
2 
 

 

Section 1: General information 

Materials sources:  

All reagents for chemistry steps were obtained from Sigma or Acros. SuperFi DNA polymerase (Invitrogen), 

2′-deoxyribonucleoside triphosphates (dNTP, set of dATP, dTTP, dGTP, dCTP, New England Biolabs), and 

T4 DNA ligase (New England Biolabs), were used as provided. Oligonucleotides (Integrated DNA 

Technologies) were obtained as desalted lyophilate and used without additional purification. FMOC-

Cys(STmp)-OH, Sulfo-Cy5-azide were obtained from Sigma. Sulfo-Cy5-DBCO and  monoBromobimane 

(mBBr) were obtained from Lumiprobe and Thermofisher, respectively. Filter plates (MultiScreen Solvinert 

0.45 µm Hydrophobic PTFE) and BIS-Tris propane were purchased from EMD Millipore. 40% 

Acrylamide/Bis (19:1) was purchased from Bio-Rad. 

Note: mBBr should be stored at -80°C in DMF. DMF or DMSO solutions of this dye lose efficiency over 

time. It is recommended to do titrations to find the optimal dye concentration for staining, if it was stored for 

an extended period. 

Buffers 

• BIS-Tris propane ligation buffer (BTPLB): 50 mM NaCl, 10 mM MgCl2, 1 mM ATP, 0.02% Tween 20, 10 

mM bis-tris, pH 7.6 

• BIS-Tris propane wash buffer (BTPWB): 50 mM NaCl, 0.04% Tween 20, 10 mM bis-tris, pH 7.6 

• BIS-Tris propane breaking buffer (BTPBB): 100 mM NaCl, 10 mM ethylenediaminetetraacetic acid, 1% 

SDS, 1% Tween 20, 10 mM bis-tris, pH 7.6 

• Click reaction buffer (CRB): 50% DMSO, DI water, 1M triethylammonium acetate, 0.04% Tween 20, pH 

7.4. Note: Mix DMSO and DI water (smells fishy) and then adjust pH (7.4) by addition of 1M TEAA buffer. 

• 2X-PBS: 0.4 g/L KCl, 0.48 g/L KH2PO4, 16 g/L NaCl, 2.88 g/L Na2HPO4 (anhydrous), pH 7.4. 

• 2X-PBST: 2X-PBS, 0.2% Tween-20. 

• Annealing buffer: 1 mM BTP, pH 7.6, 50 mM NaCl 

  Note: CRB was made fresh prior to each N3-hDNA click reaction 

Oligonucleotide sequences 

Name Sequence (5' - 3') 

ABM062 /5AmMC6/GTGGCACAACAACTGGCGGGCAAAC 

ABM063 GCCGCCCAGTCCTGCTCGCTTCGCTAC 

ABM96 CGCCAGGGTTTTCCCAGTCACGACCAACCACCCAAACCACAAACCCAAACCC
CAAACCCAACACACAACAACAGCCGCCCAGTCCTGCTCGCTTCGCTAC 

ABM99 GTGGCACAACAACTG 

ABM100 CCTCTCTATGGGCAGTCGGTGATGTGGCACAACAACTGGCGGGCAAAC 

CES1 GTTTTCCCAGTCACGAC 

U6-Rev GACTATCATATGCTTACCGT 
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Frag_Fwd-
1107[+] 

/5Phos/GCCGCCCAGTCCTGCTCGCTTCGCTACATGGCAGAAGGA 

Frag_Fwd-1107[-
] 

/5Phos/TGATCCTTCTGCCATGTAGCGAAGCGAGCAGGACTGGGCGGCGG 

Frag_2209/1306/
2406/1506[+] 

/5Phos/TCATTCTTCATGTTATAGAGCCCTACATTTCAATTCATAGAGCC 

Frag_2209/1306/
2406/1506[-] 

/5Phos/GCGGGCTCTATGAATTGAAATGTAGGGCTCTATAACATGAAGAA 

Frag_2604/1707/
2802[+] 

/5Phos/CGCAACCCTACGTACAGAAGGATGGAACCTCAATCTAAGAGGCA 

Frag_2604/1707/
2802[-] 

/5Phos/CTTTGCCTCTTAGATTGAGGTTCCATCCTTCTGTACGTAGGGTT 

Frag_1901/2A01/
Rev[+] 

/5Phos/AAGCCTCCTAAGCCTGTTTGCCCGCCAGTTGTTGTGCCAC 

Frag_1901/2A01/
Rev[-] 

/5Phos/GTGGCACAACAACTGGCGGGCAAACAGGCTTAGGAGG 

ABM99_2A07-
Rev 

GTGGCACAACAACTGGCGGGCAAACAGGCCCGGAGGGCTT 

P5_Univ_Fwd-2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTNNNNNNNNNNGCCGCCCAGTCCTGCTCGCTTCGCTAC 

Illumina Index 1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCTGTGGCACAACAACTGGCGGGCAAAC 

Illumina Index 2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCTGTGGCACAACAACTGGCGGGCAAAC 

Illumina Index 3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCTGTGGCACAACAACTGGCGGGCAAAC 

Illumina Index 4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCTGTGGCACAACAACTGGCGGGCAAAC 

 

Section 2: Methods 

2A: General solid phase synthesis protocol 

Compounds were synthesized on TentaGel resin using general SPS protocol described below.  

