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1 Materials and Instrumentations 

1.1 Reagents, solvents, purification methods and software 

Solvents and chemicals were used as purchased from ABCR GmbH, Sigma-Aldrich, Merck, 

VWR, Iris Biotech, Combi-Blocks, Apollo scientific, Enamine, MedChemExpress, TCI, Acros 

and Alfa Aesar. Milli-Q® water (mQ H2O) was obtained from a Millipore Milli-Q system 

(Merck). Oligonucleotides were purchased from LGC Biosearch Technologies or Eurofins and 

quantified with a Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific). Selections 

were performed using KingFisher (Thermo Fisher Scientific) magnetic particle processor. 

Materials for ligations and for polymerase-chain reactions were purchased from New England 

Biolabs. PCR purification and gel extraction kits were purchased from Qiagen. 

Purification of oligonucleotides 

Preparative reversed-phase high-performance liquid chromatography (RP-HPLC)  for 

the purification of oligonucleotides was performed with an Agilent 1200 Series as well as with 

a Waters Alliance HT coupled with a PDA UV detector that have been equipped with a XTerra 

Shield RP18 preparative column (125 ¡, 10 x 150 mm). Gradients of eluent C (100 mM 

triethylammonium acetate (TEAA) pH 7 in mQ H2O) and eluent D (100 mM TEAA pH 7 in 

80% acetonitrile) were applied at a flow rate of 4 mL/min. After purification fractions were 

combined, dried under reduced pressure in a SpeedVac vacuum concentrator (RVC 2-

25CDplus, Martin Christ) and re-dissolved for ethanol (EtOH) precipitation. 
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Purification methods and gradients: 

¶ Purification of library pools after splint ligation was performed using the following 

method: flow rate: 4 mL/min, 60°C column temperature, gradient: 0-1 min 95% C, 1-

12.8 min 95% to 84% C, 12.8-13.3 min 84% to 30% C, 13.3-18 min 30% C, 18-20 min 

30% to 0% C, 20-25 min 0% C, 25-25.1 min 0% to 95% C, 25.1-26 min 95% C). 

Purification of library pools after coupling of the HITs (no splint ligation) was performed using 

the following methods: 

¶ ASM DELs (derived from PRA DEL and MB pool 3) were purified using Agilent 1200 

Series: (% of eluent C) 0-2 min 90% C, 2-10 min 90% to 50% C, 10-13 min 50% to 0% 

C, 13-17 min 0% C, 17-17.1 min 0& to 90% C, 17.1-18 min 90% C. Flow 4 mL/min. 

Column temperature: 30 °C. 

¶ The other ASM DELs were purified using Waters Alliance HT (% of eluent C) 0-1 min 

95% C, 1-5 min 95% to 85% C, 5-7 min 85% to 20% C, 7-15 min 20% C, 15-15.1 min 

20% to 0% C, 15.1-18 min 0% C, 18-18.1 min 0% to 95% C, 18.1-20 min 95% C. Flow 

4 mL/min. Column temperature: 30 °C. 

Characterization of oligonucleotides 

Liquid Chromatography -Mass Spectrometry (LC-MS) spectra were recorded on an Agilent 

1260 Series LC equipped with an ACQUITY UPLC Oligonucleotide BEH C18 column (130 

¡, 1.7 ɛm, 2.1 x 50 mm) coupled to an Agilent 6100 Series Single Quadrupole MS. The 

following gradient of eluent A (15 mM TEA, 400 mM HFIP in mQ H2O) and eluent B 

(methanol) was applied at a flow rate of 0.4 mL/min and 60°C column temperature: 0-0.2 min 

95% A, 0.2-8.2 min 95% to 5% A, 8.2-8.7 min 5% A, 8.7-9.2 min 5 to 95% A, 9.2-13 min 95% 

A. 
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Liquid Chromatography -Mass Spectrometry (LC-MS) spectra were recorded on a Waters 

Acquity UPLC H-Class system coupled to an ESI-TOF-MS (Waters Xevo G2XS Q-TOF) 

which was equipped with a Waters Acquity BEH C18 column (2.1 x 50 mm, 130 ¡, 1.7 ɛm). 

