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Abstract

The one-bead-one-compound (OBOC) technology enables one to generate thousands to millions
of chemical molecules on resin beads (100 microns diameter) such that each bead displays 1013
copies of the same chemical entity. Whole-cell binding assays have been developed to screen
OBOC combinatorial libraries for ligands that bind to specific cell surface receptors. While very
powerful, this screening method does not address the downstream cell signaling properties of the
binding ligand. We have modified OBOC technology by introducing a fixed known cell adhesion
ligand to the outer layer of each bead. This one-bead two-compound (OB2C) library configuration
allows the bound cells to interact with the random immobilized chemical molecules on each bead.
The bound cells can then be probed for specific cellular responses such as apoptosis and activation
or inhibition of a specific cell signaling pathway. To validate this concept, an OB2C combinatorial
library was created such that a random hexapeptide plus a high affinity lymphoma targeting

ligand LLP2A were displayed on each bead. This LLP2A-Xg OB2C library was then screened
with human T-cell leukemia cells (Molt-4) for cell death responses. After 5 days of incubation,
propidium iodide was added to the bead library to stain dead cells. Beads coated by red fluorescent
cells were isolated for sequence analysis. Two ligands identified by this method, when added to
the lymphoid cancer cells, were able to induce cell death.
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INTRODUCTION

One-bead-one-compound (OBOC) combinatorial libraries are prepared by “split-mix”
synthesis method such that each bead displays only one chemical entity (1). There are
approximately 1013 copies of the same chemical entity on each bead. Millions of compounds
can be synthesized in a short period of time and screened simultaneously using on-bead cell
binding assays with specific functional probes (2-4). This powerful method has been applied
to discover ligands against various biological targets, such as protein kinase substrates and
inhibitors (5-6), protease substrates and inhibitors (7-8), cell surface receptors (9-10), and
artificial enzymes (11-12) and various ligands for the preparation of affinity column media
(13-14). There are about 20 different families of receptors on the cell membrane such as the
receptor tyrosine kinase, receptor tyrosine phosphatase, cytokine receptor, G-protein coupled
receptors (GPCR), death receptors, selectins, and integrins (15-17). These receptors are
responsible for the communication between the extracellular microenvironment and the cell
interior. Synthetic molecules that target these receptors (agonists or antagonists) are useful
reagents in the study of biochemical pathways involving with these receptors. Some may
even become useful lead compounds for the development of pharmaceuticals. The challenge
is to develop a highly efficient and economical method that enables one to rapidly discover
synthetic molecules that not only interact with cell surface receptors but are also able to
either stimulate or inhibit downstream cell signaling. We believe this can be achieved with
the novel one-bead-two-compound (OB2C) cell based screening strategy.

Meldal et al (2002) first introduced the OB2C concept and successfully applied it to
identify protease inhibitors (18-19). In their OB2C libraries, each PEGA bead displayed
two compounds: a library compound (OBOC format) and a fixed fluorescence-quenched
protease substrate (second compound). Upon addition of a specific protease, the peptide
substrate is cleaved, and releasing the quencher from the bead, resulting in an increase in
fluorescent signal. Beads that are non fluorescent may be due to the interference of the
random compound with enzyme function. Inhibitors displayed on positive compound-beads
may compete with the protease substrate on the same bead directly or may be binding to
the enzymes such that it alters the enzyme active confirmations and therefore suppress the
fluorescent signal. The OB2C concept has also been applied to the discovery of artificial
enzyme in which the library compound is the random peptide (OBOC format) and the fixed
second compound is a proton sensitive fluorophore for the detection of catalytic products
(20).

To date, the OB2C concept has only been applied to biochemical assays. Here we introduce
the application of the OB2C concept to the discovery of cell surface acting cell signaling
molecules using living cells as the screening probe. In this system, the fixed second
compound is a well defined cell adhesion ligand that can capture live cells on the surface

of every library bead, thus exposing their cell membranes to the tethered OB2C library
compounds. The bound cells can then be probed for specific cellular responses such as
apoptosis, cell morphology changes, and activation or suppression of a specific cell signaling
pathway. Most of the protein-protein interactions are occurring between small domains of
the two protein structure. So we have selected random hexamer peptide library for the

initial screening. Here we describe the design and synthesis of a simple model OB2C
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combinatorial hexapeptide library, and use it to illustrate how this enabling technology can
be used for the discovery of “death ligands” against lymphoma cells.