Linker-1, used for FACS studies and DEL synthesis, was synthesized on 10 µm TentaGel M NH2 resin 

(Rapp-Polymere ,0.23 mmol/g). Linker-2, for mass analysis, was synthesized on 160 µm TentaGel MB 

RAM resin (0.41 mmol/g). TentaGel rink amide resin (160 µm, 0.41 mmol/g, 0.2 mmol, 50 mg, Rapp-

Polymere) was transferred to a fritted spin-column (Mobicol Classic, large filter, 10 µm pore size) and 

swelled in DMF (1 h, RT). FMOC was removed with 20% piperidine in DMF (3x resin volume after swelling, 

500 µL) at RT for 10 minutes, twice. It was then washed thoroughly with DMF, DCM and DMF, and 

successively coupled with either amino acids or peptoid units. In general, acids (5 times of resin capacity, 

1.0 mmol) were pre-activated at RT for 5 minutes with DIC/Oxyma/Collidine (1.4/1.0/1.0 mmol) in DMF, 

added to the resin, incubated at 37°C for one hour, and washed with DMF, DCM (5 times each, 5x resin 

volume). FMOC was removed where applicable. 
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Figure S1: Linkers used in FACS and LCMS study 

 

 

For peptoid units, bromoacetic acid (BAA) (1.0 M, DMF) and DIC (0.9 M) were added to the resin separately, 

vortexed, and incubated at 37°C for 1hr. Resin was washed thoroughly with DMF, DCM, and DMF and then 

sonicated in DMF for 2 minutes before further reactions. Amine (1.0 M, 1.5x resin volume, 500 µL DMF) 

was added successively and incubated at 37°C for 3 hrs., with agitation. Note: Too concentrated BAA+DIC 

solution had incomplete addition. Longer reaction time (~1hr) with lower conc resulted better yield. 

Linker-2 was synthesized upon addition of Fmoc-Arg(Pbf)-OH, BAA, 1-Naphthylmethyl amine, BAA, 4-

bromobenzyl amine, Fmoc-Gly-OH, BAA, Propargyl amine, and Fmoc-EEAC, respectively, after swelling 

and FMOC removal.  

Linker-1 was synthesized upon addition of Fmoc-Gly-OH, BAA, Propargyl amine, and Fmoc-EEAC 

respectively.  

2B: STMP group removal, cyclization and staining with mBBr.  

After synthesis of linear precursor was complete, resin was washed 3 times each with MeOH, DCM and 

DMF. Mixture of DTT and N-methylmorpholine base (100 mM each in DMF) was added (500 µL for 50 mg, 

10 µm beads, 150 µL for 0.5 mg of 10 µm beads in plate), incubated for 5 min at RT, washed with DMF & 

DCM and repeated for two more times. Beads were washed 3 times each with DMF, 50% DMF-PBS and 

PBS buffer. It was suspended in PBST (pH = 7.6) and incubated at 37°C for 8-16 hrs. for cyclization. For 

large scale preparation N-Methylmorpholine (100 mM in DMF) was used for cyclization. 

After desired time of cyclization, mBBr (150.0 µL, 3.0 mM in DMF, 0.5 mg, 10 µm bead) was added in filter 

plate (MultiScreen Solvinert 0.45 µm Hydrophobic PTFE) and incubated at 37°C for one hour (9.0 mM, 2 

hrs. when DNA tags are present). It was then washed with DMF, DCM, MeOH, suspended in PBST, and 

filtered into BD FACS tube for flow cytometry.  

 

 

 



5 
 

Figure S2: Standard protocol for OBOC thioether macrocyclization 

 

 

2C: Copper based click (CuAAC) reaction to attach Cy5-azide dye and headpiece-DNA. 

Cy5-azide dye was clicked to the alkyne in the linker region via CuAAC reaction before thiol deprotection, 

according to the Table T2. A similar procedure was followed for the azido-headpiece DNA (N3-hDNA). 

In general, resin was suspended in freshly prepared CRB buffer (pH = 7.4) for one hour before the click 

reaction. CuSO4-5H2O (500 mM in water) and Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, 50 

mM in DMSO) were mixed in a 1:1 molar ratio, in CRB buffer, to obtain a blue colored solution. To this was 

added 50% of the required Na-ascorbate. The solution was then incubated for 5 min at 37°C to prepare the 

click-mix. A second solution containing the azide-click partner and the remaining Na-ascrobate was then 

added to the click-mix, vortexed, added to the resin, and incubated at 37°C for 2-4 hrs. After the reaction 

was complete, the resin was washed with organic solvent (DMF, DCM, MeOH), then extensively with 

aqueous buffer (BTP-WB & BTP-BB) and was suspended in BTP-BB (breaking buffer) overnight to remove 

copper salt before further reactions. BTP-BB solution turns blueish after overnight suspension.  

For dye addition, DMSO solution of Cy5-N3 was added (final conc 0.11mM) to the click-mix and incubated 

for 2 hrs. at 37°C. 

Headpiece DNA was added to batches of 30.0 mg Linker-1 beads in 2.0 ml Bio-Rad spin column fitted with 

a 10 µm filter. The click-mix was prepared according to Table T1, then incubated at 37°C for 5 min before 

being added to the resin. A solution of N3-HDNA (3.0 mM, H2O, 0.008 equiv. of resin capacity) was then 

added to the click-mix, vortexed, and incubated for 4 hrs. at 37°C. 
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Figure S3: General protocol to attach Cy5-azide dye and Azido headpiece DNA to the linker-alkyne 

 

Table T1: General protocol for coupling Azido-HDNA with linker-1 beads via CuAAC reaction. 

 

Table T2: General protocol for coupling Cy5-azide dye with linker beads via CuAAC reaction. 

