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Abstract

We previously reported a unique peptide-peptoid hybrid, PPS1 that specifically recognizes lipid-

phosphatidylserine (PS) and a few other negatively charged phospholipids, but not neutral 

phospholipids, on the cell membrane. The dimeric version of PPS1, i.e., PPS1D1 triggers strong 

cancer cell cytotoxicity and has been validated in lung cancer models both in vitro and in vivo. 

Given that PS and other negatively charged phospholipids are abundant in almost all tumor 

microenvironments, PPS1D1 is an attractive drug lead that can be developed into a globally 

applicable anti-cancer agent. Therefore, it is extremely important to identify the minimum 

pharmacophore of PPS1D1. In this study, we have synthesized alanine/sarcosine derivatives as 

well as truncated derivatives of PPS1D1. We performed ELISA-like competitive binding assay to 

evaluate the PS-recognition potential and standard MTS cell viability assay on HCC4017 lung 

cancer cells to validate the cell cytotoxicity effects of these derivatives. Our studies indicate that 

positively charged residues at the second and third positions, as well as four hydrophobic residues 

at the fifth through eighth positions, are imperative for the binding and activity of PPS1D1. 

Methionine at the first position was not essential, whereas the positively charged Nlys at the fourth 

position was minimally needed, as two derivatives that were synthesized replacing this residue 

were almost as active as PPS1D1.
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1. Introduction

Identification of the minimum pharmacophore of a drug lead is an extremely important step 

in the drug development process. Various pharmacophore models are used to identify the 

chemical features and spatial arrangement of an active drug-lead responsible for recognizing 

the binding site of the targeted biomolecule.1–8 Once the residues or moieties that are 

essential to the binding and activity of the compound are identified, this knowledge can be 

used to design new derivatives with enhanced drug activity. In addition, this knowledge can 

be used to increase the water solubility and bio-distribution of the compound with better 

pharmacokinetic properties.

Typically, proteins such as receptors, enzymes, and hormones, are the exclusive targeted 

biomolecules for modern-day drugs. Recently, we have reported a peptide-peptoid hybrid 

named PPS1 that uniquely recognizes lipid-phosphatidylserine (PS) on the cancer cell 

surface.9 PPS1 was identified via an unbiased selection approach using our unique on-bead 

two-color cell screen (OBTC), which is capable of recognizing the difference between two 

cell surfaces.10 In our previous study, we targeted red stained HCC4017 lung cancer cells in 

the presence of green stained HBEC30KT normal bronchial epithelial cells derived from the 

same patient. We mixed these two cell types in a 1:1 ratio and exposed to one-bead one-

compound peptide-peptoid hybrid library synthesized on tentagel beads. The aim of that 

study was to identify compounds that bind only with cancer cells in the presence of normal 

cells. These compounds were given an equal chance to recognize a protein, lipid, or 

carbohydrate distinct to cancer cells, whereas those bound to normal cells were discarded. 

PPS1 displayed strong binding to cancer cells over normal cells both in vitro and in vivo, 

and later was identified as recognizing lipid-PS. This PPS1-PS binding event was validated 

through ELISA-like, on-bead, lipid dot-blots and liposome-based FACS binding assays.9 

The simple dimeric version of PPS1, i.e., PPS1D1, is selectively cytotoxic toward lung 

cancer cell lines such as HCC4017 and H460 in vitro over normal HBEC cells and had an 

IC50 value of 5–10 μM. PPS1D1 displayed a strong tumor burden effect in mouse models as 

a single agent, as well as in combination with other chemotherapeutics.9

Various phospholipids that exist in different forms are distributed asymmetrically over the 

plasma membrane. Phosphatidylcholine (PC) and sphingomyelin (SM) are distributed 

mostly on the outer leaflet, whereas amino phospholipids, such as phosphatidylethanolamine 

(PE) and phosphatidylserine (PS), are concentrated mostly within the inner leaflet.11–14 
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However, several pathological and physiological conditions, such as apoptosis, cell 

activation, injury, and malignant transformation, disturb this lipid asymmetry by exposing 

