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Abstract

To develop widely-applicable diagnostic and potentially therapeutic approaches overcoming 

protein heterogeneity in human cancer, we have developed a technology to unbiasedly select high 

specificity compound(s) that bind any bio-molecule (e.g., proteins, lipids, carbohydrates) 

presented on the cancer cell surface but not on normal cells. We utilized a peptidomimetic based 

on-bead two-color (OBTC) combinatorial cell screen that can detect differences between two cell 

surfaces at high accuracy by looking for beads (where each bead in the library had one peptide-

peptoid hybrid on the surface) that only bound cancer but not normal cells. We screened a library 

of 393,216 compounds targeting HCC4017 lung adenocarcinoma cells (labeled in red) in the 

presence of HBEC30KT normal bronchial epithelial cells (labeled in green) derived from the same 
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tissue of the same patient. This screen identified a peptide-peptoid hybrid called PPS1 which 

displayed high specific binding for HCC4017 cancer cells over HBEC30KT cells. Specificity was 

validated through: on-bead, ELISA-like and magnetic bead pulldown studies; while a scrambled 

version of PPS1 did not show any binding. Of interest, the simple dimeric version (PPS1D1) 

displayed cytotoxic activity on HCC4017 cells, but not on normal HBEC30KT cells. PPS1D1 also 

strongly accumulated in HCC4017 lung cancer xenografts in mice over control constructs. We 

conclude that such combinatorial screens using tumor and normal cells from the same patient have 

significant potential to develop new reagents for cancer biology, diagnosis, and potentially 

therapy.

INTRODUCTION

A standard approach in drug development is to target bio-molecules that have known 

functions related to a given disease state. The majority of these bio-molecules are proteins 

such as enzymes, hormones, receptors, or signaling molecules. While this approach has been 

successful in some cases, targeting immensely diverse pathological states such as cancer 

through this conventional approach is challenging.1-5 The expression level of target proteins 

is highly variable between cancer types6, and even between different cancer cells within a 

single tumor.7, 8 Additionally, cross-talk between signaling networks often results in 

compensation that blunts the efficacy of targeting a single pathway.3 For cancer therapy, 

combination of drugs is often used to improve efficacy; however, an increase in therapy-

related toxicity is a frequent consequence of this approach. Therefore, new approaches that 

are not constrained by limitations of protein targets are needed.

Anionic phospholipids, sialic acid residues and heparin sulfates are examples of molecular 

classes that are overexpressed on the cancer cell surface that have not been exploited 

extensively for anti-cancer drug development. These targets are often absent on normal cells 

and present universally in cancer cells.9-13 Therefore, targeting such non-protein 

biomolecules may provide a unique opportunity to address some of the challenges 

associated with drugs that target heterogeneously expressed proteins in cancer. Current 

technologies to develop drug leads are extensively based on macromolecular structural 

characteristics of proteins and cannot easily be applied to directly target lipids or 

carbohydrates. We set out to develop screening strategies that can directly target lipid, 

carbohydrates or proteoglycans as well as proteins on the surface of tumor cells. Here we 

propose to consider cellular differences by directly targeting cancer cells over normal cells 

derived from same person using a suitable combinatorial high throughput screening 

approach. The goal would be to develop an unbiased selection method that could recognize a 

biomolecule on the cancer cell surface which is most importantly not found on the normal 

cell surface, comparing cancer cell vs normal cells simultaneously (Figure 1). This 

biomolecule could still be a protein, but if we apply this selection criterion carefully, it will 

give an equal chance to recognize a lipid or a carbohydrate specifically found on the cancer 

cell surface (Figure 1). This approach may even find compounds that may target 

combinations of biomolecules (e.g. glycoproteins) or higher order structural arrangements of 

those biomolecules that are unique for cancerous situation as they present naturally on the 

cancer cell surface. The key point here is to apply a method that can eliminate compounds 
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targeting all the biomolecules on the normal cell surface and pick a compound that target 

any additionally expressed biomolecule on cancer cell surface. This approach does not need 

any prior knowledge of the biomolecule we target and that can be identified later.