 

2D: General two-color staining protocol without a DNA tag 

Cy5-azide dye was attached to the alkyne part of linear precursor via CuAAC reaction before thiol-protecting 

group was removed (Section 2C). Click-mix was prepared for total amount of resin according to Table T2, 

incubated at 37°C for 5 min, added to the resin (for filter plates, 150 µL, 0.5 mg/well) and incubated at 37°C 

for 2 hrs. Thiol-protecting STMP group was removed (Section 2B) using 100 mM DTT-NMM, washed, and 

solvent exchanged to PBST buffer for cyclization. Resin was washed with 2X-PBS and re-suspended in 

Azido-HDNA addition

Reagents Stock (mM) equiv mmols amount unit

Beads (10 uM) ~ loading 0.23 0.0069 30.00 mg

CuSO4 (H2O) 500 1.000 0.0069 13.80 ul

TBTA (DMSO) 50 1.000 0.0069 138.00 ul

Azido-peg-HDNA in TEAA buffer 3.1 0.008 0.0000552 17.81 ul

Na-Ascorbate (H2O) 500 6.000 0.0414 82.80 ul

CRB buffer 1747.59 ul

Total rxn vol 2000.00 ul

Cy5-N3 dye addition

Reagents Stock (mM) equiv mmols Cy5(mM) amount unit

Beads (10 uM) ~ loading 0.23 0.000115 0.50 mg

CuSO4 (H2O) 500 1.000 0.000115 0.23 ul

TBTA (DMSO) 50 1.000 0.000115 2.30 ul

Cy5-N3 (DMSO) 12 0.11 1.38 ul

Na-Ascorbate (H2O) 500 6.000 0.00069 1.38 ul

CRB buffer 144.72 ul

Total rxn vol 150.00 ul
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2X-PBS buffer and DMF solution of mBBr (final conc. 3.0 mM, 150.0 µL for 0.5mg, 10 µm beads) was 

added. It was incubated at 37°C for one hour before washing with DMF, DCM and DMF.  

This general protocol was applied for staining control molecules and 64 scaffolds in the absence of DNA 

tags. For DNA-tagged control compound 2 & 3, Cy5-azide dye (0.11 mM final conc. added 2 hrs. after N3-

HDNA addition) was clicked together with Azido-HDNA (0.002 equiv.), prior to thiol deprotection, at 37°C 

for 4 hrs. After thiol deprotection, the resin was transitioned to PBST, then a DMF solution of mBBr (final 

conc. 9.0 mM, PBST) was added and incubated for 2 hrs. at 37°C. It was then washed with MeOH, DCM 

and DMF.  

For staining in the presence of DNA tags, please see Section 6. 

Figure S4: Two-color staining protocol without encoding DNA tags. 

 

2E: DNA Ligations 

DNA fragments are ordered as pairs of single-stranded DNA oligonucleotides, which are then annealed to 

form double-stranded fragments. The individual oligos are re-suspended at 1600 µM, mixed at equimolar 

ratios to 800 µM, then diluted to 80 µM in annealing buffer before being denatured and annealed (95°C, 2 

min., -0.1°C/s to 25°C).  The annealed oligos are mostly complementary but do have small 5’ or 3’ 

overhangs to permit directional ligation. The DNA fragments with complementary overhangs are then 

ligated to build the DNA barcode. Final ligation reactions included: 1X BTPLB, each dsDNA encoding 

fragment at an equimolar ratio to bead-bound HDNA, 2 µl T4 DNA ligase per mg of beads. Incubated at 

RT, with gentle agitation, 4 hours. 
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Section 3: Two-color staining and fluorescence measurements of control compounds 

3A. Titration of Cy5-azide dye: Control compound 3 (0.5 mg, 0.11 µmols, 10 µm TentaGel M NH2 resin) 

was transferred to separate wells in a filter plate (MultiScreen Solvinert 0.45 µm Hydrophobic PTFE) and 

suspended in CRB for one hour. Following general protocol described in section 2C, click-mix solution 

was prepared in CRB according to Table T2 and was added to each well (~150 µL). DMSO solution of 

Cy5-azide dye was added for final concentrations of (0.04 – 0.11 mM) and incubated for 2 hrs. at 37°C. 

Beads were washed, suspended in PBST, and filtered into BD FACS tube (~20,000 beads). Fluorescence 

intensity of these beads was measured (Red channel) to ensure it is under the linear range of flow 

cytometer. It appeared that the final Cy5 dye concentration of 0.11 mM is optimal and will be used in later 

studies. 

Figure S5: Cy5-dye titration with compound 3. 

 

3B. Optimization of mBBr concentration 

Resin displaying control compound 2 (0.5 mg, 0.11 µmols, 10 µm TentaGel M NH2 resin) was transferred 

to separate wells in a filter plate. The thiol-protecting STmp group was removed (Section 2B) and the resin 

was washed and transitioned to PBST (pH = 7.6). A solution of mBBr (23.0 mM, in DMF) dye was added 



9 
 

to each well for final concentrations of 1.0 – 7.0 mM. The plate was then incubated at 37°C for one hour. It 

was washed with DMF, DCM, MeOH, and DMF-PBST (50%) buffer, re-suspended in PBST and filtered into 

BD FACS tubes (~20,000 beads) for FACS analysis (BV510).  

Figure S6: Monobromobimane (mBBr) dye titration with compound 2. 

 

Figure S7: Summary for staining compound 2 & 3 with Cy5, mBBr and FITC dyes
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After staining with mBBr, control compound 2, which represents a linear model, fluoresces brightly in the 

green channel while compound 3 (cyclic model) shows almost no fluorescence (Figure S7, Panel C vs D ) 

indicating high specificity of mBBr with free thiols but not with thioethers. In contrast, compound 2 & 3 both 

fluoresce brightly after staining with Fluorescein-5-Maleimide (FITC, panel I) which indicates FITC binds to 

the beads nonspecifically and therefore cannot be used in this assay. The sulfo-CY5 dyes tested did not 

show non-specific binding to the resin.   

For two color staining, resin displaying compound 2 was first stained with Cy5 dye, followed by thiol 

deprotection and staining with mBBr. In the presence of Cy5, a higher amount of mBBr (3.5 mM, Panel H) 

was required to achieve similar fluorescence intensity without the Cy5 dye, although fluorescence 

compensation was not required. Under identical staining conditions as with mBBr, compound 2 fluoresces 

100-fold more than compound 3 (Panel J). 

Note: It was observed that, for fresh mBBr, a lower concentration (1.0- 3.0 mM) is optimal. However, over 

time mBBr loses efficiency and titration should be repeated to find the optimal dye concentration.  