PS to the outer leaflet.15 This externalization of PS also has been reported as a tumor marker 

due to intense stress conditions of the tumor microenvironment.15,16 Thus, PS could be a 

potential target or biomarker for tumor identification and treatment. A small number of PS-

binding ligands have been reported, including proteins,17 antibodies,15,18–21 peptides,22–25 

and small molecules.26

While PPS1D1 strongly binding to PS, it also recognizes, to a lesser extent, a few other 

lipids that have an overall negative charge, such as phosphatidic acid (PA), 

phosphatidylinositol (PI), and phosphatidylglycerol (PG). These are typically found in the 

outer layer of cancer cells.9 PPS1D1 did not bind to neutral lipids such as PE, which is 

found in cancer cells, and PC and SM, which are highly abandon in normal cells. This 

observation strongly suggests that PPS1D1 has a very specific recognition capability for 

negatively charged phospholipids over neutrally charged lipids. Therefore, it is extremely 

interesting, as well as important, to identify the individual residues or groups of moieties that 

are directly responsible for this binding event. The most conventional approach to identify 

minimum pharmacophore in peptides is the replacement of amino acids one at a time with 

glycine or alanine (glycine or alanine scan).2,3 For peptoids, the similar process is the 

replacement of each side chain one at a time with a methyl group (N-methyl), which is 

called sarcosine scan (Figure 1A). In our previous report, we effectively implemented this 

approach to identify the pharmacophore of a peptoid that antagonizes vascular endothelial 

growth factor receptor-2 (VEGFR2).6 Herein, we report a minimum pharmacophore 

identification study on PPS1D1 to recognize key components responsible for its interaction 

with PS and to gain insight into developing a modified PPS1D1 with better activity as a drug 

candidate.

2. Results

2.1 Synthesis of PPS1D1 alanine/sarcosine derivatives

As described in the Introduction, the most suitable way to identify the minimum 

pharmacophore of our peptide-peptoid hybrid is to conduct an alanine/sarcosine scan. The 

PPS1 monomeric sequence consists of three peptide residues and five peptoid residues. 

Hence, we first synthesized eight different derivatives by replacing amino acids with alanine 

(PPS1D1-1 to PPS1D1-3) and peptoids with sarcosine (PPS1D1-4 to PPS1D1-8) one at a 

time, as shown in Figure 1B. All the dimers were synthesized using the complete on-bead 

synthesis protocol described in our previous reports.10,27 Briefly, peptide portions were 

synthesized using the standard Fmoc synthesis approach, and peptoid residues were coupled 

using the standard microwave-assisted peptoid synthesis protocol28, 29 All compounds were 

purified using semi-preparative HPLC. Purity was confirmed by analytical HPLC, and 

synthesis was confirmed by matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry (Supplementary Figure S2–S9).
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2.2 PS-binding validation of PPS1D1 alanine/sarcosine derivatives

All eight derivatives were first investigated for PS binding capacity using an ELISA-like 

binding assay, as previously described, with modifications.6,10,30 We performed a 

competitive ELISA-like binding assay on PS-coated 96-well plates. We first saturated PS-

coated wells with fluorescence-labeled parent PPS1D1 (FITC-PPS1D1) at 200 nM 

concentration, which was then competed out using the eight different alanine/sarcosine 

derivatives (1 μM concentration of each derivative), as well as our standard non-PS binding 

control compound PC462D1.9,10 As shown in Figure 2 and Supplementary Figure S19, 

unmodified PPS1D1 was able to almost completely eradicate bound FITC-PPS1D1, 

indicating full competition at 1 μM concentration, whereas the control PC462D1 was unable 

to display any competition. The derivatives PPS1D1-1 and PPS1D1-4 also displayed a 

certain level of competition, but all other derivatives were unable to compete out FITC-

PPS1D1 from the PS-coated plates. These results indicate that Met at the first position (from 

the C-terminus) and Nlys at the fourth position are not critical for binding to PS. In contrast, 

two positively charged residues at the second position (amino acid Lys) and third position 

(peptoid Nlys) are critical for binding. Furthermore, these data indicate that the four 

hydrophobic residues at the N-terminus are also extremely important for binding, as removal 

of even one of these residues almost completely reduce the binding capacity of PPS1D1.