There are several reported methods for unbiased selection of cell surface targeted 

compounds. Phage display, introduced about two decades ago14, has proven to be an 

excellent method to identify high specificity peptides as cell surface markers.15-17 Unbiased 

phage display peptide selection has been used to target a particular cell surface without prior 

knowledge of the target.18 But, the methodology is time consuming and limited to natural 

peptides, which have limited serum stability and can be immunogenic. Later, live cell 

screening methods using large combinatorial libraries of natural and unnatural amino acids 

containing synthetic peptides has been reported.19 Even though some of these methods 

contain a secondary screening step to eliminate compounds that bind to control cells20, this 

requires a subsequent step and additional time and resources. To address these concerns, we 

previously reported a rapid and convenient on-bead two-color (OBTC) cell screen to directly 

identify high specificity ligands for known cell surface receptors. The assay is based on real 

time comparison of two identical cell groups that differ only by a single receptor type on the 

cell surface and we identified high specificity peptoid ligands for VEGFR2.21 This assay 

was subsequently used to select high specificity peptoid ligands for EAE (experimental 

autoimmune encephalomyelitis) responsive T-cell receptors that are elevated as compared to 

normal cells T-cell populations.22 Herein we report a complete unbiased selection 

application of our OBTC cell screen to identify peptide-peptoid hybrids targeting lung 

cancer cells over normal bronchial epithelial cells derived from the same patient. Peptoids 

are emerging as a novel class of biologically compliant compounds with rapid and cost 

effective synthesis and optimization.21, 23-28 They are protease insensitive, cell permeable, 

highly diverse, and non-immunogenic and have been reported as effective antagonists for 

various bio-molecules.29-33 The minimum pharmacophore of these peptoids can be easily 

identified24 and that knowledge can be used to rapidly optimize activities.34 We and others 

have shown that peptoids can be applied in therapeutic21, 35-37 and diagnostic38 applications 

in vivo.

Our overall strategy for unbiased selection of high specificity ligands that target any type of 

bio-molecules on the cancer cell surface involved the following steps: (I) Design and 

synthesis of peptide-peptoid combinatorial library. Here we introduce amino acids to a 

limited number of positions in a mainly peptoid-based 8-mer library, increasing the 

structural diversity. (II) A suitable cancer and normal cell pair were selected. We carefully 

selected cancer (test) and normal (control) cells derived from the same patient to increase 

the likelihood of targeting cancer specific bio-molecules. (III) We exploited a rapid, reliable, 

and economical way to unbiasedly select ligands using our unique OBTC cell screen. (IV) 

Robust validation methods to confirm the binding, specificity and activity of the compounds 

were performed.
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RESULTS AND DISCUSSION

Design and synthesis of peptide-peptoid hybrid library

As mentioned, peptoids have a great potential to rapidly move from the “bench to bedside”, 

thus, they were chosen as the most suitable molecular class for this study. Peptoids are 

oligo-N-substituted glycines and closely resemble peptides except that the side chains 

extend from the main chain nitrogen rather than the α-carbon (Figure 2a). Peptoid synthesis 

is straightforward; bromoacetic acid coupling brings the 2 carbon unit and the Br can be 

replaced by any amine group (Figure 2b), completing each of these reactions in less than one 

minute using microwave assisted protocol. First we developed a unique one-bead-one-

compound combinatorial library with theoretical diversity of 393,216 permutations. Each of 

those sequences contains three amino acids followed by a 5-mer highly diversified peptoid 

region (Figure 2c). Methionine at the first position supports Cyanogen bromide (CNBr) 

cleavage from tentagel beads for mass spectroscopic sequencing and D-Lysine at the second 

position acts as a linker. In addition, this positively charged Lys at the base of the sequence 

reduces aggregation of library molecules and facilitates proper display of peptoids on the 

bead surface. The third position was randomly filled with one of the 12 different amino 

acids (Supplementary Figure S1) to improve diversity. All three amino acid positions were 

carefully designed to avoid vulnerability towards serum proteases and should be stable in 

biological systems. The next five positions were completely randomized and contain peptoid 

units developed using eight highly diverse organic amines (Figure 2d). We hypothesized that 

the peptide-peptoid sequence scaffold may bring additional structural features leading to 

interesting biological activities.