Section 4: Cyclization progress of DDA scaffold via LCMS/FACS  

Scaffold DDA was synthesized on both 10 (linker-1) & 160 (linker-2) µm beads separately in spin columns 

(10 µm filter) after adding FMOC-Cys-(STmp)-OH, 2-(Chloromethyl)oxazole-4-carboxylic acid (3x) and 3-

(Chloromethyl)-benzoic acid respectively following the general SPS protocol (Section 2A). 3-methoxypropyl 

amine was used in all X1-3 position (Figure S8A & B). After the linear precursor was synthesized, it was 

transferred to two separate filter plates (0.5 mg /well) and thiol protection was removed. Beads were washed 

with DMF, DCM, DMF-PBS (50%), and finally suspended in PBST.  

Figure S8A: FACS analysis with 10 µm beads 
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Figure S8B: LCMS analysis with 160 µm beads 

 

 

The ring closure process was monitored from point t= 0, onwards. After thiol exposure, mBBr (3.0 mM, 150 

µL for 0.5mg /0.1 µmol of 10 µm TentaGel resin) and benzyl bromide (1.0 M, 150 µL for 0.5mg /0.2 µmol of 

160 µm TentaGel resin) were added separately at t = 0, 2, 4, 6, 8 &16 hrs. and incubated at 37°C for one 

hour. After 16 hrs., the 160 µm beads were TFA-cleaved (90% TFA, 2.5% TIPS, 2.5% thioanisole and 5% 

DCM, 2hrs, RT) and analyzed by LCMS, while 10 µm beads were passed through a 35µm cells strainer 

and analyzed by FACS to measure fluorescence. As expected, at t = 0 hrs., mostly benzylated linear 

material (Figure S8B, Mw 1825) was obtained, while at t = 16 hrs., cyclo-DDA was obtained in major 

quantity. As cyclization progresses over time, absorbance for linear material (RT = 9.5 min) tend to diminish 

as expected.   
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At t = 0, major ion corresponds to benzylated linear material. 

 

 

 

 

 

 

 

 

 

 

 

 

At t = 16 hrs., cyclo-DDA was obtained in major quantity. 
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Cyclization progress of DDA from t = 2 – 16 hrs. 

 

 

4C: Investigate stability of the sulfhydryl group after 16hrs. of incubation  

 

 

Due to concerns about general thiol oxidation occurring during 16 hours of cyclization, which would prevent 

mBBr addition and falsely indicate cyclization, an experiment was designed to test the stability of the 

sulfhydryl group. An acetylated version of the scaffold DD-STmp was synthesized on 160 µm beads (linker 
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2) after adding FMOC-Cys-(STmp)-OH. 2-(Chloromethyl)oxazole-4-carboxylic acid (3x) was the backbone 

unit, while 3-methoxypropyl amine was used in the amine positions. After the final amine addition, the 

compound was acetylated to prevent cyclization. The beads were then transferred to a filter plate 

(0.5mg/well), thiol protection was removed, and the resin was incubated at 37°C in PBST for 16 hrs. After 

3 washes with PBST, the resin was treated with DMSO solution of benzyl bromide (final conc 1.0M, PBST) 

at 37°C for one hour, cleaved with TFA, and analyzed by MALDI. The data indicate that the sulfhydryl group 

remains intact and is able to react with the benzyl bromide, as observed below.    

 

 

Section 5: Cyclization efficiency of 64 PICCO scaffolds  

 

Synthesis & characterization of 64 scaffolds: 64 PICCO scaffolds (3.5-mer) were synthesized, in 

parallel, on 10 (linker-1) & 160 (linker-2) µm TentaGel resins in separate filter plates (MultiScreen Solvinert 

0.45 µm Hydrophobic PTFE). Linkers 1 & 2 were functionalized with FMOC-Cys-(STmp)-OH, then acid D, 

and distributed into the filter plate (0.5 mg / well). Scaffold synthesis was completed by iterative couplings 

of the various acids (A-D, preactivated for 5 minutes with oxyma/DEC/collidine, 1 hr., 37°C) and 3-

methoxypropyl amine (1.0 M, 3 hrs., 37°C). Cy5-azide was then clicked onto the 10 µm resin only, followed 

by copper salt removal with BTP-BB, overnight. Thiol protection was then removed on both 10 µm and 160 
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µm resins with 100 mM DTT and 100 mM NMM, in DMF solution (3 x 5 min) at RT. The beads were then 

washed with DMF, DCM, and DMF-PBS, then suspended in PBST (pH = 7.6) buffer and incubated for 8 

hrs. at 37°C, for cyclization. With synthesis complete, the 10 µm beads were then washed with and 

transitioned to PBST, labeled with mBBr (3.0 mM,  37°C, 1 hr), washed with DMF, DCM, and DMF-PBS 

buffer, then resuspended in PBST and filtered (35 µm) into 64 FACS tubes for FACS analysis. The 160 µm 

beads, meanwhile, were washed, suspended in DMF for one hour, and cleaved (90% TFA, 2.5% TIPS, 

2.5% thioanisole and 5% DCM) for mass analysis. 

Table T4: Ring closure summary (FACS & LCMS) of 64 Scaffolds  

 

 

Note1: “3.5-mer” means the scaffold has four acids and three amines, but the first acid is always acid D. 

“2.5-mer means” scaffold has three acids and two amines. 

Note2: Although 160 µm beads had 8 hrs. incubation time, cyclization may continue during and after TFA 

cleavage reaction. However, cyclization was frozen for the selected two-color population on 10 µm bead 

after mBBr addition, but continued during TFA cleavage. This indicates that few scaffolds have more 

conformational constraint than others and need more time to cyclize. 

Note3: Some scaffolds cyclized as it is (3.5-mer to 3.5-mer) and some has incomplete acid addition 

residues, which in most cases also cyclized (2.5-mer).  