2.3 Cell cytotoxicity effect of PPS1D1 alanine/sarcosine derivatives

Next, we evaluated the cell cytotoxicity effects of these derivatives using the standard MTS 

cell viability assay along with unmodified PPS1D1 and the control compound PC462D. The 

results are shown in Figure 3. Cytotoxicity was investigated at eight concentrations ranging 

from 0.1 μM to 100 μm (Figure 3A). As expected, the parent PPS1D1 displayed the known 

cell cytotoxicity effect around 10 μM, whereas all the derivatives exhibited less cytotoxicity. 

Anyway, PPS1D1-1 and PPS1D1-4 exhibited the smallest reduction in cytotoxicity activity. 

We analyzed data at 30 μM concentration to better understand the differences between 

derivatives (Figure 3B). As expected, PPS1D1 exhibited the strongest cytotoxicity, and the 

control compound PC462D1 did not exhibit any cell-killing effects. However, all the 

alanine/sarcosine derivatives displayed loss of cytotoxicity compared with PPS1D1, except 

PPS1D1-1 and PPS1D1-4 (Figure 3B). PPS1D1-1 exhibited similar cytotoxicity to PPS1D1, 

whereas PPS1D1-4 exhibited a slight loss of cytotoxicity compared with PPS1D1, but still 

caused considerable cell death. This observation again suggests that Met at the first position 

(from the C-terminus) and Nlys at the fourth position do not have significant roles in PS 

recognition, which validates the results obtained from the ELISA-like assay. The 

cytotoxicity of derivatives PPS1D1-5, PPS1D1-6, PPS1D1-7, and PPS1D1-8, in which 

hydrophobic residues were replaced with sarcosine, was found to be most affected by the 

modifications (Figure 3B).

2.4 Cell cytotoxicity effect of fourth-position-modified derivatives of PPS1D1

We further explored the observation that the positively charged Nlys residue at the fourth 

position is not essential for the overall activity of PPS1D1. We synthesized two derivatives 

that replace this positively charged residue at the fourth position with relatively neutral 

residues. PPS1D1-4A was synthesized with Nmea (Figure 4A) and PPS1D1-4B was 
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synthesized with Nall (Figure 4B). We then performed the same MTS assay as used above to 

validate the cell cytotoxicity effects of PPS1D1-4A and PPS1D1-4B compared to 

unmodified PPS1D1 and the control compound PC462D1. As shown in Figure 4C, both 

PPS1D1-4A and PPS1D1-4B displayed cell cytotoxicity similar to that of PPS1D1 (with a 

slight reduction of activity), whereas the control PC462D1 exhibited no activity.

2.5 Synthesis of truncated derivatives of PPS1D1

As shown in Figures 2 and 3, four hydrophobic residue region at the N-terminus of PPS1D1 

is essential for binding activity. We next evaluated how many of these four residues are 

needed for binding activity. As shown in Figure 5, we synthesized five derivatives of 

PPS1D1 (3-mer to 7-mer) by truncating one to five residues from the N-terminus. A 

complete on-bead synthesis protocol, as described in our previous reports, was used, with 

peptide portions synthesized using the standard Fmoc synthesis approach and peptoid 

residues coupled using the standard microwave-assisted peptoid synthesis protocol. All 

compounds were purified using semi-preparative HPLC. Purity was confirmed by analytical 

HPLC, and synthesis was confirmed by MALDI mass spectrometry (Supplementary Figures 

S13–S17).