Unbiased selection of peptide-peptoid hybrid compounds for cancer cells over normal 
cells

Our main aim was to identify peptide-peptoid hybrid compounds that specifically 

distinguish the surface of cancer cells from normal cells. We decided to target HCC4017 

lung cancer cells using our OBTC assay,21, 39 as the paired normal HBEC30KT normal 

epithelial cells from the same patient were available. HCC4017 cells were stained with 

Qtracker 655 quantum dots (red) and HBEC30KT cells with Qtracker 565 quantum dots 

(green). Cells were mixed in a 1:1 ratio and exposed to approximately 100,000 library beads 

(Figure 3a). After 30 minutes incubation with shaking at room temperature, unbound cells 

were washed off and beads bound only with red-labeled cells (HCC4017) were selected 

(Figure 3b) as candidates that have high specificity towards HCC4017 cancer cells. The 

assay was performed 4 times, each time using approximately 100,000 beads to roughly 

cover the total theoretical diversity of the entire library. Out of the 4 panning attempts only 3 

beads that were bound exclusively by HCC4017 cells were identified. Single bead Edman 

sequencing was used to determine the sequences of the peptide-peptoid hybrids on those 3 

beads (Supplementary Figure S2) and the structure of one specific peptide-peptoid hybrid, 

PPS1 is shown in Figure 3d.

In our OBTC assay, a bead bound with only red stained cells (Figure 3b) indicates that the 

compound on this bead binds to a biomolecule that is present only on the red stained cancer 

cell surface and that biomolecule is not found or is much less abundant on the green stained 
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normal cell surface. If binding to any common cell surface biomolecule occurs, it will 

register both red and green cells (Figure 3c). Therefore, highly cancer specific ligands can 

be rapidly and easily selected. We applied this unique capability of recognizing differences 

between two cell surfaces of our OBTC assay as our main hypothesis in this study. More 

importantly, the identified compound may binds to a protein, lipid or carbohydrate unique to 

this cancer cell surface. One critically important factor here is to have both cancer and 

normal cells derived from same individual. Otherwise, the differences picked here may be 

due to the genetic differences between individuals, and not exactly cancerous vs normal 

differences. After very careful search and considerations, we decided to use the HCC4017 

lung cancer cell line as our target, since the HBEC30KT normal immortalized bronchial 

epithelial cell line that is originated from the lungs of the same patient is available. We have 

obtained the genetic analysis of both cell lines to make sure both cell lines are derived from 

the same patient (Supplementary Figure S3).

The selected peptoid-peptide hybrid, PPS1, consists of four hydrophobic residues towards 

the N-terminus and three positively charged residues towards the C-terminus (Figure 3d). 

All four hydrophobic residues are peptoid residues and interestingly contain bulkier 

aromatic rings on each side chain. Two of them contain Oxygen as heteroatoms. From the 

three positive charges, one was the fixed D-lysine at the 2nd position of the library. The next 

position was the variable amino acid region and lysine was selected for this 3rd position 

during the screen. The remaining positive charge at the 4th position from the C-terminus is a 

peptoid residue with a lysine-like side chain. Very interestingly, one of the other two ‘hits’ 

identified had almost the same structure as PPS1 – different only by a single residue. These 

two compounds are currently under investigation and will be published elsewhere.

Binding and specificity validation of PPS1

After sequence determination, both qualitative and quantitative methods were used to 

characterize the binding of PPS1 to cells. First the PPS1 compound was re-synthesized on 

Tentagel beads and exposed to red quantum dot labeled HCC4017 cells alone (Figure 4a), 

green quantum dot labeled HBEC30KT cells alone (Figure 4b), and a 1:1 mixture of red and 

green labeled cells (Figure 4c). PPS1 bearing beads readily bound to HCC4017 lung cancer 

cells (Figure 4a & c) but rarely bound to green labeled HBEC30KT normal lung cells 

(Figure 4b & c), validating the high specificity of PPS1 for to HCC4017 lung cancer cells. 