RESULTS & DISCUSSION
OB2C Strategy

In OB2C combinatorial libraries, two chemical molecules are on the same bead surface.
One is a fixed known cell adhesion ligand and the other molecule is a random library
compound. Under this configuration, live target cells are captured by a specific cell adhesion
ligand resulting in the formation of a monolayer of targeted cells on the surface of each
bead. Biological responses elicited by the tethered library compounds can be detected
with a number of different methods. The cartoon in Figure 1 depicts the interactions of

a living cell with the two synthetic molecules on the bead surface resulting in a cell
signaling response. Many cell based screening assays can be adapted to this configuration.
For example, propidium iodide (PI) can be used to identify dead cells, and caspase Il1
fluorescent substrates can be used to identify cells undergoing apoptosis. In this study,
propidium iodide (PI) was used to assess the viability of Molt-4 cells.

We have previously reported the use of OBOC combinatorial library methods to identify and
optimize targeting ligands against malignant lymphoid cells (9, 21). One of these ligands,
LLP2A, is able to bind to the activated a4p1 integrin of lymphoma cells with high affinity
(ICs0 = 2 pM) and specificity (9). In this study, we used LLP2A as the cell capturing agent
for a hexapeptide library.

Library Design and Screening

Synthetic schemes for the synthesis of a OB2C hexapeptide library is shown in Figure 2.
Hexapeptides are easy to make, constitute libraries of sufficiently high diversity, and are
large enough to interact with receptors on the cell surface. To facilitate the preparation

of a bead library with two different compounds on the bead surface for cell interaction,

we first generated topologically segregated bilayer beads according to our previously
published method (3). For the OB2C combinatorial library construction, multiple orthogonal
protecting groups such as Fmoc (base labile), Boc (acid labile), Alloc (palladium 11 labile)
and Dde (nucleophiles labile) were used.

After the topologically segregated bilayer beads were prepared with Fmoc on the outer layer
and Boc in the inner core, the Fmoc on the outer layer was removed and then reprotected
with a mixture of Fmoc-OSu and Alloc-OSu (ratio=1:1) to generate Chemset 2 (Scheme

1). For the hexapeptide library, the Fmoc protecting group on the outer layer was removed
with piperidine, and a random Fmoc-amino acid was coupled to amine group of the bead by
random split-mix synthesis method (22—-24). This cycle was repeated for six times (Chemset
3). After the 6t cycle, Fmoc was removed and Boc was coupled as N-terminal protecting
group (Chemset 4). The Alloc-protecting group was preserved until the construction of

the library was complete. The Alloc group was then removed with palladium to allow
attachment of the cell capturing ligand LLP2A to the remaining 50% substitution of the bead
outer layer to Chemset 5 (Scheme 1). Finally all the protecting groups were removed with
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TFA:phenol:water:thioanisole:Tis (10:0.5:0.5:0.5:0.25, v/iw/v/v/v) for 3 h. The beads were
washed several times with DMF, methanol, DCM, methanol, water and with sterile PBS.

Screening for Death Ligands

Apoptosis is a Type-l programmed cell death and has evolved in multicellular animals as

a means of eliminating abnormal cells and older cells that are no longer needed. It can

be induced by two pathways; (a) the intrinsic pathway promoted by a family of cytosolic
protein (Bcl-2) to activate the inner apoptosis cascade, and (b) the extrinsic pathway induced
by pro-apoptotic ligands bound to the death receptors present on the target cell surface
(25-26). Examples of the latter include tumor-necrosis factor (TNF) and Apoptosis ligand 2/
TNF-related apoptosis-inducing ligand (Apo2L/TRAIL). One class of agents targeting death
receptors, also called “pro-apoptotic receptor agonists” (PARA) holds remarkable promise in
cancer therapy (27-28). By targeting the extrinsic apoptosis pathway, these agents help to
circumvent some of the most common anti-apoptotic mutations in cancer cells.