2.6 Cell cytotoxicity effect of truncated derivatives of PPS1D1

We evaluated the binding and cell cytotoxicity of the truncated derivatives of PPS1D1 

(shown in Figure 5), as well as unmodified PPS1D1, and the control compound PC462D1, 

using the same ELISA-like competitive assay (for binding) and standard MTS cell viability 

assay (for cell cytotoxicity) (Figure 6). PPS1D1 exhibited a strong competitive binding 

(against FITC-PPS1D1), whereas the control PC462D1 had no binding competition (Figure 

6A). The 7-mer derivative, which lacked the hydrophobic residue at the eighth position, had 

a weaker binding than PPS1D1. The binding was completely lost when two or more residues 

from the N-terminus were eliminated (Figure 6A). This observation confirms the importance 

of all 4 N-terminus residues for the binding of PPS1D1 to PS. The same pattern was exactly 

observed when the cytotoxicity assay was performed. PPS1D1 exhibited a strong cell 

cytotoxic effect, whereas the control PC462D1 had no cell cytotoxic effect (Figure 6B & C). 

The 7-mer derivative had a weaker cytotoxic effect than PPS1D1. Deleting two or more 

residues from the N-terminus completely deactivated the molecule. This observation further 

confirms the importance of all 4 N-terminus residues for the activity of PPS1D1.

3. Discussion

As mentioned previously, there are only small number of PS-binding ligands have been 

reported up to date. Annexin V is a coagulation inhibitory protein that is known to have high 

affinity and specificity toward anionic phospholipids, mainly PS. The coagulation inhibitory 

effect of annexin V is purely via mechanical binding to reactive surfaces. The key feature is 

that annexin V requires Ca2+ for binding to PS.27 However, to the best of our knowledge, 

there are no reports of cytotoxicity effects of annexin V. In contrast, bavituximab is an 

example of a PS-targeting antibody that has been reported as a potent anti-tumor 

agent.18,21,31 PS-targeting with bavituximab stimulates innate immune cells (e.g., 

macrophages) to perform antibody-dependent cellular cytotoxicity, induces the 
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differentiation of myeloid-derived suppressor cells (MDSCs) into M1 macrophages and 

mature dendritic cells, and facilitates the development of an adaptive immune response.32 

The mechanism of action of bavituximab is Fc-dependent, although the involvement of PS 

receptor(s) is under investigation. Interestingly, bavituximab requires β2-glycoprotein-1 to 

recognize and bind to PS.15, 28 In other words, bavituximab binds to PS via β2-

glycoprotein-1. However, PPS1D1 does not require the support of any ions or proteins to 

recognize PS. Taken together; this indicates that there are several available mechanisms for 

recognizing phospholipid binding agents.

Because PPS1D1 is an amphipathic molecule with six positively charged residues (three in 

each monomer) and a hydrophobic region consisting of eight consecutive aromatic residues 

(four in each monomer), it was anticipated that PPS1D1 would bind to all phospholipids, as 

phospholipids have negatively charged phosphate heads and hydrophobic tails that align 

perfectly with PPS1D1. However, we previously observed that PPS1D1 only recognizes 

phospholipids that have an ‘overall’ negative charge (i.e., PS, PA, PI, and PG) and does not 

bind to neutral lipids such as PC, PE, and PG.9 This observation ruled out the possibility that 

the positively charged residues of PPS1D1 could recognize the negatively charged phosphate 

head groups, because otherwise PPS1D1 would bind to all lipids indiscriminately. Our 

current minimum pharmacophore studies indicate that two of the positive charges in the 

second and third positions of PPS1D1 are critical for binding and activity, whereas the 

positive charge at the fourth position is the least important. It is noteworthy that although 

PPS1D1-2 lost binding and cell-killing activity as compared to PPS1D1, PPS1D1-2 still 

exhibited a moderate effect, which could be attributed to the interaction of the Nlys residue 

at the third position of PPS1D1-2 with negative charges on PS in the absence of the positive 

residue at the second position. Replacing the positively charged residue (Nlys) at the fourth 

position with relatively neutral residues (i.e., Nmea and Nall) did not significantly affect 

activity, as only a slight reduction was observed (Figure 4). Thus, we believe that positive 

charges at the second and third positions may interact with the additional negative charge 

found on PS, PA, PI, and PG. The hydrophobic region of the N-terminus of PPS1D1 appears 

to interact with the hydrophobic tails of the phospholipids on the outer layer of the cell 

membrane. Both sarcosine and truncation studies (Figures 3 and 6) indicated that all four 

residues of this hydrophobic region are critical for PS binding and cytotoxicity. Removal of 

even a single residue caused a significant reduction in activity.