The scrambled version of PPS1, PC2 (Supplementary Figure S11) bearing beads did not 

show any binding to HCC4017, indicating the sequence specificity (Figure 4d). We also 

devised a semi-quantitative magnetic bead pulldown assay to further confirm the specificity 

of PPS1. Here, PPS1 (Figure 4e) and another non-binding control compound PC462 

(Supplementary Figure S4) were synthesized with biotin tag at the C-terminus. Biotin-PPS1 

and biotin-PC462 were linked to streptavidin-magnetic beads and then equilibrated with 1 

million cells of HCC4017 and HBEC30KT cell types. These magnetic bead bound cells 

were precipitated with a magnet and counted. As shown in Figure 4f, PPS1 coated magnetic 

beads readily pulled down about 70-75% of the HCC4017 cells, while only less than 10% of 

the normal HBEC30KT and HBEC3KT cells (another normal bronchial epithelial cell line) 

were pulled down. PC462 coated magnetic beads were unable to pulldown HCC4017 cells.
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To quantitate binding of PPS1 to HCC4017 cells, an ELISA-like assay using fluorescein 

isothiocyanate (FITC) labelled PPS1 (Figure 5a) was used. First PPS1 was synthesized with 

C-terminal cysteine and the thiol group was used to attach FITC through standard maleimide 

chemistry. HCC4017 cells were grown in 96 well plates and blocked for nonspecific 

binding. PPS1-FITC was added in serial dilution to the cells, incubated for 1 hr, washed and 

fluorescence was detected at 520 nm. As shown in Figure 5b this assay indicated that PPS1-

FITC binds to HCC4017 cells with a KD ~ 5 μM. We also used a recently published 

Europium (Eu3+) labelled diethylenetriaminepentaacetic acid (DTPA) based cell surface 

binding detection assay40. Lanthanide-based (e.g. Eu3+) luminescent ligand binding assays 

are superior to traditional radio-labelled and FITC-labelled assays due to improved 

sensitivity and also the capability of eliminating auto-fluorescence challenges. We 

synthesized DTPA labelled PPS1 and chelated DTPA with Eu3+ (Figure 5c). The binding 

assay was conducted in standard ELISA-like approach as described above. The binding 

curve obtained (Figure 5d) using this assay and apparent KD (~7 μM) was similar to what 

we observed using FITC-PPS1.

Further improvements and in vitro activity validation of PPS1

After confirming the binding and specificity of PPS1 for HCC4017 cells, we investigated 

the biological effects of PPS1 on HCC4017 and HBEC cells. The effect of PPS1 on cell 

viability was determined using the standard MTS assay. PPS1 or the control compound 

C462 at concentrations of up to 150 μM had no effect on viability of HCC4017, HBEC30KT 

and HBEC3KT cells (Figure 6a & e). However when the Cysteine-PPS1 version was used 

(the intermediate PPS1 synthesized with c-terminal Cysteine, used in developing FITC 

coupled PPS1), showed moderate cell killing activity on HCC4017 cells (Figure 6a). 

Toxicity was specific to HCC4017 cells as HBEC30KT and HBEC3KT cells were 

unaffected. The only difference between Cysteine-PPS1 and PPS1 was a single Cysteine 

amino acid at the C-terminus. Since it is very difficult to rationalize having a single amino 

acid residue at the C-terminal of the sequence could bring such a large difference of activity, 

we thought of other possibilities that might have occurred. Cysteine has a sulfur (-SH) group 

on the side chain which can easily form disulfide bonds resulting in a dimeric structure of 

PPS1 (Figure 6b). As reported in the literature, multimerization can improve the binding and 

activity of compounds.41, 42 For instance, we have previously observed over 90-fold activity 

improvements through homo-dimerization of the VEGF receptor-2 targeted peptoid we 

identified using the same OBTC assay.21 To explore this possibility, we synthesized a 

simple homo-dimeric version of PPS1 by covalently conjugating two monomeric units 

through a lysine residue using the method we described previously.43 The resulting dimeric 

version of PPS1 compound, PPS1D1 (Figure 6c), the analogous dimeric versions of 

scrambled PC2, PC2D1 (Figure 6d) and control compound C462, PC462D1 (Supplementary 

Figure S5) were then evaluated for activity. In contrast to PPS1, PPS1D1 showed clear 

cytotoxic activity against HCC4017 cells with an IC50 of ~10 μM (Figure 6e). Importantly, 

PPS1D1 did not have any activity on either of the normal HBEC cells lines tested (Figure 

6e). Additionally, PC2D1 or PC462D1 had no effect on cell viability (Figure 6e).

These data demonstrate that PPS1 has a high specificity binding towards a biomolecule 

presented on HCC4017 cells, which is not found or is substantially less abundant in normal 
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HBEC cells. Moreover, upon dimerization PPS1D1 displays considerable cell killing 

activity on HCC4017 cancer cells and has no effect on HBEC normal cells within the 

concentration range tested.