A gradient of mQ water with 0.1% formic acid (eluent A) and acetonitrile with 0.1% formic 

acid (eluent B) was applied at 40°C column temperature and a flow rate of 0.6 mL/min (5% to 

80% B in 6 min). 

Purification s and analytical methods for small molecules 

Direct-phase medium-pressure liquid chromatography was performed using a CombiFlash 

NextGen 300+ (TELEDYNE ISCO) on RediSepá Silver Flash column (size from 4 grams to 

40 grams). Gradient and solvent mixtures are specified for every purification. 

Reversed-phase high-performance liquid chromatography (RP-HPLC)  

Reversed-phase high-performance liquid chromatography of small amounts of product was 

performed on a semi preparative Agilent 1200 Series RP-HPLC with a PDA UV detector. The 

system was equipped with a Synergi 4 ɛm, Polar-RP 80 ¡ 10 × 150 mm C18 column using 

flow rate of 5 mL/min with the following gradient of eluent A (mQ H2O 0.1% TFA) and eluent 

B (acetonitrile 0.1% TFA): 0-13 min 90% to 0% A, 13-14 min 0% A, 14-15 min 0% to 90% 

A, 15-16 min 90% A. Product fractions were combined and lyophilized overnight. 

 

Reversed-phase high-performance liquid chromatography of big amounts of product was 

performed on a preparative Thermo Fisher UltiMate 3000 with PDA UV detector, using a 

Hypersil Prep HS phenyl column 5 um, 150 nm at a flow rate of 30 mL/min with linear 

gradients of solvents A and B (A= Millipore water with 0.1% TFA, B = ACN with 0.1% TFA): 

0-1 min 90% A, 1-20 min 90%to 0% A, 20-22 min 0% A, 22-23 min 0% to 90% A, 23-24 min 

90% A. Product fractions were combined and lyophilized overnight. 
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Compounds that were not visible at 260 nm wavelength were detected at 210 nm wavelength. 

High-Resolution mass spectrometry (HR-MS) 

HR-MS were performed on a Q Exactive Mass Spectrometer (Thermo Fisher Scientific). The 

analyte was injected directly into the MS at a flow rate of 4 ɛL/min. Both MS1 and MS2 spectra 

were recorded. MS1 spectra were obtained with a resolution of 70000. MS2 spectra were 

obtained by inducing fragmentation of the molecule with a NCE (normalized collision energy) 

= 25 and with a resolution of 70000. 

HR-MS analysis were performed with analytical purpose to confirm compound identity but not 

to analyze the purity. 

1H NMR and 13C NMR spectra 

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were measured at 298 

K on a Bruker AV400 (400 MHz) spectrometer. Chemical shifts are reported in parts per 

million (ppm) with deuterated solvents as reference signal. The coupling constants (J) are given 

in Hz using the following multiplicity abbreviations: s = singlet, bs = broad singlet, d = doublet, 

t = triplet, q = quartet, quintet = qu, sextet = sext, doublet of doublets = dd, doublet of triplets 

= dt, triplet of doublets =td, doublet of doublet of doublets = ddd, m = multiplet. 

Software  

Databases were organized with InstantJChem (ChemAxon) and ChemInventory. Fingerprints 

have been visualized and evaluated with MATLAB R2019b (The MathWorks, Inc.) and 

DataWarrior (OpenMolecules). Data fitting and statistical analysis were performed with 

GraphPad Prism (version 8, Graphpad Software, Inc.). Flow cytometry data was analyzed using 

FlowJo (version 10, Tree Star). MS data were analyzed with MassLynx (Waters) and 

ChemStation (Agilent). NMR were processed with ACD/Lab and Mnova version 14 Mestrelab 

Research. 



 10 

Statistical analysis  

Data reported in this article have been generated as independent replicates. Values deriving 

from replicate measurements are given as mean ± standard error. Error bars have been 

calculated based on standard deviation of two or three replicates. 
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2 Library Synthesis 

Different on-DNA amide coupling conditions were screened on a set of Fmoc amino acids in 

order to construct DNA-Encoded Chemical Libraries. The efficiency of the coupling has been 

tested on a model of amine terminal DNA strand. Unreactive amino acids (threshold 75% yield 

by LC-MS) have been discarded and not used for library construction. 