For most protein-binding molecules, typically there are only a few residues or moieties that 

are critical for binding and activity.33,34 In particular, for small organic compounds, binding 

and activity could depend on a single atom.35,36 Typically, removal or replacement of these 

residues or atoms completely disrupts the function of the molecule, mainly because proteins 

have well-defined structures, and ligand-binding events occur through specific charge-charge 

or hydrophobic (i.e., van der Waals) interactions. For example, there may be a hydrogen 

bond between the ligand and the protein through specific atoms. However, small 

phospholipid molecules do not have structures that are as well-defined as proteins. These 

small phospholipid molecules are arranged in a bilayer that forms the cell membrane and are 

not structurally rigid. This arrangement of multiple lipid types on the cell membrane largely 

varies and constantly interchanges. Therefore, defining the parameters of a specific ligand-

lipid interaction is extremely difficult and challenging, in particular with respect to the 
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structures of targeted phospholipids. For example, as described above, the residues at the 

second, third, and fifth through eighth positions are the most important for the binding and 

activity of PPS1D1 (Figure 7). However, closer inspection of the data in Figure 3 reveals that 

removal of each of those residues one-by-one affects activity by a maximum of 50%, except 

for the residue at the sixth positon (PPS1D1-6), the removal of which causes approximately 

75% reduction in activity. This observation indicates that some of these residues contribute 

to the binding activity of PPS1D1 in a cooperative manner, rather than depending on a 

specific single-residue or atomic-level interactions with a single phospholipid on the cell 

membrane. For example, two positive charges at the second and third position may 

collectively interact with the additional negative charge on PS, PA, PI, and PG. Also, the 

four hydrophobic residues (fifth through eighth position) may form a collective hydrophobic 

patch that interacts with the hydrophobic tails of phospholipids. Nonetheless, we are 

planning to conduct very specific studies using various platforms such as liposomes, as well 

as computer simulations studies, to further understand this very interesting and specific 

interaction of PPS1D1 with negatively charged phospholipids. In particular, we are carefully 

evaluating the possibility of interactions through additional negative charges found in 

regions of phospholipids other than the phosphate head-groups.

4. Conclusion

Eight alanine/sarcosine derivatives of PPS1D1 were investigated to identify the minimum 

pharmacophore of PPS1D1, which has strong affinity for PS and other negatively charged 

phospholipids. The ELISA-like binding and MTS cell viability assays for all the mutated 

derivatives revealed that residues at the second, third, and fifth through eighth positions are 

most important for the binding and activity of PPS1D1. Although it seems like the positive 

groups at the second and third positions of PPS1D1 interact with additional negative groups 

displayed on PS and other negatively charged phospholipids, further careful and focused 

studies are needed to evaluate the exact interactions between those predicted moieties. All 

four hydrophobic residues at the N-terminus seem to be essential for the interaction with 

hydrophobic tail regions of phospholipids.

5. Experimental

5.1 General

Novasyn TGR was purchased from EMD Millipore (Billerica, MA, USA). All Fmoc-

protected amino acids and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) were purchased from EMD Millipore. All primary amines, 

bromoacetic acid, N,N′-diisopropylcarbodiimide (DIC), N,N-diisopropylethylamine 

(DIPEA), piperidine, NMM, trifluoroacetic acid (TFA), dichloromethane (DCM) and N,N-

dimethylformamide (DMF) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All 

chemical reagents and solvents from commercial sources were used without further 

purification. Five-mL disposable reaction columns (Intavis AG, Tübingen, Germany) were 

used as reaction vessels for solid-phase synthesis. Syntheses of peptoids under microwave 

conditions were performed in a 1000 W microwave oven with 10% power.
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All purifications were completed on a Waters HPLC system, Waters Corporation, MA, USA. 