To identify potential death ligands against human T-cell leukemia, Molt-4 cells were
co-cultured with approximately 2 million LLP2A-Xg OB2C library beads in RPMI 1640
medium supplemented with 10% fetal bovine serum. The library beads were pre-incubated
with growth media overnight to saturate the beads with growth media as well as to block the
non-specific binding of cells. The cell quantities were adjusted so that only 10% of beads
were covered by cells, and most of the unbound cells in the supernatant were removed.
Fresh media was added and the cells were allowed to grow on the beads. It took 5 days

for the cells to cover the entire surface of most of the beads. Molt-4 cells were selected for
initial validation because they express high levels of a4p1 receptors, so most of the beads
in the library were covered with monolayer of cells (Figure 2A, white field). At the end of
the 5t day, the cells were treated with PI (1 pg/mL) and examined under the fluorescent
microscope for cell death (Figure. 2B, fluorescent field). Pl was used as the indicator reagent
because it stains late apoptotic cells as well as necrotic cells (29-30).

Cell bound beads which fluoresced positive for PI staining were collected and micro
sequenced. Of the 2 million beads screened, 8 positive beads were detected and these

death ligands were resynthesized on TentaGel beads. Their ability to induce cell death were
evaluated in both Molt-4 and Jurkat (another human T-cell leukemia cell line) cells. Out of
the 8 positive beads two strongly positive hexapeptide-beads LWK1 (HGSYWQ) and LWK2
(EQAHEL) were selected for further characterization (Figure. 2B and 2C). In contrast,
control beads displaying LLP2A alone were not able to elicit cell death (Figure. 2D).

Characterization of Death Ligands

LWK1 and LWK?2 ligands were found to induce cell death on bead. To validate and quantify
their antiproliferative effects in free form as well as in immobilized form. LLP2A and

the death ligands were resynthesized in biotinylated form on Rink resin with the general
structure: ligand-linker-lysine(biotin)-resin (Supporting information-1). N-Fmoc protected
polyoxyethylene based amino acid type hydrophilic linker (31) was added between the
ligand and lysine(biotin). The structure and synthesis of the linker is shown in the supporting
information (SI3). The biotinylated peptides were then purified after deprotection and TFA
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cleavage. To simulate the condition of the bead surface on which the ligand was discovered,
LLP2A-Bio plus either LWK1-Bio or LWK2-Bio were loaded onto the streptavidin-coated
96-well plates. Irrelevant hexapeptide AQAEAR-Bio (C-X6) was used as a negative control.
For peptide and LLP2A combinations, the peptides and LLP2A were premixed in 1:1 molar
ratio prior to adding to the streptavidin-coated wells.

Molt-4 cells were then seeded onto the peptide-coated plate, and incubated for 3 days. The
residual viable cells were determined by MTS assay, which measures the mitochondrial
reductase enzyme activity of the viable cells. The result of this study is shown in Figure

3. The combination of LLP2A and LWKZ1 or LLP2A and LWK2 showed the highest anti-
proliferative effects with 62—-65% cell viability (p<0.05%) when compared to the control
(100%). In contrast, immobilized LLP2A alone showed 20% antiproliferative activity only.
The MTS assay was found to correlate well with the PI staining assay which stains only
dead cells. As shown in Figure 4, Pl staining was prominent in the wells coated with the
combination peptides (LLP2A and LWK1 or LLP2A and LWK?2), but not LLP2A alone nor
irrelevant hexapeptide C-X6 alone.

To test the function of the peptides in solution, the above MTS experiment was repeated
with biotinylated LWKZ1 and biotinylated LWK2 in concentrations ranging from 10 uM to
100 uM. Biotinylated LLP2A and biotinylated-linker were used as controls. Biotin-LWK1
alone in free form could elicit a 30% reduction in cell growth (30%) only at high
concentration (100 pM), and biotin-LWK?2 was inactive in free form (Fig 5). However, when
the biotinylated peptides were complexed with streptavidin, their cytotoxic effects increased
dramatically. (Figure 3 and 4).