In vivo validation of PPS1D1

To determine if the specificity of PPS1D1 was maintained in the in vivo setting, we 

evaluated the localization of PPS1D1 in mice bearing HCC4017 xenografts. Initial 

Maximum tolerated dose (MTD) studies indicated that the MTD for non-tumor bearing 

animals was 5 mg/kg and 1 mg/kg for mice bearing subcutaneous HCC4017 xenografts. In 

vivo localization studies were performed with biotinylated versions of PPS1D1 and 

PC462D1. Animals were injected iv with 100 μl of biotinylated PPS1D1 or PC462D1 (500 

μg/ml) and sacrificed at 1 hr and 4 hr post injection. Tissue was collected; snap frozen, 

sectioned and the presence of the PPS1D1 and PC462D1 determined by streptavidin-Cy3. 

Biotinylated PPS1D1 accumulated in the tumor microenvironment at 1 hr and with 

increased signal intensity at 4hr (Figure 7). There was no detectable signal from the control 

compound at either time point. This indicates the specificity of PPS1D1 towards HCC4017 

cells was promptly maintained in vivo as well.

In conclusion, we applied our OBTC combinatorial cell screening technology to identify a 

highly specific peptide-peptoid hybrid PPS1 for HCC4017 lung cancer cells. The screen was 

unique in that it exploited the use of lung cancer cells and normal human bronchial epithelial 

cells (HBEC30KT) derived from the same patient. Our hypothesis was to apply this assay to 

identify compounds that can recognize any type of bio-molecule (e.g. protein, lipid or 

carbohydrate) only present on the HCC4017 lung cancer cell surface. We found that the 

monomeric version of PPS1 while specific had little biologic activity; however the dimer, 

PPS1D1 displayed cell killing activity of HCC4017 lung cancer cells, but not on normal 

cells. Further we demonstrated that PPS1D1 specifically accumulated in HCC4017 

xenografts. These data highlight the potential of the OBTC unbiased selection approach to 

effectively bypass the time and resource consuming conventional drug lead development 

approach, where knowledge of the targeted bio-molecule is a prerequisite. The next major 

goal of this study is to identify the target of PPS1 on HCC4017 cells. This technology can be 

applied to other cancer types providing a platform for unbiased selection of high specificity 

ligands for various disease specific biological targets.

METHODS

Cell lines

Lung cancer cell line HCC4017 and normal HBEC30KT and HBEC3KT cell lines were 

obtained from the cell collection of Dr. John Minna's research group at UT Southwestern 

Medical Center.44 HCC4017 was grown in RPMI supplemented with 5% FBS. Normal lung 

cell line HBEC30KT and HBEC3KT were grown with keratinocyte serum free media 

(KSFM) supplemented with human recombinant epidermal growth factor and bovine 

pituitary extract.
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Library synthesis

The library consists of three amino acids followed by 5-mer diversified peptoid region. 

Detailed procedure is listed in the Supplementary Material (S11). Briefly, TentaGel 

macrobeads were swelled in dimethylformamide (DMF) and treated with premixed 0.4M 

Fmoc-Met-OH, 0.4M HBTU and 0.8M N-methyl morphaline overnight. Fmoc group was 

removed by piperidine treatment for 2×10 minutes and Fmoc-D-Lys(Boc)-OH was added as 

described previously. After removing Fmoc group, the split-pool synthesis protocol was 

followed to build the diversified region of the library sequence.45 Briefly, the beads were 

equally distributed into 12 reaction vessels and 12 different amino acids were added. Then, 

the beads were pooled together, Fmoc group was removed and divided equally into 8 

reaction vessels for adding 8 different amines (peptoid residues) in split-pool fashion. Each 

of the reaction vessels was twice treated with 2M Bromoacetic acid and 2M DIC in 

anhydrous DMF for 30s and microwaved for 2×15s with the power set at 10%. After 

washing with DMF, each reaction vessel was twice treated with 1M solution of the primary 

amine and microwaved for 2×15s. The beads were washed, pooled and divided equally into 

8 reaction vessels for the addition of next peptoid residue. This procedure was repeated until 

5-mer peptoid region is completed. Finally beads were washed with Dichloromethane 

(DCM) and side chain protection groups were cleaved with TFA cleavage cocktail.