Mass spectra were recorded on an Applied Biosystems Voyager DE Pro mass spectrometer 

using alpha-cyano-4-hydroxycinnamic acid as the matrix.

5.2 Synthesis

5.2.1 Synthesis of PPS1D1—PPS1D1 was synthesized on Novasyn TGR (EMD 

Millipore). The resin was swelled in DMF for 1 h prior to use, and no de-protection was 

required for terminal amine groups. The resin was first coupled to Fmoc-Lys(Fmoc)-OH 

using 5.0 eq HBTU and 5.0 eq HOBt as coupling reagents in the presence of 10.0 eq of 

DIPEA for overnight. Both Fmoc were removed with the help of 20% piperidine solution in 

DMF [2 × (2 mL × 10 min)]. The Fmoc de-protection of both amine groups produced two 

N-terminals simultaneously to build two copies of peptide-peptoid hybrid. Three amino 

acids, Fmoc Met-OH, Fmoc D-Lys(Boc)-OH, and Fmoc-Lys(Boc)-OH, were introduced 

using the same peptide-coupling protocol (HBTU/HOBt/DIPEA), washing 10 times with 

DMF and removing the Fmoc group at each step. After removal of the final Fmoc, five 

peptoid residues were then coupled using a two-step peptoid coupling procedure (acylation 

and amination) under a microwave (1000 W)-assisted synthesis protocol.29 For the acylation 

step, beads were treated with 2M bromoacetic acid (1 mL) and 3.2M DIC (1 mL), and 

microwaved at 10% power (2 × 15 s) with gentle shaking in between for 30 s. After washing 

with DMF, beads were treated with 2M Boc-diaminobutane (2 mL), and coupling was 

performed again in the microwave oven as described above. The procedure was repeated 

again to attach the remaining four residues [4-methoxybenzylamine, (R)-

methylbenzylamine, piperonylamine, and (R)-methylbenzylamine] with DMF washing at 

every step. At the end, beads were washed with DCM and dried under vacuum before 

cleavage. Beads were then treated with a cleavage cocktail of TFA/H2O/tri-isopropylsilane 

(95%/2.5%/2.5%) for 2 h. The desired compound was purified using HPLC and analyzed by 

MALDI-TOF (Voyager DE Pro, AB Systems), USA.

5.2.2 Synthesis of PPS1D1-1 to PPS1D1-8—The general peptide synthesis procedure 

described in section 5.2.1 was used to couple three peptides. Amino acids at the first, 

second, and third positions were replaced with alanine for PPS1D1-1, PPS1D1-2, and 

PPS1D1-3, respectively, and methylamine was used to replace the normal amines at the 

fourth through eighth positions in each of the five derivatives, PPS1D1-4, PPS1D1-5, 

PPS1D1-6, PPS1D1-7, and PPS1D1-8, respectively.

5.2.3 Synthesis of FITC-PPS1D1—Fmoc-Cys(Trt)-OH was coupled as the first amino 

acid onto the resin using the same peptide protocol as described above section 5.2.1. The 

remaining PPS1D1 synthesis was conducted as described previously. After washing with 

DMF and DCM, beads were treated with a cleavage cocktail of TFA/H2O/tri-isopropylsilane 

(95%/2.5%/2.5%) for 2 h. TFA was then evaporated, and the resulting solid compound was 

dissolved in 1:1 water:acetonitrile (ACN) mixture. This solution was subjected to HPLC 

purification. The purified compound was lyophilized to obtain the dry product. 