Streptavidin (SA) is a tetrameric protein with four biotin-binding sites. It can be used as

a convenient protein scaffold to construct homo- or hetero- dimeric, trimeric or tetrameric
ligands by simply mixing the appropriate ratio of biotinylated peptide(s) and biotinylated
linker prior to mixing with one-quarter molar ratio of streptavidin. Although the final
streptavidin complex will not be homogenous, the intended hybrid ligand will be the
predominant complex in the mixture. These SA-ligand complexes were incubated with the
target cells at 1 uM concentration (based on SA concentration) for 3 days, at which time the
MTS assay was performed (Figure 5). The (LLP2A-Bi0),-SA-(Bio-LWK1), hetero-complex
showed significantly higher anti-proliferative activity than (LWKZ1-Bio),-SA-(Biotin), or
(LLP2A-Bio),-SA-(Biotin), complexes (p>0.05%). This can be easily explained by the fact
that LLP2A, with its high affinity against activated a4p1 integrin, was able to direct LWK1
to the cell surface of the target cells, causing apoptosis. The anti-proliferative activity of
(LLP2A-Bi0),-SA-(Bio-LWK?2), hetero-complex, on the other hand, was unexpectedly low.
The reason for this result is not so clear, although one plausible explanation is that LWK2
may require polyvalent ligands to elicit cellular effects, which is the case on the bead surface
but cannot be duplicated in using soluble streptavidin-biotin ligand complex.

In principle, LWKZ1 can be further optimized through screening a focused OBOC library
(analogues of LWK1) without the second capturing molecule LLP2A. Such a library can
then be screened for beads that not only bind strongly to the target cells but also cause
apoptosis. However, unless the death ligand receptor is unique to the target cancer cells,
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cytotoxic specificity is a concern. In that case, there may be an advantage to exploiting the
existing cancer cell surface targeting ligands (32-35), by using them as high-affinity and
high-specificity cancer targeting agents to deliver the optimized death ligand to the tumor
cells.

In summary, we have demonstrated an enabling ultra-high throughput OB2C cell based
library screening method (Figure 1). OB2C is highly versatile, efficient and economical.
This technology can in principle be utilized for the discovery of chemical modulators
against cell surface receptors with the appropriate gene reporter systems (GFP, luciferase)
or antibodies against the specific signaling proteins (e.g. phospho-specific, methylation-
specific, sulfo-specific). With an appropriate reporter system, one should be able to rapidly
detect beads that can elicit a specific biochemical or cellular response (agonists). Similarly,
if the cells are stimulated by an exogenous agonist, molecules that suppress specific
biochemical or cellular response (antagonists) can also be discovered with this approach.

EXPERIMENTAL SECTION

Materials

TentaGel S NHj resin (90 pm diameter) and rink amide MBHA resin were purchased

from Rapp Polymere GmbH (Tibingen, Germany). HOBt, Alloc-OSu, and Fmoc-OSu were
obtained from GL Biochem (Shanghai, China). Fmoc-protected amino acids were purchased
from Anaspec (Fremont, CA). DIC, DIPEA, phenylsilane, tetrakisphenylphosphine
palladium, all organic solvents, and other chemical reagents were purchased from Sigma-
Aldrich (Milwaukee, WI). All solvents were directly used in the library synthesis without
any purification unless otherwise noted.

General methods

Coupling completeness and Fmoc deprotection were monitored by Kaiser test. For Fmoc
deprotection, beads were incubated with 20% piperidine solution in DMF twice (5 min,

15 min) and then thoroughly washed with DMF, MeOH and DMF three times each,
respectively. For Boc deprotection, beads were incubated with 55% TFA/DCM for 30 min,
twice, and then washed with 2% DIPEA/DMF once and DMF (five times). For Alloc
deprotection, the resulting beads were incubated with (Pd(PPhz)4) (0.2 equiv) and PhSiH3
(20 equiv) in DCM for 30 min (twice) and washed with 0.5% diethyldithiocarbamic acid
sodium salt in DMF (3 times) and DMF (10 times). For library synthesis, a typical synthetic
cycle utilizing the “split-mix” approach is described as follows: (1) beads were split into
aliquots as desired; (2) each aliquot of beads was coupled with a specific Fmoc-protected
amino acid in the presence of HOBt and DIC for 2 h; (3) after coupling all aliquots of beads
were mixed together and washed with DMF five times.