On bead two color (OBTC) combinatorial cell binding assay

Detailed procedure is listed in the Supplementary Material (S12).21, 39 Briefly, about 

100,000 peptoid library beads were pre-blocked with RPMI medium with 5% FBS and 2% 

BSA for 1 hour. HCC4017 and HBEC30KT cells were removed from culture plates using 

GIBCO enzyme free cell dissociation buffer, washed, counted and labelled with red 

Qtracker 655 (HCC4017) and green Qtracker 565 (HBEC30KT) quantum dots (Invitrogen). 

After washing, each cell line was re-suspended in RPMI medium with 5% FBS and 2% BSA 

and mixed thoroughly at 1:1 ratio. Then, this cell mixture was added to polypropylene tubes 

containing library beads and incubated at room temperature for 30 minutes. The beads were 

washed and visualized under the fluorescent microscope using DAPI filter. Single positive 

beads bound only with red stained cells were identified, removed manually and processed 

for Edman sequencing to identify the sequence of the peptide-peptoid hybrid.

Synthesis of PPS1 compound

Synthesis of PPS1 compound was done on: (I) TentaGel resin (for on-bead cell binding 

assay), and (II) NovaSyn TGR resin (for all the other assays). First three amino acids, Fmoc-

Met-OH, Fmoc–D-Lys(Boc)-OH and Fmoc-Lys(Boc)-OH were loaded to the resin after 

Fmoc removal each time. Then 5-mer peptoid region containing Boc-Diaminobutane, 4-

methoxybenzylamine, (R)-Methylbenzylamine, Piperonylamine and (R)-

Methylbenzylamine was completed using microwave assisted peptoid synthesis protocol. At 

the end, beads were washed with DCM and cleaved off with TFA cleavage cocktail (Please 

refer to Supporting Information for more synthesis procedures).

Matharage et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2016 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Magnetic bead binding assay

The assay was done using Dynabeads M-280 Streptavidin (Invitrogen). Nearly 9×106 beads 

were transferred, re-suspended in PBS with 0.1% BSA. Biotinylated PPS1 and control 

PC462 were added to each vial and incubated for 30 minutes at RT. The beads were washed 

3 times and 1 million of each HCC4017, HBEC30KT and HBEC3KT cells were added to 

each tube and incubated for 30 minutes at RT with gentle shaking. The bead bound cells 

were isolated by placing the vial on the magnet and after removing supernatant, cells were 

counted with hemocytometer.

ELISA-like binding assay

HCC4017 cells were grown in clear bottom 96 well plates and blocked with 100 μl of 5% 

BSA in PBS for 15 minutes. After removing blocking solution, each well was treated with 

concentration gradients of 50μl of FITC-PPS1 or PPS1-(Eu3+)-DTPA compounds and 

incubated for 45 minutes at room temperature. Wells were washed with PBS and 

fluorescence was measured at 520 nm (for FITC) and 610 nm [for (Eu3+)-DTPA] using the 

plate reader.40

Cell viability assay

HCC4017 and HBEC30KT cells were grown in clear bottom 96 well plates. On second day, 

cells were treated with PPS1, PPS1D1, PPS1-Cys and control PC462D1 in RPMI medium 

with 5% FBS containing 3% BSA. For HBEC30KT, Keratinocyte-SFM with 3% BSA 

media was used. On day 4, the treatment was repeated. On day 5, 20 μl of CellTiter 96® 

AQueous One Solution (Promega) was added to each well and absorbance was measured at 

490 nm.

In vivo studies

All animals were housed in a pathogen-free facility with continuous access to food and 

water. Experiments were approved by and performed in accordance with the Institutional 

Animal Care and Use Committee at the University of Texas Southwestern. Mice were 

purchased from the core breeding facility at UT Southwestern. For MTD studies non-tumor 

bearing or tumor bearing animals were injected iv with the following doses: 0.2 mg/kg, 1 

mg/kg, or 5 mg/kg. Animals were subsequently monitored immediately afterwards and 

hourly for 8 hrs. Animals were sacrificed if signs of distress were significant (labored 

breathing, lethargy, loss of mobility). For tumor localization studies six- to eight-week-old 

female NOD/SCID mice were injected with 2.5×106 HCC4017 cells subcutaneously. 