Fluorescein-5–maleimide (Thermo r Scientific, Germany) was then coupled to this 

compound (1 M:1 M ratio) in buffer solution at a pH of 7. The coupled FITC-PPS1D1 

compound was purified using HPLC.
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5.2.4 Synthesis of PPS1D1-4A and PPS1D1-4B—Fmoc-Lys(Fmoc)-OH was coupled 

overnight as the central linker, and both Fmoc groups were removed simultaneously, 

allowing two copies of the sequence to be built on two amine groups of this central Lys. 

Then, the first three amino acids, Fmoc-Met-OH, Fmoc–D-Lys(Boc)-OH, and Fmoc-

Lys(Boc)-OH, were loaded onto the resin using the previously described peptide-coupling 

protocol, removing the Fmoc group each time. Allyamine (Nall) for PPS1D1-4A and 2-

methoxyethylamine (Nmea) for PPS1D1-4B were introduced as first peptoid residues using 

the same microwave-assisted peptoid synthesis protocol as described previously followed by 

remaining peptoid residues. After washing with DMF and DCM, beads were then treated 

with a cleavage cocktail of TFA/H2O/tri-isopropylsilane (95%/2.5%/2.5%) for 2 h. 

Compounds were purified using HPLC. Synthesis was confirmed using MALDI-TOF MS 

(Voyager DE Pro, AB Systems).

5.2.5 Synthesis of truncated derivatives—Fmoc-Lys(Fmoc)-OH was coupled 

overnight as the central linker, and both Fmoc groups were removed simultaneously, 

allowing two copies of the sequence to be built on two amine groups of this central Lys. 

Then, the first three amino acids, Fmoc-Met-OH, Fmoc–D-Lys(Boc)-OH, and Fmoc-Lys-

OH, were loaded onto the resin using peptide coupling protocol, removing the Fmoc group 

each time using the peptide-coupling protocol. For the 3-mer, synthesis was stopped after 

three peptide couplings, and beads were treated with the cleavage cocktail of TFA/H2O/tri-

isopropylsilane (95%/2.5%/2.5%) for 2 h. Compounds were purified using HPLC and 

confirmed by MALDI-TOF MS. The 4-mer was achieved by coupling one peptoid residue 

after overnight Fmoc-Lys(Fmoc)-OH coupling and three peptide residues using the same 

peptide-coupling protocol as described above. Similarly, the 5-mer, 6-mer, and 7-mer 

derivatives were synthesized by coupling 2, 3, and 4 corresponding peptoid residues using 

the microwave protocol as described above. After washing with DMF and DCM, beads were 

then treated with a cleavage cocktail of TFA/H2O/tri-isopropylsilane (95%/2.5%/2.5%) for 2 

h. Compounds were purified using HPLC. Synthesis was confirmed using MALDI-TOF 

MS.

5.2.6 Synthesis of control PC462D1—Fmoc-Lys(Fmoc)-OH was coupled overnight as 

the first peptide residue, and both Fmoc groups were removed simultaneously, allowing two 

copies of the sequence to be built on two amine groups of this central Lys. Then, the first 

three amino acids Fmoc-Met-OH, Fmoc–D-Lys(Boc)-OH, and Fmoc-Gly-OH were loaded 

onto the resin using peptide coupling protocol, removing Fmoc group each time. Then, the 

5-mer peptoid region containing Nall and Nmea was synthesized using the microwave-

assisted peptoid synthesis protocol as described previously. After washing with DMF and 

DCM, beads were then treated with the cleavage cocktail of TFA/H2O/tri-isopropylsilane 

(95%/2.5%/2.5%) for 2 h. The compound was purified using HPLC. Synthesis was 

confirmed using MALDI-TOF MS (Voyager DE Pro, AB Systems).