5A: Ring closure analysis - summary of 64 scaffolds:  

Each scaffold is analyzed by how much linear starting material (3.5-mer) is left after cyclization for 8 hrs. If 

a scaffold had 90% cyclization, it was considered complete. If it had 40% or more linear material left, it was 

considered incomplete. Due to incomplete synthesis reactions, some “2.5-mer” scaffolds were generated 

(ABA, ABB, BBA). Regardless, these compounds mostly cyclized as well. Ring closure is primarily reviewed 

for 3.5-mer compounds and examined that any 2.5-mer linear fragments contributed as false positive. In 

the LCMS analysis, combined area of all the cyclic compounds are compared against combined area of all 

the linear compounds.  

1 2 3 4 7 8 9 10

K AAA ABA ACA ADA AAB ABB ACB ADB

L BAA BBA BCA BDA BAB BBB BCB BDB

M CAA CBA CCA CDA CAB CBB CCB CDB

N DAA DBA DCA DDA DAB DBB DCB DDB

O AAD ABD ACD ADD AAC ABC ACC ADC

P BAD BBD BCD BDD BAC BBC BCC BDC

Q CAD CBD CCD CDD CAC CBC CCC CDC

R DAD DBD DCD DDD DAC DBC DCC DDC
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Table T5: LCMS analysis of ring closure of 64 scaffolds 

        
cyclization 
status 

linear 
SM    nature   

En-
try 

Posi-
tion Scaffold FACS mass-spec left(%) cyclic: linear  of scaffold comment 

1 K1 AAA incomplete complete 7.5 93.0:7.0     

2 K2 ABA complete complete         

3 K3 ACA incomplete complete         

4 K4 ADA complete complete 3.8 96.2:3.7     

5 K7 AAB complete incomplete 70.7 58.5: 41.4 difficult to cyclize   

6 K8 ABB complete incomplete 17.2 85.4: 14.7     

7 K9 ACB incomplete incomplete 28.8 69.6:20.1     

8 K10 ADB incomplete incomplete 20.9 82.6: 17.3     

                  

9 L1 BAA incomplete complete         

10 L2 BBA complete complete         

11 L3 BCA complete complete         

12 L4 BDA complete complete         

13 L7 BAB complete complete 9.7 91.0: 8.9     

14 L8 BBB complete complete         

15 L9 BCB complete complete 4.7 95.5:4.5   Linear-2.5 mer 

16 L10 BDB complete incomplete 30.8 76.4: 23.6     

                  

17 M1 CAA complete complete         

18 M2 CBA complete complete         

19 M3 CCA complete complete         

20 M4 CDA complete complete         

21 M7 CAB complete incomplete 45 69.0: 31.0 difficult to cyclize   

22 M8 CBB complete incomplete 33.4 74.7: 25.2   linear- 3.0 mer 

23 M9 CCB incomplete incomplete 66.7 60.0: 40.2 difficult to cyclize   

24 M10 CDB complete incomplete 27.2 78.5: 21.4     

                  

25 N1 DAA complete complete         

26 N2 DBA complete complete         

27 N3 DCA complete complete         

28 N4 DDA complete complete         

29 N7 DAB complete incomplete 27.7 78.4: 21.6     

30 N8 DBB complete incomplete 34 74.6: 25.4     

31 N9 DCB incomplete incomplete 13.4 88.1: 11.8     

32 N10 DDB complete complete         

                  

33 O1 AAD incomplete complete         
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34 O2 ABD complete complete         

35 O3 ACD incomplete complete         

36 O4 ADD complete complete         

37 O7 AAC complete complete 2 98.1: 2.0     

38 O8 ABC complete complete         

39 O9 ACC complete complete         

40 O10 ADC incomplete complete 5 95.2: 4.8     

                  

41 P1 BAD complete complete         

42 P2 BBD complete complete         

43 P3 BCD complete complete         

44 P4 BDD complete complete         

45 P7 BAC complete complete         

46 P8 BBC complete complete         

47 P9 BCC complete complete         

48 P10 BDC incomplete complete         

                  

49 Q1 CAD complete complete         

50 Q2 CBD complete complete         

51 Q3 CCD complete complete         

52 Q4 CDD complete complete         

53 Q7 CAC incomplete complete         

54 Q8 CBC complete complete         

55 Q9 CCC incomplete complete         

56 Q10 CDC incomplete complete         

                  

57 R1 DAD complete complete         

58 R2 DBD complete complete         

59 R3 DCD complete complete         

60 R4 DDD complete complete         

61 R7 DAC complete complete         

62 R8 DBC complete complete         

63 R9 DCC complete complete         

64 R10 DDC complete complete         

 

For fluorescence and LCMS data, please see section 9. 
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Section 6: Monitor on-resin cyclization progress in presence of DNA 

To test for inhibition of macrocyclization by the encoding DNAs, cyclization progress was measured on 

resins that displayed full-length barcodes. Compounds DDD, DDA, DDE and EBB were synthesized on 10 

& 160 µm beads (~5.0 mg). Headpiece DNA (0.008 equiv.) & 1,3-azidopropane (1.5 equiv., added two 

hours after azido-HDNA addition) were clicked together via a CuAAC reaction, and a full length, test-DNA 

tag was ligated onto the 10 µm beads. After linear precursor synthesis was complete, Cy5-DBCO was 

attached (final conc. 0.11mM, 150 µL CRB buffer, for 0.5 mg, 10 µm beads, ON, 37°C) via SPAAC reaction 

in a filter plate. The thiol-protecting STMP group was then removed and the compounds were cyclized for 

16 hrs. at 37°C. The 10 µm beads were then treated with mBBr (final conc. 9.0 mM, 150 µL PBST, 2 hrs., 

37°C) while the 160 µm beads were treated with benzyl bromide (1.0 M, 150 µL PBST, 2 hrs., 37°C)  to 

freeze cyclization during or after TFA cleavage. DNA tags from the 10 µm beads were then PCR-amplified 

and Sanger sequenced. Ring closure status was then analyzed by FACS and MALDI. 

