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Summary

A single-step cancer cell cytotoxic assay system for anticancer drug discovery has been developed which
facilitates rapid screening of large combinatorial chemical libraries synthesized using the ‘one-bead—one-
compound’ (OBOC) methodology. Each OBOC library bead incorporates two orthogonally cleavable
linkers that release the bead-bound compound at a different pH. The assay utilizes high concentrations
of tumor cells mixed directly with OBOC beads and plated in soft agarose containing tissue culture
medium. One of the orthogonal linkers is cleaved at neutral pH in tissue culture releasing an aliquot of
compound to diffuse at a relatively high local concentration into the soft agarose immediately surround-
ing the bead. Active compounds are identified visually from a clear ring of tumor cell lysis which forms
within 48 h around just the rare bead releasing a cytotoxic compound. The bead releasing a cytotoxin
is then plucked from the agar and the remaining compound still linked to the bead can be released for
structural analysis, followed by compound resynthesis and confirmatory testing, This assay system has
been successfully applied to identification of lead cytotoxic compounds from model peptidic and non-
peptidic combinatorial chemical libraries. Use of this methodology may facilitate anticancer drug
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discovery.

Introduction

Development of anticancer drugs has proven to be a
difficult task with slow but definite progress having oc-
curred over the past 40 years. Part of the difficulty in
anticancer drug development is presumably due to the
complexities of cancer. Such complexities include the high
spontaneous mutation rate and resultant plasticity of the
genome leading to increased expression of growth-pro-
moting oncogenes and inactivation or deletion of tumor-
suppressor genes and our still fragmentary understanding
of critical steps in cancer cell signalling pathways and
drug-resistance mechanisms. Accordingly, most anticancer
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agents currently available are DNA-damaging antiproli-
ferative agents, and it has been difficult to define essential
molecular abnormalities in cancer which can serve as
specific targets for rational drug design. An additional
difficulty has been limitations in the screening systems
available against which to test either rationally designed
or empirically identified compounds (e.g. natural products
and synthetic intermediates of unknown activity). During
the 1960s and 1970s, the U.S. National Cancer Institute
(NCI) utilized in vivo murine tumors for anticancer
screening. These models were generally limited to one
tumor type (e.g. P-388 or L-1210 leukemia) and could
screen no more than 10000 compounds per year [1]. In
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the 1980s and 1990s, the NCI has increasingly conducted
the initial screening in vitro with numerous different kinds
of human tumor cell lines, with subsequent confirmatory
screening of positives in vivo in a relevant human tumor
xenograft model. This strategy has as its goal the screen-
ing of about 20000 novel compounds per year in the
primary in vitro screen [2-3]. Inasmuch as the finding of
a drug lead has been estimated to require testing 50 000
compounds or more, this empirical system is also quite
limited.

It has been our goal to develop a new technology
which would facilitate cost-effective in vitro testing of
hundreds of thousands to millions of compounds each
year against a variety of human tumor cell lines in vitro
in order to identify additional leads for anticancer drug
development. We hypothesized that an increased screen-
ing throughput of this magnitude would increase the
probability that novel tumor-type selective compounds
could be discovered in a more timely fashion, after which
traditional approaches could be used to identify novel
mechanisms of anticancer action. In order to achieve this
goal, we focused on the use of combinatorial chemistry
with which large numbers of compounds could be
screened. The combinatorial chemical approach that we
have exploited uses solid-phase chemistry in which indi-
vidual resin beads within a library of combinatorial chem-
ical beads each display a single unique compound (‘one-
bead-one-compound’ or ‘OBOC"), while the entire syn-
thesized library contains many thousands or millions of
distinct compounds capable of exploring a vast array of
molecular spaces and molecular recognition patterns
[4-9]. Some of the compound on each bead is attached
with a cleavable linker so that it can be tested in solution
for anticancer activity, while an additional aliquot of the
compound remains on the bead for subsequent structural
identification of ‘hits’ from the cytotoxicity assay system.
Our first approach used a two-stage assay in 96-well
microassay plates [10—12]. While this assay system proved
useful for exploring known molecular targets, logistic
difficulties compromised its capacity for in vitro testing of
tumor cell lines in culture (as discussed in this paper).
Therefore, we devised an alternative strategy intended to
circumvent the major limitations of the two-step multiwell
microassay for anticancer activity. Our solution was to
develop a single-step screening culture system in which
both the OBOC beads and a high concentration of tumor
cells were mixed in molten agarose and allowed to gel
into a semi-solid medium wherein the action of active
cytotoxic compounds released by the beads could be
readily identified via their induction of a zone of cell
death around the active bead(s) [9]. This assay system
appears to overcome major limitations of prior antitumor
screening systems and in studies to be described herein
has yielded several lead compounds of unique structure
with selective activity against specific hematologic malig-

nancy or solid tumor cell lines in vitro. An alternative in
situ releasable approach of OBOC bead libraries on poly-
ethylene films above a soft agar layer has been adapted
by Jayawickreme et al. to identify peptide ligands for G-
protein-coupled receptors on intact cells [13].