2.1 LL ( Linear Library ) Synthesis 

Fmoc amino acids used for LL library construction were coupled to the DNA following the 

three procedures described below. 

2.1.1 General procedures for on-DNA amide formation 

General procedure (I)  for amide coupling using EDC/HOAt/NMM 

Fmoc-amino acids (200 mM in dimethyl sulfoxide (DMSO), 26 eq.) were diluted with DMSO 

(56 mM) and a freshly prepared stock solution of EDC:HOAt:NMM (100:20:100 mM in 

DMSO, 12:2.4:12 eq.) was added. After 15 min at rt, the pre-activated acid was added to the 

free amino oligonucleotide (1 eq., 1.6 mM), previously dissolved in MOPS buffer (100 mM 

MOPS, 1 M NaCl, pH 8). The reaction was shaken for 15 h at 37°C and then quenched with a 

500 mM NH4OAc solution. The mixture was shaken for 30 min at 30 °C followed by EtOH 

precipitation, centrifugation and drying under reduced pressure. 

 

General procedure (II)  for amide coupling using EDC/s-NHS 

Pre-activation of Fmoc-amino acids (200 mM in DMSO, 50 eq.) was performed by diluting the 

original stock with DMSO (56 mM). To this solution was added 1- ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 100 mM in DMSO, 48 eq.) and N-
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hydroxysulfosuccinimide (s-NHS, 333 mM in DMSO:water 2:1, 133 eq.). After 30 min at 

30°C, the pre-activated acid was added to the free amino oligonucleotide (1 eq., 1.6 mM), 

previously dissolved in MOPS buffer (100 mM MOPS, 1 M NaCl, pH 8). The reaction 

proceeded for 15 h at rt. The DNA was then EtOH precipitated, centrifuged and dried under 

reduced pressure. 

General procedure (III)  for amide coupling using DMT-MM  

Fmoc-amino acids (200 mM in DMSO, 200 eq.) were diluted with DMSO (56 mM) and DMT-

MM (200 mM in water, 150 eq.) was added. The pre-activation proceeded for 15 min at rt and 

the acid was added to the free amino-oligonucleotide (1 eq., 1.6 mM), previously dissolved in 

MOPS buffer (100 mM MOPS, 1 M NaCl, pH 8). The reaction was shaken for 15 h at 37°C. 

The DNA was then EtOH precipitated, centrifuged and dried under reduced pressure. 

 

2.1.2 LL  library  synthesis - Step 1 

 
 

 

Figure S1. Schematic illustration of the synthesis of LL -DEL Pool 1. i) Amide coupling of 464 Fmoc-

amino acids to individual Code A (A1-A464); ii) EtOH precipitation; iii) HPLC purification of 

individual derivatized oligonucleotides; iv) Pooling of the 464 derivatized oligonucleotides to generate 

Pool 1; v) Fmoc deprotection; vi) EtOH precipitation. 

 

Amide coupling of 464 Fmoc-amino acids 

Amide couplings of the 464 Fmoc-amino acids with the corresponding 464 codes A were 

performed following the coupling procedures (I ), (II ) and (III ). The Fmoc-amino acid was pre-
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activated and then added to a solution of 50 nmol of code A (5ô-amino-C6-

GGAGCTTCTGAATTCTGTGTGCTGXXXXXXCGAGTCCCATGGCGC-3ô where 

XXXXXX are the bases used as coding region) in MOPS buffer (100 mM MOPS, 1 M NaCl, 

pH 8). The reaction was stopped by EtOH precipitation, centrifuged and the pellet was dried 

under reduced pressure using SpeedVac. Then, the crude was dissolved in 0.1 M TEAA. The 

DNA-conjugates were individually purified by RP-HPLC. After lyophilization, the DNA pellet 

was re-dissolved in water (200 ɛL) analysed by LC-MS and quantified by UV absorbance. 