A Perkin-Elmer/Applied Biosystems Protein Sequencer (ABI Procise 494) was used for
library bead decoding. Analytical HPLC analysis (Vydac column, 4.6 mm x 250 mm, 5 um,
300A, Cyg, 1.0 ml/min, 20 min gradient from 100% aqueous media (0.1% TFA) to 100%
acetonitrile (0.1% TFA), 214, 220, 254 and 280 nm) and preparative HPLC purification
(Vadac column, 20 mm x 250 mm, 5 pm, 300 A, Cyg, 7.0 ml/min, 45 min gradient
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from 100% aqueous media (0.1% TFA) to 100% acetonitrile (0.1% TFA), 214 nm) were
performed on a Beckman System Gold HPLC system (Fullerton, CA). Mass spectra were
acquired on a Thermo Fisher LCQ (San Jose, CA) fitted with an electrospray source in the
positive ion mode. Loop injections were made with standard electrospray conditions using a
methanol and 0.1% formic acid/water solvent system.

Synthesis of OB2C hexapeptide library

TentaGel resin (2 g, loading: 0.30 mmol/g) was swollen in water for 24 h and was then
protected with Fmoc-OSu (0.2 equiv, 0.12 mmol)/DIPEA (0.4 equiv, 0.24 mmol) in DCM/
diethyl ether (55: 45) for 30 min under vigorous shaking followed by treatment with
(Boc),0 (5 equiv, 3 mmol)/DIPEA (10 equiv, 6 mmol) for 2 h. After Fmoc-deprotection
(see the general method), a solution of Fmoc-OSu (0.1 equiv, 0.06 mmole), Alloc-OSu (0.1
equiv, 0.06 mmol) and DIPEA (0.4 equiv, 0.24 mmol) in DMF was used to protect the
exposed N-terminus. Upon Fmoc deprotection and Boc deprotection (see general methods);
the beads were assembled as a hexapeptide library using 19 Fmoc-protected L-amino acids
(cysteine excluded) according to the standard “split-mix” approach. The combined beads
were Fmoc-deprotected and protected by (Boc),0 (1.44 mmole)/DIPEA (1.44 mmole) in
DMF. After Alloc deprotection (see the general methods), LLP2A was synthesized on the
beads (9). The beads were then dried under vacuum before adding a TFA-based cleavage
cocktail (TFA: phenol: water: thioanisole: Tis, 10:0.5:0.5:0.5:0.25, v/iw/v/v/v) for 3 h. After
neutralization with 10% DIPEA/DMF (twice), the resin was washed sequentially with DMF,
MeOH, DCM, DMF, DMF/H,0, and H,0, three times each. Then the beads were stored in
70% ethanol.

Screening OB2C library for death ligands

Approximately 2 miilion library beads were washed sequentially with ethanol, double-
distilled water, PBS, and incubated with growth medium (RPMI 1640 supplemented with
10% fetal bovine serum and 100 IU/mL of penicillin and 100 pg/mL streptomycin) for 3 h.
The cell based binding assay was performed by incubating beads with Molt-4, cells in Petri
dishes in a 37°C humidified incubator (5% CO,) with shaking (40 rpm). Due to the high
binding affinity of LLP2A to the a4p1 integrin expressed on the leukemic cell lines, most
of the beads were bound with cells within 10 min of incubation. After covering 10% of the
bead surface, the excess cells were removed by washing one time with growth media. At this
point it took 5 days for cells to cover the beads. Change the media after two days gently.
The cell-bound beads were kept in growth medium and monitored for 5 days. After 5 days,
cells were treated with 1 ug/mL PI for 30 min. The cell-bound beads were washed gently

to remove excess Pl and observed under inverted Olympus fluorescence microscope. The
positive beads were isolated and treated with 8 M guanidine/HCI to remove all cells from
the beads. The beads were further washed with PBS and water three times each and decoded
using an automated protein microsequencer.

Cell proliferation (MTS) assay

Cell proliferation studies were conducted on 96 well plates coated with either biotinylated
LLP2A (LLP2A-bio) and biotin-linker or a mixture of LLP2A-bio and biotinylated
discovered ligand (Ligand-bio) (1:1 molar ratio) in 10-100 uM range concentration. Sterile
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streptavidin coated plates (Sigma, St. Louis, MO) were used. Equimolar concentration of
biotin was substituted in place of ligand for control experiments. LLP2A-bio and ligand-bio
were incubated with plates for 2 h at room temperature, washed 3 times with PBS, and
blocked with sterile 1% BSA in PBS for 1h. After 1h blocking, plates were washed. Molt-4
cells (1 X 104 cells per well) were seeded. After 3 days, the MTS/PMS solution was added
and incubated for 4h. The absorbance was measured at 490 nm on a microplate reader
(CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI).