Figure S10: Cyclization and staining in the presence of a DNA tag 
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Figure S11: DNA tag amplification of compounds DDD, DDA, DDE and EBB from 10 µm beads (1500 
beads) in two replicates followed by controls (+ve, -ve) and Sanger sequencing results.                                             

 

 

 

 

 

 

 

 

 

Test-DNA tags of these beads were amplified (Table T7, 1st PCR), purified (5.0 µL) by native PAGE gel 

extraction (6%, 1 x TBE, 4 W, 60 min), with 1X SYBR Gold staining. Gel slices containing 167bp DNA 

products were excised and suspended in DI water (50.0 µL) in a clean tube overnight. The samples were 

then centrifuged (5 min, 10,000 RCF), and the supernatants were transferred to clean tubes, diluted 

1:10000 in BTPWB, and used as template for Sanger-primer-addition PCRs. The samples were again gel 

purified by native PAGE gel extraction (233bp DNA), suspended in DI water, centrifuged, and sent for 

Sanger sequencing (GENEWIZ). 

All four samples had same test-DNA tag. They are shown below. 

Expected DNA sequence : 

1107[+],2209[+],1306[+],2406[+],1506[+],2604[+],1707[+],2802[+],1901[+],2A01[+] 

Found sequence as expected. All 4 samples had same test DNA tag below.  
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6A: Mass analysis of compounds DDD, DDA, DDE and EBB  
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Section 7: Synthesis & quality control of OBOC thioether macrocyclic DEL for ring closure. 

 

Position 1

 

Position 2

 

Position 3

 

 

Synthesis & analysis: Linker-1 was synthesized on 25.0 mg of 10 µm TentaGel amine beads, FMOC-

Cys(STmp)-OH and acid D were then added, in succession. Azido headpiece-DNA and 1, 3-diazidopropane 

1st amine-acid

2401 2402 2403 2404 2405 2406 2407 2408 2409 2410 1309 1310

2401

2402

2403

2404

1301

1302

1303

1304

2nd amine-acid

2601 2602 2603 2604 2605 2606 2607 2608 2609 2610 1509 1510

2601

2602

2603

2604

1501

1502

1503

1504
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were attached via CuAAC reaction following general method 2C. The beads were then distributed into a 

filter plate (0.5 mg/ well, 48 wells, Millipore MultiScreen Solvinert 0.45 µm Hydrophobic PTFE). 

Subsequently, FWD primer along with 11xx-22xx primers were ligated, beads were pooled and 

redistributed. Amines (1.0 M, 150.0 µL, 3 hrs., 37°C) were reacted first, followed by acid additions for each 

position X1-3 (Acid/DIC/Oxyma/Collidine: 80/126/80/80mM, pre-activated, 150.0 µL, 3hrs., 37°C) following 

the general scheme 7A. Beads were then washed (150.0 µL, DMF, DCM, DMF, BTP-WB) and suspended 

in BTP-WB overnight before encoding.  

X1-3 positions were encoded with primers 13xx-24xx, 15xx-26xx and 17xx-28xx, respectively. In general, 

an encoding oligonucleotide ligation mixture containing T4 DNA ligase (15000 U) in BTP-LB (1.35X) was 

prepared and aliquoted into all plate wells (110 µL). Stocks of ≈13XX[±] (Table T5) and ≈24XX[±]were 

annealed and then added to the appropriate wells (final conc for each codes ~10mM, total vol 150uL) the 

plate was sealed with adhesive foil, and incubated with agitation (4h, RT, 800 rpm). 

After each ligation, beads were transitioned to and equilibrated in DMF overnight before the chemistry 

steps. The library- id (1901-2A07) and reverse primer were then ligated to complete the DNA barcodes. 

The beads were then washed with and equilibrated with BTP-WB buffer, overnight. An aliquot of the library 

(~5.0 mg) was transferred to a fritted spin-column (Bio-Rad, large filter, 10-µm pore size) and re-suspended 

in CRB, DMSO solution of Cy5-DBCO (final conc 0.11 mM, 150uL) was added and incubated at 37°C for 

overnight (2hr also works). The beads were then washed with BTPWB, DMF, and DCM before re-

suspending in DMF for overnight. The thiol-protecting STmp group was then removed (100.0 mM DTT-

NMM in DMF, 500 µL, 3x, RT). The beads were then suspended in PBST (1.00 ml) and incubated at 37°C 

to monitor cyclization. After 8, 12 & 16 hrs., aliquots of beads were transferred to a filter pate, stained with 

mBBr (9.0 mM, DMF, 37°C, 2hrs) , and analyzed by flow cytometry. Beads that have higher fluorescence 

intensities than control-3 (due to incomplete cyclization) were separated and collected.  

Sorted beads were transferred from the FACS collection tubes to clean centrifuge tubes (0.2 mL) and 

concentrated (to ~5.0 µL). Encoding DNA tags were amplified (Table T7, 1st PCR) and purified (5.0 µL) by 

native PAGE gel extraction (6%, 1 x TBE, 4 W, 60 min). Gel slices containing 167bp DNA products were 

excised and suspended in DI water (50.0 µL) in a clean tube overnight. The samples were then centrifuged 

(5 min, 10,000 RCF), transferred to a clean tube, diluted to (1:10000 in BTPWB), and used as template for 

Illumina primer addition PCRs. Illumina index primers, along with the P5-univ-FWD primer, SuperFi buffer, 

SuperFI DNAP, and dNTP mix were premixed, 1.0 µL of the template from the 1st PCR was added, and the 

mixture was thermally cycled (Table T7). The samples were again gel purified (289bp DNA), eluted with DI 

water, and deep sequenced. 
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Table T6. Oligonucleotide sequence lookup table. 
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Table T7: PCR amplification of encoding DNA tags from beads.  

 

 

Table T8: NGS sample preparation- addition of Illumina index primer 

 

 

 

 

 

 

 

 

 

 

 

 

1st PCR: Amplification of encoding DNA tags from beads

rxn volume: 50 total rxns: 6

reagent vol stock MM volume Cycle:

initial vol 10 60

5X SuperFi Buffer 10.0 5X 60.0 1 98°C, 30 sec

0.2 mM dNTP Mix 1.0 10 mM 6.0 2 98°C, 10 sec.