Materials and Methods

Combinatorial bead library synthesis

OBOC combinatorial chemical libraries were prepared
using 130 pm or 220 pm diameter TentaGel Resin beads
(polystyrene beads engrafted with polyethylene glycol).
Chemical synthesis of peptidic or non-peptidic libraries
was conducted using a split-synthesis protocol [4,5,14,15]
for solid-phase synthesis, so that each chemical building
block was added to a separate aliquot of the beads in a
reaction vial and the coupling reaction performed. After
completion of coupling, all bead aliquots were then mixed
together in a common vessel for randomization, after
which they were re-aliquoted into separate reaction vials
for the next split-synthesis reaction step. This process was
repeated until the desired compounds were synthesized.
Peptidic libraries were synthesized using 80-100 natural
and unnatural Fmoc-protected amino acid building
blocks. Non-peptidic libraries were synthesized from
various organic precursors onto compact scaffolds [7].
Using the split-synthesis protocol, each 130 um bead con-
tains approximately about 100 pmole (>10" molecules) of
a single unique compound. A portion of the peptidic or
non-peptidic compound on each bead was connected via
cleavable linkers using a ‘reverse diketopiperazine’ (DKP)
or ester bond [6,11,16,17]; some of the compound on each
bead could be released into solution under specific condi-
tions. For the DKP linkage, cleavage occurred at neutral
pH, such as that of tissue culture medium. After a posi-
tive bead was identified and isolated, the active com-
pound could be recovered for structure determination by
placing individual beads in 0.1 M NaOH to facilitate the
cleavage of the ester bond. For these exploratory studies,
three libraries with distinctive characteristics were syn-
thesized. Library | was a tetrameric peptide library that
included both natural and unnatural amino acids. Library
2 was a trimeric peptide library constructed from a very
large array of unnatural amino acids. Library 3 was a
non-peptidic library in which each compound consisted of
3 organic subunits.

Tumor cell lines and media

A variety of adherent human solid tumor cell lines
(A375 melanoma, A549 lung, SW480 colon, MCF-7
breast, and PC3 and LNCAP prostate cancer), as well as
non-adherent lines from human hematologic malignancies
(HL-60 leukemia and 8226 myeloma) and the murine P-
388 leukemia, were obtained from the American Type
Culture Collection (ATTC, Rockville, MD, U.S.A.) grown



in complete tissue culture medium with 5% fetal bovine
serum (FBS) and maintained in a humidified 37° incuba-
tor gassed with 7% CO, in air. For the solid tumor lines,
M15 medium was used, and for the hematologic tumor
lines, RPMI-1640 was utilized. The cells were split on
the day before the assay and sufficient cells were har-
vested on the day of assay to set up the required number
of 35 mm petri dishes to test many thousands of com-
pounds from combinatorial libraries comprised of OBOC
beads.

Tissue culture assay system

Tumor cells were added to molten 0.3% sea-plaque
agarose in complete medium plus 5% FBS to achieve a
final concentration of 1.8 million cells/ml in a sterile
tissue culture tube and maintained in the molten state
after which approximately 1000 library beads were quick-
ly added for each ml of agarose-cell suspension and the
combination immediately mixed by swirling and 1.0 ml of
the mixture was immediately plated under aseptic condi-
tions into each of a series of 35 mm plastic petri dishes.
The dishes were kept at room temperature in a biosafety
hood for 10 min for gelation. Thereafter, the petri dishes
were all transferred to a 37° humidified incubator for
solid tumor cells in M15 medium, and also gassed with
7% CO, in air for leukemia, lymphoma or myeloma cells
in RPMI media to allow compound diffusion from the
OBOC beads and cytotoxicity against tumor cells to
occur., After 48 h of incubation, the dishes were removed
from the incubator and 150 pl of a 5 mg/ml solution 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) was added to each dish. Two to four hours after
MTT addition, the plates were visually inspected to detect
clear zones around active OBOC beads. Using a marking
pen, the clear zones were marked on the bottom of each
dish after which they were further evaluated under a low
power dissecting microscope fitted with an eye-piece mi-
crometer with which the ring diameter could be deter-
mined in arbitrary units. Active beads causing the largest
zones of lysis were individually recovered under micro-
scopic visualization using a micro-pipette for subsequent
structure determination.