Pool 1 and Fmoc deprotection 

The 464 DNA-conjugates (2 nmol each) were combined to generate the pool 1 without further 

purification. To an aqueous solution of the pool 1, TEA (10% v/v) were added, and the reaction 

was shaken for 2 h at rt. Subsequently, the DNA was EtOH precipitated, centrifuged and dried 

under reduced pressure using a SpeedVac. Afterwards, the dry DNA pellet was dissolved in 

water and the derived LL pool 1 was used as crude for the elongation with Code B in the next 

step.  

 

Figure S2. LC-MS analysis of LL pool 1 after Fmoc deprotection and EtOH precipitation. A. LC 

chromatogram of LL pool 1 registered at 260 nm; B. Non-deconvoluted mass spectra of LL pool 1. 
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2.1.2 LL  library  synthesis - Step 2 

 

Figure S3. Schematic illustration of the synthesis of LL-DEL Pool 2. i) Splitting of Pool 1 in 324 
wells; ii) Splint Ligation of 324 individual Code B (B1-B324); iii) EtOH precipitation; iv) Amide 

coupling of 324 Fmoc-amino acids to the respective derivatized Code B (B1-B324); v) Pooling of the 

324 derivatized oligonucleotides to generate Pool 2; vi) EtOH precipitation; vii) Fmoc deprotection; 
vii i) EtOH precipitation; ix) HPLC purification. 
 

Splint ligation with CodeB 

The pool 1 was aliquoted in 324 wells (2.67 nmol each.) using 96-well plates. To each aliquot, 

324 unmodified oligonucleotides were added a code B (5ô-Phosp- 

CGGATCGACGYYYYYYYGCGTCAGGCAGC-3ô, 4.0 nmol, 1.5 eq. where YYYYYYY 

are the bases used for the coding region), the Adaptor 1 (5ô-CGTCGATCCGGCGCCATGGG-

3ô, 4.1 nmol, 1.6 eq.) and T4 DNA ligase buffer (21 ɛL, New England BioLabs, Catalog: 

B0202S). The mixture was heated for 5 min at 70 °C. The solution was then cooled down to rt 

for 30 min, and T4 DNA Ligase (6.5 ɛL, 2600 U, New England BioLabs, Catalog: M0202S) 

was added to each well. After 2h at rt the reactions were quenched by heating for 10 min at 

65°C. The successful encoding was evaluated by electrophoresis analysis (InvitrogenÊ 

NovexÊ TBE-Urea Gels, 15%, Catalog: EC68855BOX). The DNA pellets were EtOH 

precipitated, centrifuged and dried under reduced pressure. 

Amide coupling of 324 Fmoc-amino acids, Pool 2, Fmoc deprotection and Purification 

The DNA pellets previously encoded with Codes B, were singularly coupled to 324 Fmoc-

amino acids following the coupling procedures (I ), (II ) and (III ). The Fmoc-amino acid was 
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pre-activated, and the solution was subsequently added to the DNA pellets (2.67 nmol, 1 eq.) 

already dissolved in MOPS buffer (100 mM MOPS, 1 M NaCl, pH 8). At completion of the 

coupling, the 324 reactions were pooled together (pool 2) and EtOH precipitated. Fmoc 

deprotection of the pool was performed by adding water (1.5 mL), and TEA (150 ɛL, 10% 

v/v). The reaction proceeded for 3 h at 37 °C. The DNA pellet was EtOH precipitated twice 

and then was purified by RP HPLC at 70 °C to remove the adaptor and the residual code B. 

The successful encoding and removal of adaptor was determined by electrophoresis gel and 

LC-MS (Figures S4-S5) After lyophilization of combined fractions, the DNA pellet was re-

dissolved in water (4 mL) and quantified by UV absorbance (120 nmol of LL pool 2). 

 

Figure S4. TBE Urea 15% gel of LL pool 2 fractions obtained after HPLC purification. 
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Figure S5. LC-MS analysis of LL pool 2 after Fmoc deprotection and RP-HPLC purification. A. LC 

chromatogram of LL pool 2 registered at 260 nm. B. Non-deconvoluted mass spectra of LL pool 2. 