0.3 µM ABM99-2A-07* 1.5 10 uM 9.0 3 46°C, 10 sec.

0.3 µM ABM063 1.5 10 uM 9.0 4 72°C, 15 s

SuperFi DNAP 0.5 2U/ul 3.0 5 Goto 2, 25 times

ddH20 25.5 ddH20 153.0 6 4° hold

total 50.0 total 300.0

*library specific rev primer 

2nd PCR- add illumina rev-index and fwd primers

rxn volume: 50 total rxns: 9

reagent vol stock MM volume Cycle 2:

5X SuperFi Buffer 10.0 5X 90.0 1 98°C, 2 min

0.2 mM dNTP Mix 1.0 10 mM 9.0 2 98°C, 10 sec.

0.3 µM P5 Univ Fwd2 1.5 10 uM 13.5 3 36°C, 10 sec.

0.3 µM Index Rev (1-4)* 1.5 10 uM 4 72°C, 15 s

SuperFi DNAP 0.5 2U/ul 4.5 5 Goto 2, 25 times

DNA Template (1k & 10k )fold diluted 1.0 6 4° hold

ddH20 34.5 ddH20 310.5

total 50.0 total 427.5

*Illumina index
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Figure S12: Fluorescence readout of DNA-linked control-3. Methionine-DNA-CY5 beads were treated 

with mBBr and analyzed by FACS. This is a negative control for analyzing OBOC macrocyclic DEL 

through a flow cytometer. 
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Figure S13: Fluorescence readout of beads from the macrocyclic DEL. After cyclization, beads were 

stained with Cy5-DBCO and MBBR (9.0 mM) and analyzed by FACS.  

 

Sorting result: Beads that appeared in the cyclic region (MBBR/Cy5+) were collected and their encoding 

tags were deep sequenced.  

 

For sequencing analysis of naïve and FACS-sorted beads, please see Sections 10 & 11, respectively. 
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Figure S14: (A) After deep sequencing, difficult to cyclize scaffolds were arranged by count (up to 5 copies, 

74 scaffolds). Each line indicates a combination of three acids at position X1-3 for a scaffold along with its 
molecular ID (left) and the number of times it was present in the collected pool (right). (B) Acids A – G and 
amines were used in position X1-X3 to construct DEL scaffolds. 4% of DEL members were capped with 
acid H & I to keep them as linear controls for FACS analysis. 

 

 

Section 8: FACS & LCMS analysis of 64-scaffolds 

Fluorescence data analysis of 64 PICCO scaffolds after cyclization 

Fluorescence readouts were recorded for each of the 64 scaffolds. Status of ring closures were determined 

by FACS and cross-referenced with mass spectra to see if there is any linear starting material remaining. 

The goal was to ultimately gauge the state of cyclization from FACS data by locating the majority of the 

bead population, without cleaving compounds from beads. 

Each FACS plot is divided into 4 quadrants; Q1-Q4. After cyclization and two dye additions, if the majority 

of the bead population for a particular scaffold stays in Q1 (Cy5 +, MBBR -), cyclization will be considered 

as complete. If the scaffold does not cyclize efficiently, it will have unreacted thiol groups and will be present 

in Q2 (Cy5 +, MBBR +), as it will pick up both dyes. Negative control beads that were not treated with any 

dye will stay in Q4 (Cy5 -, MBBR -). These populations are gated based on the fluorescence intensity of 

control compound 3. 
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Section-9B: Mass analysis of 64-scaffolds 

 

K1-[AAA]: Incomplete cyclization was detected on 10 µm but was >90% complete on 160 µm beads. 
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K2-[ABA]: Complete cyclization was observed on 10 µm & 160 µm beads. 
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K3-[ACA]: Incomplete cyclization was observed on both 10 µm and 160 µm beads.  
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K4-[ADA]: Complete cyclization was observed 10 µm & 160 µm beads. 
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K7-[AAB]: Incomplete cyclization was observed on 10 µm but was complete on 160 µm beads. 
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K8-[ABB]: Complete cyclization was detected on 10 µm but was incomplete on 160 µm beads. 
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K9-[ACB]: Incomplete cyclization was observed on both 10 µm & 160 µm.  
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K10-[ADB]: Incomplete cyclization was observed on both 10 µm & 160 µm beads. 
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L1-[BAA]: Cyclization was incomplete on 10 µm beads but was complete on 160 µm beads.  
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L2-[BBA]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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L3-[BCA]: Cyclization was complete on both 10 µm & 160 µm beads.  
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L4-[BDA]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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L7-[BAB]: Complete cyclization was observed on 10 µm & 160 µm beads have >90% cyclization complete. 
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L8-[BBB]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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L9-[BCB]: Complete cyclization was observed on 10 µm & 160 µm beads. A linear (2.5mer) fragment could not 

cyclize (MW 1478, RT- 8.124). Other fragments (2.5mers) cyclized and identified. 
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L10-[BDB]: Complete cyclization was detected on 10 µm but was incomplete on 160 µm.  
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M1-[CAA]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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M2-[CBA]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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M3-[CCA]: Complete cyclization was observed on 10 µm & 160 µm beads.  
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M4-[CDA]: Complete cyclization was observed on both 10 µm & 160 µm beads.  
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M7-[CAB]: Complete cyclization was detected on 10 µm but was incomplete on 160 µm beads. 
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M8-[CBB]: Complete cyclization was observed on 10 µm but 160 µm had incomplete cyclization.  
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M9-[CCB]: Incomplete cyclization was observed on both 10 µm and 160 µm beads.  
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M10-[CDB]: Complete cyclization was observed on 10 µm but 160 µm beads had incomplete cyclization. Linear 

precursor was detected (MW 1674, RT- 8.40). 
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N1-[DAA]: Complete cyclization was observed on 10 µm &160 µm beads.  
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N2-[DBA]: Complete cyclization was observed on 10 µm &160 µm beads.  
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N3-[DCA]: Complete cyclization was observed on 10 µm &160 µm beads.  
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N4-[DDA]: Complete cyclization was observed on 10 µm &160 µm beads.  