Propidium iodide (PI) staining

Pl staining was performed in Molt-4 cells with experimental conditions as detailed in cell
proliferation assay. At the end of the 3™ day in the streptavidin coated plates Pl (1 ug/mL
final concentration) was added and incubated for 10 min. After one wash with PBS cells
were photographed using fluorescence microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The OB2C strategy. In OB2C libraries, two chemical molecules are coated on the bead

surface. One molecule is a fixed known cell adhesion ligand (e.g. LLP2A, bind to a4p1
integrin) and the other molecule is a random library compound. Cells bind to every bead due
to the adhesion ligand on the bead surface (A). The interactions of the cell surface receptors
with the two synthetic molecules on the bead surface may result in specific cell signaling
response (B).
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Figure 2.
Screening OB2C linear hexapeptide library for death ligands. (A) Molt-4 cells were

incubated with OB2C library beads for 5 days and then stained with propidium iodide.
Under the white field, many beads were covered with cells, but only one bead could induce
cell death (fluorescent field). Positive beads were sequenced and re-synthesized on beads for
confirmation of cytotoxic activities. (B & C) LLP2A-LWK1 and LLP2A-LWK?2 induced cell
death whereas (D) LLP2A-beads did not. Most of the beads were covered with cells (White
field).
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Figure 3.
Effects of immobilized peptides on Molt-4 cells. Streptavidin-coated plates were loaded with

biotin-linker (denoted as Biotin) alone or with biotinylated ligands. Molt-4 cells were then
cultured in these peptide-coated plates for 3 days. At the end of the 3'd day MTS assay was
performed to evaluate for cell viability. Approximately 30-40% reduction in cell activity
(*3b p < 0.05%) was observed in LLP2A+LWK1 and LLP2A+LWK?2 ligand coated wells
when compared to uncoated wells. Only 20% reduction was noticed in LLP2A coated wells.
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Figure4.
Propidium lodide (PI) staining for dead cells: A similar experiment was set up like in Fig

3, with the exception that the cells were stained with Pl at the end of the 3™ day. The
fluorescent photomicrographs clearly shows the presence of dead cells in the wells coated
with biotinylated LWKZ1 and LWK2 ligands, but not in uncoated wells or wells coated with
biotin-linker or biotin-LLP2A.
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Figureb.

Cellular effects of death ligand-streptavidin complex on Molt-4 cells. The SA-ligand
complexes were incubated at 1 uM (based on SA) for 3 days with the target cells.

At the end of 3 day cell viability assay was performed using MTS assay. (LLP2A-
Bio0),-SA-(Bio-LWK1), showed significantly more killing than (LWK1-Bio),-SA-(Biotin),
or (LLP2A-Bi0),-SA-(Biotin), (*&P:¢ P<0.05%). Unexpectedly, (LLP2A-Bio),-SA-(Bio-
LWK?2), showed no significant killing. LWKZ1-Biotin and LWK2-Biotin did not show any
killing in their free form at the same concentration.
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Scheme 1.

Synthesis of a OB2C linear hexapeptide library. Reagents and conditions: a) 1. swelling in
water for 24 h; 2. Fmoc-OSu (0.2 equiv) and DIPEA (0.4 equiv), DCM/diethyl ether (55:45),
vigorously shaking 30 min; b) Boc,0O (5 equiv), DIPEA (10 equiv) in DMF, 1 h; ¢) 20%
piperidine in DMF; d) Fmoc-OSu (0.1 equiv), Alloc-OSu (0.1 equiv) and DIPEA (0.4 equiv)
in DMF, 2h; e) TFA in DCM (1:1), twice (30 min each); f) “split-mix” synthetic approach
using Fmoc-L-amino acids; g) Pd(PPh3)4 (0.2 equiv), PhSiH3 (20 equiv) in DCM, twice (30
min each time); h) on bead synthesis of LLP2A; i): TFA: phenol: water: thioanisole: Tis
(10:0.5:0.5:0.5:0.25, viw/viviv), 3 h.
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