Tumors were used for localization when they reached ~500 mm3 in volume. Biotinylated 

PPS1D1 or PC462D1 (control) were diluted in saline and injected iv (100 μl at 500 μg/ml, 

n=3/compound/time point). Animals were sacrificed at 1 and 4 hrs post injection. Tissues 

including the tumors were harvested, snap frozen and sectioned. Detection of biotinylated 

peptoid-peptide hybrid was conducted by streptavidin-Cy3 and visualized by fluorescence 

microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic comparison of bimolecular asymmetry in cancer and normal cell membranes. 

Cancer cell surface may display specific protein, lipid, carbohydrates and glycoproteins that 

are expressed under cancerous situation that may be absent or minimal on normal cell 

surface under healthy biological conditions. These specific biomolecules will be targeted in 

the unbiased selection.
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Figure 2. 
The peptide-peptoid hybrid library development. (a) Peptide vs. Peptoid comparison. (b) 

Two step peptoid synthesis. (c) Library composition; three C-terminal amino acid residues, 

followed by 5-mer peptoid region. (d) Different amines employed in the 5-mer peptoid 

region.
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Figure 3. 
The On-Bead Two-Color (OBTC) combinatorial cell screen. (a) Schematic representation of 

the assay. One-bead one-compound library beads (large blue circles) were treated with 1:1 

mixture of red and green quantum dot stained HCC4017 cells and HBEC30KT cells 

respectively. A bead bound only by red cells indicates that the compound on that bead 

recognized a biomolecule uniquely present on HCC4017 cell surface that is absent (or 

negligible) in HBEC30KT cell surface. (b & c) Fluorescent microscopic images of beads; 

(b) One of the three beads found with only red stained HCC4017 cells bound. (c) A bead 

bound to both red and green stained cells (non-specifics). (d) The structure of PPS1 

identified from the screen.
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Figure 4. 
Qualitative binding and specificity of the PPS1. PPS1 containing tentagel beads were 

exposed to: (a) Red stained HCC4017 cells alone, (b) Green stained HBEC30KT cells alone, 

(c) Red and green stained cells at 1:1 mixture. PPS1 predominantly bound to red stained 

HCC4017 cells over HBEC30KT cells. (d) Red stained HCC4017 cells did not bind to 

tentagel beads carrying scrambled version PC2. (E) Structure of the c-terminal biotinylated 

PPS1. (e) Streptavidin-magnetic beads coated with biotinylated PPS1 pulled down only 

HCC4017, but not HBEC30KT or HBEC3KT cells. The magnetic beads alone or control 

PC462 compound coated magnetic beads fail to pulldown HCC4017 cells.
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Figure 5. 
ELISA-like quantitative binding and specificity validation of the PPS1. (a) Chemical 

structure of c-terminus fluorescein isothiocyanate (FITC) labelled PPS1 (FITC-PPS1). (b) 

Binding curve of HCC4017 cells with PPS1-FITC indicates KD around 5μM. (c) Chemical 

structure of N-terminus modified Eu3+-chelated DTPA labelled PPS1. (d) Binding curve of 

HCC4017 cells with PPS1-(Eu3+)-DTPA indicates KD around 5-7μM.
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Figure 6. 
Dimerization of PPS1 triggers the activity of PPS1. (a) MTS cell viability assay results on 

HCC4017 with the treatment of PPS1, Cystein-PPS1 and PC462 and Cystein-PPS1 treated 

on HBEC30KT. Only Cystein-PPS1 treated with HCC4017 displayed cell killing activity. 

(b) Cartoon depicting the suspected disulfide bond formation between two c-terminal 

Cysteine labelled PPS1. (c) Structure of PPS1 homo-dimer PPS1D1. (d) Scrambled version 

of PPS1D1, PC2D1. (e) MTS cell viability assay results on HCC4017 and HBEC30KT 

treated with PPS1D1, PPS1, PC2D1, PC462D1. Only PPS1D1 treated with HCC4017 

displayed cell killing activity.
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Figure 7. 
Tumor accumulation studies of PPS1D1 and control P462D1 compounds on HCC4017 

xenografts in NOD/SCID mice. PPS1D1 strongly accumulated in the tumor in both at 1 hr 

and 4 hr time points, while the control PC462D1 was not detected.
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