 

2.2 MB Library Synthesis 

General remark for synthetic procedures. 

Solution-phase intermediates are reported as In  (n = 1, 2, é). 

2.2.1 MB scaffold synthesis (compound 19) 

 

Scheme S1. Schematic illustration of the synthesis of compound 19. 
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Synthesis of methyl 3-(allyloxy)-5-(azidomethyl)benzoate (I3) 

 

Commercially available dimethyl-5-hydroxyisophatalate (4.00 g, 19.3 mmol, 1 eq.) was 

dissolved in Acetonitrile (MeCN or ACN, 50 mL) and K2CO3 (6.7 g, 48.2 mmol, 2.5 eq.) was 

added. Afterwards, allyl bromide (2.0 mL, 23.1 mmol, 1.2 eq.) was added dropwise to the 

reaction mixture. The reaction was stirred overnight at 50 °C and monitored by Thin Layer 

Chromatography (TLC), then ethyl acetate (EtOAc) was added and washed with water (x 2), 

the organic layer was washed with brine (x 1) and then dried with Na2SO4. The solvent was 

removed under reduced pressure to obtain compound I2 as white solid. The crude product was 

used for the next step without further purification. Compound I2 (2.55 g, 10.2 mmol, 1 eq.) 

was dissolved in anhydrous tetrahydrofuran (THF, 34 mL). LiAlH4 1 M in THF (5.1 mL, 5.1 

mmol, 0.5 eq.) was added dropwise in 20 min at 0 °C. The mixture was stirred for 1 h at 0 °C 

and monitored by TLC. Water (3 mL) was added to quench the LiAlH4 in excess and the 

reaction was neutralized with 2 M HCl. The aqueous phase was extracted with EtOAc (x 3), 

the combined organic phases were washed with brine (x 1) and then dried with Na2SO4 and 

evaporated. The crude was purified by flash chromatography on silica gel (Hexane:EtOAc, 

elution gradient from 20% to 40% of EtOAc) to afford the reduced derivative of compound I2 

(1.83 g) that was not isolated. The benzylic alcohol derivative of I2 was dissolved in 80 mL of 

anhydrous THF and DPPA (2.65 mL, 12.3 mmol, 1.5 eq) and DBU (1.84 mL, 12.3 mmol, 1.5 

eq.) were added. The mixture was stirred overnight at 45 °C. The solvent was evaporated, and 

the crude was extracted with EtOAc, washed with water (x 2), brine (x 1) and then dried over 

Na2SO4. The solvent was removed under reduced pressure and the crude was purified by flash 

chromatography on silica gel (Hexane:EtOAc, elution gradient from 10% to 30% of EtOAc) 
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to obtain compound I3 (2.28 g, yield = 90%). HR-MS (ESI+) m/z calculated for C12H13N3O3 

[M+H] + 248.10297; detected 248.10306; accuracy = 0.36 ppm. 1H NMR (400 MHz, DMSO-

d6): d (ppm) = 7.57 (t, J = 1.4 Hz, 1 H), 7.45 (dd, J = 2.5, 1.3 Hz, 1 H), 7.26 (dd, J = 2.4, 1.6 

Hz, 1 H), 6.01 ï 6.08 (m, 1 H), 5.42 (dd, J = 17.4 Hz, 1.6 Hz, 1 H), 5.29 (dd, J = 10.5, 1.6 Hz, 

1 H), 4.66 (dt, J = 5.1, 1.5 Hz, 2 H), 4.53 (s, 2 H), 3.87 (s, 3 H). 

 

Figure S6. HR-MS of intermediate I3 

 

Synthesis of ethyl (3-(allyloxy)-5-(azidomethyl)benzoyl)glycinate (I4) 

 

Compound I3 (2.03 g, 8.21 mmol, 1 eq.) was dissolved in 26 mL of 1 M LiOH in THF and the 

reaction was stirred overnight at rt. A 5% Na2CO3 aqueous solution was added, and the mixture 

was extracted with EtOAc (x 1). The aqueous layer was acidified with 2 M HCl (to pH = 2) 
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and was extracted with dichloromethane (DCM, x 3). The combined organic phases were dried 

over Na2SO4 and evaporated to obtain the free acid as white solid (1.00 g). The crude compound 