Structure determination

Determination of combinatorial compound structures
on active peptide beads were achieved using the Edman
degradation method with an automated protein sequencer
[4]. For non-peptidic compounds and those containing
certain unnatural amino acids difficult to identify via
Edman degradation, structure determination was achieved
using LC-MS methodology [7]. As this paper relates
primarily to the exploration of a new anticancer cyto-
toxicity assay for drug discovery using combinatorial
libraries, the specific structure of putative ‘hits’ in the
assay system have been coded.

39

Results

The in situ soft agar screening assay technology proved
to be applicable to the various cell lines tested. Many
thousands of compounds from the three distinct model
combinatorial libraries described in the methods section
were tested during the initial evaluation of this new drug
discovery technology for identification of cellular cyto-
toxicity. While 500-1000 combinatorial library beads were
evaluated for cytotoxicity in each of the 35 mm plastic
petri dishes, most dishes lacked zones of clearing around
individual library beads. However, for each of the three
libraries tested, a few dishes contained unambigous clear
zones of a circular shape surrounding one or more combi-
natorial beads.

From Library 1, about 15 beads of many thouands
tested were found to be active against P-388 leukemia in
the initial screen, but no active compounds were noted
with the solid tumor cell lines tested. All 15 active beads
were recovered from the agarose plates. One of these
beads, which had one of the largest clear ring diameters
of cell lysis surrounding it was selected for structure iden-
tification (Fig. 1). Subsequent to its identification by
Edman degradation, this compound was resynthesized in
releasable format on 130 pm diameter resin beads for
confirmatory testing in soft agar assay. In these second-
stage tests, activity against P-388 leukemia was confirmed
(Fig. 2), but the compound was found to be inactive
against all six solid tumor cell lines tested. This com-
pound (designated ‘L-1"), was then resynthesized and
purified for solution-phase testing and determination of
the IC,,. In the initial solution-phase testing, IC;,’s
against P-388 leukemia ranged from 1-10 pg/ml.

From Library 2, which was constructed as a series of
sublibraries to facilitate structure identification, one sub-
library containing a unique unnatural amino acid (usually
at a terminal position on the tripeptide) was found to be
active against MCF-7 breast cancer and several other
solid tumor lines, including lung cancer and melanoma,
but inactive against P-388 leukemia or other hematologic
malignancies tested. Ring diameters of active compounds
in this library were relatively small (Fig. 3), suggesting
that the compound is of relatively low potency.

From Library 3, comprised of various small organic
compounds, one sublibrary contained beads which caused
very large zones of lysis in the plates containing 8226
human myeloma cells. The large lysis zones suggest that
this compound is very potent against its target tumor cell
line. This same sublibrary from Library 3 did not exhibit
antitumor activity against the solid tumor cell lines tested
in the primary screen. Subsequent to compound identifica-
tion from several active beads from the sublibrary, second
stage tests confirmed that the initial compound had repro-
ducible activity against 8266 myeloma. Additional testing
is now underway of the lead compound in this series.



Fig. L. In situ releasable soft agar assay for screening anti-cancer agents against P388 lymphoid leukemia. There is a clear zone of inhibition
surrounding one positive bead. Left: low power; right: higher power. See text for experimental details.

Discussion

This paper describes a new technology for the rapid
screening and structure identification of agents from
combinatorial chemical libraries which exhibit cytotoxicity
against human or murine tumor cell lines in vitro. The
preliminary results obtained using less than 100 000 com-
pounds from three model combinatorial libraries in this
paper support the hypothesis that this assay system pro-
vides a means to identify specific compounds within com-
binatorial OBOC libraries that exhibit selective antitumor
activity against specific cancer cell lines. As these studies
were developmental, no attempt was made to comprehen-
sively study all compounds within any one of the libraries
utilized, but rather to determine whether the strategy and
logistics of assay performance, structure identification and
confirmation of activity provided sufficient throughput to
support high-volume screening for identification of initial
lead compounds for further development into potential
anticancer drugs. The soft agarose system using a single-
step release of compounds into the semi-solid medium for
 identification of cytotoxic compounds proved to be far