 

N4 - DDA

Cl
O

N

O

H
N

O

SH

N

O

O

N

O

N

O

O

N

O

N

O

O

O

N O

H
N

O

S

N

O

O N

O

N

O

O

N

O

N

O

O

cyclic -3.5mer

MW 1735.59 MW 1699.61

N
H

H2N Linker

N
H

H2N Linker

 

 

 



 

108 
 

 

 

 

 



 

109 
 

 

 

 

N7-[DAB]: Complete cyclization was detected on 10 µm but was incomplete on 160 µm beads. 
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N8-[DBB]: Complete cyclization was detected on 10 µm but was incomplete on 160 µm beads. 

 

 

 



 

113 
 

 

 

 

[M+H]+ 
 



 

114 
 

 

 

 

[M+H]+ 
 

[M+2H]+ 
 

[M+H]+ 
 

[M+2H]+ 
 



 

115 
 

N9-[DCB]: Incomplete cyclization on both 10 µm and 160 µm beads, linear starting material was identified in small 

quantity (MW 1674, RT 8.376). 
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N10-[DDB]: Cyclization was complete on both 10 µm & 160 µm beads. 
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O1-[AAD]: Incomplete cyclization was detected on 10 µm but was complete on 160 µm beads. 
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O2-[ABD]: Cyclization was complete on both 10 µm & 160 µm. 
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O3-[ACD]: Incomplete cyclization was detected on 10 µm but was complete on 160 µm beads.  
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O4-[ADD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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O7-[AAC]: Cyclization was complete on both 10 µm & 160 µm beads.  
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O8-[ABC]: Cyclization was complete on both 10 µm & 160 µm beads. 
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O9-[ACC]: Cyclization was complete on both 10 µm & 160 µm beads.  
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O10-[ADC]: Incomplete cyclization was detected on 10 µm but was completed on 160 µm beads.  
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P1-[BAD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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P2-[BBD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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P3-[BCD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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P4-[BDD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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P7-[BAC]: Cyclization was complete on both 10 µm & 160 µm beads. 
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P8-[BBC]: Cyclization was complete on both 10 µm & 160 µm.  
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P9-[BCC]: Cyclization was complete on both 10 µm & 160 µm beads.  
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P10-[BDC]: Incomplete cyclization was detected on 10 µm but was complete on 160 µm beads.  
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Q1-[CAD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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Q2-[CBD]: Cyclization was complete on both 10 µm & 160 µm beads.  
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Q3-[CCD]: Cyclization was complete on both 10 µm & 160 µm beads. 
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Q4-[CDD]: Cyclization was complete on both 10 µm & 160 µm beads.  
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Q7-[CAC]: Incomplete cyclization was detected on 10 µm but completed >90% on 160 µm. A linear fragment (3.0-

mer, MW 1593) were detected. 
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Q8-[CBC]: Cyclization was complete on both 10um & 160um. Dead beads could be due to 1.5mer linear fragments 

(MW 1300). 

 

 

 

 



 

172 
 

 

 

 

[M+H+] 

[M+H+] 



 

173 
 

 

 

 

 

[M+H+] 

[M+H+] 

[M+H+] 



 

174 
 

Q9-[CCC]: Incomplete cyclization was detected on 10um but was complete on 160um. 
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Q10-[CDC]: Incomplete cyclization was detected on 10um but was complete on 160um. 
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R1-[DAD]: Cyclization was complete on both 10um & 160um. 
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R2-[DBD]: Cyclization was complete on both 10um & 160um. 
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R3-[DCD]: Cyclization was complete on both 10um & 160um. 
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R4-[DDD]: Cyclization was complete on both 10um & 160um. 
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R7-[DAC]: Cyclization was complete on both 10um & 160um. 
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R8-[DBC]: Cyclization was complete on both 10um & 160um.  
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R9-[DCC]: Cyclization was complete on both 10um & 160um. 
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R10-[DDC]: Cyclization was complete on both 10um & 160um. 
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Section-9: Sequencing result of beads separated by flow cytometer due to incomplete cyclization (upto 3 copies)
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Section-11: Analysis of Naive bead population: These beads are deep sequenced after DEL synthesis
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Section-10: Analysis of Naive bead population: These beads are deep sequenced after DEL synthesis (upto 2 copies)
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Section 11: Analysis of ring-closure via the Michael (thiol-enone) reaction 

Linear analogs of DDD and DDA were synthesized with acrylic acid at the X3 position on 10 & 160 µM 
beads following general SPS method. Compound DDD and DDA have complete cyclization after 8hrs. Thiol 
protecting STMP group was removed from the linear precursor and it was suspended in 2x PBST buffer at 
37oC for 12 hrs. DMSO solution of BnBr was added to beads suspended in PBST buffer (final conc, 1.0M, 
150uL) and incubated for an hour at 37oC. Similarly, 10 µM beads were treated with DMSO solution of 
mBBr dye (final conc, 1mM, 150ul, PBS). After thiol alkylations, they were washed, 160 µM beads were 
TFA cleaved and analyzed over LCMS. 10 µM beads were suspended in PBST buffer, transferred to BD 
FACS tube and their fluorescence was measured. 

Incomplete cyclization was observed for both DDD and DDA analogs for thiol-ene based ring closure.  

Analysis of ring-closure via flow-cytometry: 
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Cyclization of DDA-analog:  

Incomplete cyclization was observed on 160 µM beads but 10 µM beads seems to have completed 
cyclization. Ring closure via thiol-ene reaction appears to be slower compared to halide displacement 
based reaction.

 

 

 

 

DDA - linear 

DDA - cyclic 
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Cyclization of DDD analog:  

Incomplete cyclization was observed on 160 µM beads but 10 µM beads seems to have completed 
cyclization. Ring closure via thiol-ene reaction appears to be slower compared to halide displacement 
based reaction.
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