5.3 Biological assays

5.3.1 ELISA-like binding competition assay—Lipid-PS (Avanti Polar Lipids) was 

dissolved in Hexane at 10 μg/ml concentration and coated onto 96 well-plates (7005, U 

Microfluor Microtiter Microplates). Hexane was allowed to evaporate at room temperature, 
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and each well was blocked with 200 μl of 1% BSA in PBS for 1 h. Wells were washed with 

3 × PBS, and 100 μL of FITC-PPS1D1 dissolved in blocking buffer (200 nM) was added to 

each well and incubated for 1 h at room temperature. Wells were then washed again with 5 × 

PBS. Then, 100 μL of each 1 μM PPS1D1, PC462D1 and all alanine/sarcosine derivatives 

were added to separate wells in triplicate and incubated for 1 h. Similarly, in truncated 

derivative studies, the FITC-PPS1D1 coated plate was treated with 100 μL of each 1 μM 

PPS1D1, PC462D1 & all truncated derivatives and incubated for 1 h. Each well was washed 

with 3 × PBS and subjected to fluorescence reading. Remaining fluorescence was detected 

at 520 nm using a spectrophotometer (Spectramax i3, Molecular Devices, Sunnyvale, CA, 

USA).

5.3.2 Cell cytotoxicity assay—HCC4017 cells were grown in clear-bottom 96-well 

plates. On the 2nd day, lung cancer cells were treated with PPS1D1, PPS1D1-1, PPS1D1-2, 

PPS1D1-3, PPS1D1-4, PPS1D1-5, PPS1D1-6, PPS1D1-7, PPS1D1-8, 3-mer, 4-mer, 5-mer, 

6-mer, 7-mer, and control PC462D1 in RPMI medium with 10% FBS containing 3% BSA. 

Eight graded concentrations ranging from 0.1 μM to 100 μM were used for all compounds, 

and each concentration was tested in triplicate. On day 3, 20 μl of CellTiter 96® AQueous 

One Solution (Promega, Fitchburg, WI, USA) was added to each well, and absorbance was 

measured at 490 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Alanine (for peptides) and sarcosine (for peptoids) scan. (A) Outline of the sarcosine scan 

for peptoid residues, (B) Chemical structures of the alanine/sarcosine derivatives of 

PPS1D1. Residues are numbered starting from the C-terminus of each monomeric unit. Each 

residue (1–8) on both monomeric units was replaced one at a time with a methyl group (-

CH3), which resulted in eight different derivatives of PPS1D1.
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Figure 2. 
ELISA-like competitive binding assay of PPS1D1 for all eight alanine/sarcosine derivatives 

and the control compound PC462D1 with FITC-PPS1D1.
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Figure 3. 
Standard MTS cell viability assay of HCC4017 lung cancer cells treated with PPS1D1, eight 

alanine/sarcosine derivatives (PPS1D1-1 to PPS1D1-8), and the control compound 

PC462D1. (A) Observation of the activity through concentration gradient of 0.1 μM to 100 

μM. (B) Absorbance (activity) differences observed at 30μM treatment of all of the 

compounds mentioned above.
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Figure 4. 
Standard MTS cell viability assay of HCC4017 lung cancer cells treated with PPS1D1, 

PPS1D1-4A, PPS1D1-4B, and the control compound PC462D1.
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Figure 5. 
Truncation array of PPS1D1 from the N-terminals of both monomeric sequences. Dotted 

lines indicate the residue(s) removed along with the name of the corresponding version of 

the derivative (3-mer to 7-mer).

Singh et al. Page 16

Bioorg Med Chem. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Binding and activity validation of truncated PPS1D1 derivatives. (A) ELISA-like 

competitive binding assay of five truncated derivatives of PPS1D1 (3-mer to 7-mer) and the 

control compound PC462D1 with FITC-PPS1D1. (B) Standard MTS cell viability assay of 

HCC4017 lung cancer cells treated with PPS1D1, truncated derivatives of PPS1D1 (3-mer to 

7-mer), and the control compound PC462D1. Observation of the activity through 

concentration gradient of 0.1 μM to 100 μM. (C) Absorbance (activity) differences observed 

at 30μM treatment of all of the compounds mentioned above.
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Figure 7. 
Minimum pharmacophore of PPS1D1. Residues that are predicted to be essential for binding 

and activity at the second, third and fifth through eighth positions are highlighted in gray.
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