more precise and rapid than our previously described
solution-phase two-step screening assay [11,12] and elim-
inated the problem of false-positive wells resulting from
spontaneous growth failure of tumor cells within individ-
ual wells containing 500-1000 compounds in a 96-well
assay plate. Each such false positive in the 96-well format
resulted in the requirement for secondary plate assays of
an additional 50-100 additional 96-well plates before a
decision could be reached as to whether an antitumor
compound was present or not. Moreover, false negative
may well have also been encountered in that system due
to the dilution of individual compounds that necessarily
occurred in microwells. In the microwell system, the vol-
ume of tissue culture medium and the number of repli-
cates required to test multiple tumor cell lines of differing
histology resulted in diluting compounds to the range of
0.1 mM or less, which effectively limited the screen to the
detection only of very highly potent compounds. There-
fore, more typical initial hits in the micromolar range
could not be detected.

Unlike the solution-phase system, the soft agarose
system appears to have markedly reduced false-positive



Fig. 2. Confirmatory test on the anti-P388 leukemia agent discovered from the initial lead.

Fig. 3. In situ releasable soft agar assay for screening anticancer agents for a breast cancer cell line (MCF-7). Left panel: lower power; right panel:
high power.
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reactions, as cytotoxicity is manifest only around an
individual OBOC bead wherein the compound’s concen-
tration is relatively high rather than more generally within
an assay plate. However, we cannot be certain that a
given zone of lysis around a bead is due to the specific
compound on the bead versus a reactive intermediary or
other contaminant until confirmatory testing including
solution-phase testing of the resynthesized and purified
compound has been completed. As it is possible to detect
relatively small zones of clearing around an OBOC bead,
it appears likely that assay sensitivity is far greater in the
semi-solid assay system as well, and this should theoreti-
cally reduce the frequency of false-negative assay results.

The assay system as described is analogous to disk
sensitivity assays with antibiotics wherein any one disk
contains a pure compound. In contrast, during drug dis-
covery of antibiotics, disks are spotted with microbial
fermentation broths which contain numerous unknown
compounds, which must be purified from the extract il
activity is observed. With antibiotic disk sensitivity as-
says, the size of the zone of clearing around a given disk
is sometimes predictive of that specific antibiotic’s con-
centration and activity against given bacterial strains.
While the concentration of a specific antibiotic can be
precisely calibrated on a disk, the concentration of a
compound released from a given OBOC bead is not
known with precision, even if most OBOC beads contain
relatively pure compounds. This is because individual
resin bead volumes can vary considerably, as can the
chemical substitution capacity of individual resin beads
(such as those comprised of polyethyleneglycol-engrafted
polystyrene). Additionally, unlike the uniformity of coup-
ling and purity of product obtained in solid-phase peptide
synthesis, the degree to which a given reaction goes to
completion in the instance of non-peptidic OBOC libary
synthesis can vary as a function of the specific organic
coupling reaction(s) utilized. Finally, the solubility of
individual unknown peptidic or non-peptidic compounds
in semi-solid medium may differ considerably and this
represents an additional unknown factor. Nonetheless,
based on the results of our preliminary confirmatory
testing with compounds identified from partial screening
of three model libraries, our assay technique appears to
have the ability to identify compounds which are directly
and reproducibly cytotoxic to specific types of tumor
cells. As a high concentration of tumor cells are utilized
in this assay in order to be assured of being able to detect
lysis zones, this assay is only capable of detecting cyto-
toxic rather than cytostatic compounds.

It is of interest that directly cytotoxic compounds were
detected within peptide libraries using this assay system.
In general, it is considered that most peptides do not
successfully gain entry into the intracellular environment.
On the other hand, most of the known cytotoxic com-
pounds that are used in cancer therapy exert their actions

intracellularly on DNA, microtubules, or specific steps in
intracellular macromolecular synthesis. As the mechanism
of cytotoxicity of agents detected empirically using this
screening system will usually be unknown at the time of
their detection, each confirmed compound of potential
biological or pharmacologic interest that is discovered will
need to be evaluated subsequently in a variety of mechan-
ism of action studies. Other hurdles that must be over-
come in downstream drug development after initial
screening and confirmatory in vitro testing include dem-
onstration of in vivo activity, pharmacokinetics, and lead
optimization. Such steps will of course be required if ‘hits’
detected in this cytotoxic assay are to be successfully
developed into effective anticancer drugs.
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