 74,000 microwells were assayed against
the various cell lines, out of which eight were posi-
tive. Of the beads recovered from these eight wells
and retested in second stage testing, one positive
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Fig. 2. Effects of SEL1202 on the in vitro growth of ha-
man temor cells. The cancer cell lines used to
obtain the results depicted in this figure include:
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tate 2 (PC3).
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well was obtained (from a pentapeptide library), That
specific well contained four beads, which were se-
quenced and shown to contain four different pen-
tapeptide sequences. These four peptides were then
resynthesized and tested and one of the peptides
praved to be active on retesting with a preliminary
estimate of its ICy, in the range of 1 pM. The lead
peptide discovered (SEL1202} is a lipophillic pen-
tapeptide analog with differential antituinor activity
against the cell lines tested in the primary screen as
well as in the testing against six solid tumor cell
lines. The activity profile of this peptide against the
various cell lines was quite different than that of an
index antiturmor agent (mitomyecin C) used as a pos-
itive control, The greatest degree of growth inhibi-
tion with SEL1202 was observed with the melano-
mia and colon cell lines, and which had IC;s almost
a log lower than observed with some of the other
lines tested (Figure 2). However, SEL1202 must be
considered, at best, just a preliminary lead, and de-
tailed study will be required to better characterize
this compound and defermine whether it is a true
“hit” or not. We are continuing prospective screen-
ing with the release assay using novel library for-
mats including libraries with conformational con-
straints, unnatural amino acids, and non-amino acid
building blocks for the synthesis of large libraries of
small organic compounds which may have far better
capabilities for cellular uptake (Nikolaiev ez al., 1993).

DISCUSSION

These studies provide an initial indication that the
Selectide process can be applied to the anticancer
drug discovery process. We have focused on cell
surface receptors on cancer cells for our initial mo-
lecular targets. However, it appears that enzymes
associated with invasion and metastasis represent
potential targets of interest, as the Selectide process
appears to be applicable to the identification of pro-
tease inhibitors. Leads discovered from peptide li-
braries may serve as templates for subsequent devel-
apment of peptidomimetics, or in some instances may
themselves serve as therapeutic agents. We are clearly
interested in pursuing non-peptide libraries of or-
ganic molecules, as these may be be easier to opti-
mize to produce useful drugs. We plan to evaluate
non-peptide libraries using our multiple cell-line
screening assay with the knowledge that the poten-
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tial chemical diversity of the libraries will be much
greater than that afforded by amino acids, We also
assume that compounds within such non-peptide li-
braries will have a greater likelihood of crossing cell
membranes and acting on intracellular targets with-
in cancer cells. While the initial stage of our ap-
proach to drug discovery appears more empirical than
rational, its “brute force” nature provides the poten-
tial of providing a substantial number of lead com-
pounds against various targets which can then be
optimized through the use of optimization via fur-
ther combinatorial library approaches as well as via
more traditional medicinal chemical approaches as
well as with the application of computational meth-
ods and molecular modeling on the lead structures
and analogs.
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