(0.83 g, 3.58 mmol, 1 eq.) was dissolved in dimethylformamide (DMF, 12 mL), and glycine 

ethyl ester hydrochloride (0.50 g, 3.58 mmol, 1 eq.), 2,6-lutidine (0.83 mL, 7.16 mmol, 2 eq.) 

and HATU (1.64 g, 4.30 mmol, 1.2 eq.) were added. The mixture was stirred for 2 h at room 

temperature. Reaction solvent was removed under reduced pressure, and the crude was 

dissolved in EtOAc, washed with water, the combined organic phases were dried over Na2SO4 

and evaporated. The crude was purified by flash chromatography on silica gel (Hexane:EtOAc, 

elution gradient from 20% to 50% of EtOAc) to obtain compound I4 (0.933 g, 82%). HR-MS 

(ESI+) m/z calculated for C15H18N4O4 [M+H] + 319.14008; detected: 319.13966; accuracy = 

1.32 ppm. 1H NMR (400 MHz, DMSO-d6,): d (ppm)  = 8.98 (t, J=5.8 Hz, 1 H), 7.43 ï 7.47 

(m, 2 H), 7.16 (s, 1 H), 6.05 ï 6.11 (m, 1 H), 5.44 ï 5.45 (m, 1 H), 5.30 ï 5.41 (m, 1 H), 4.65 

(dt, J = 5.3, 1.3 Hz, 2 H), 4.50 (s, 2 H), 4.13 (q, J = 7.1 Hz, 2 H), 4.00 (d, J = 5.8 Hz, 2 H), 1.21 

(t, J = 7.1 Hz, 3 H). 
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Figure S7. HR-MS of intermediate I4 
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chromatography on silica gel (DCM:MeOH, 5% of MeOH) to obtain the final scaffold 19 (0.67 

g, 73%). HR-MS (ESI+) m/z calculated for C14H16N4O6 [M+H]+ 337.11426; detected: 

337.11354; accuracy = 2.14 ppm. 1H NMR (400 MHz, DMSO-d6): d (ppm) = 13.09 (bs, 1 H), 

8.99 (t, J = 6.3 Hz, 1 H), 7.45 - 7.53 (m, 1 H), 7.31 - 7.44 (m, 1 H), 7.04 - 7.20 (m, 1 H), 4.77 

(s, 2 H), 4.51 (s, 2 H), 4.13 (q, J = 7.1 Hz, 2 H), 4.00 (d, J = 6.3 Hz, 2 H), 1.21 (t, J = 7.1 Hz, 

3 H). 13C NMR (100 MHz, DMSO-d6): d (ppm) =170.38, 170.26, 166.33, 158.22, 

138.04,135.78, 120.42, 118.19, 1128.98, 112.94, 65.06, 60.94, 14.57. 

 
Figure S8. HR-MS of compound 19 
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2.2.2 MB library synthesis - Step 1 

 

Figure S9. Schematic illustration of the synthesis of MB-DEL Pool 1. i) Coupling of the scaffold 

(compound 19) to 204 individual Codes A (A1-A204); ii) Staudinger reaction; iii) EtOH precipitation; 
iv) Coupling of 204 Fmoc-amino acids to the derivatized Codes A (A1-A204); v) EtOH precipitation; 

vi) HPLC purification of individual derivatized oligonucleotides; vii) Pooling of the 204 derivatized 

oligonucleotides to generate Pool 1; viii ) Fmoc deprotection; ix) EtOH precipitation. 

 

Coupling of the Scaffold 

Each of 204 amino modified oligonucleotide bearing a unique sequence (code A: 5ô-amino-

C6-GGAGCTTCTGAATTCTGTGTGCTGXXXXXXCGAGTCCCATGGCGC-3ô, where 

XXXXXX are the bases used as coding region) were derivatized with the scaffold (19) 

following the reported protocol. 

 

A 500 mM stock solution of compound 19 in DMSO (5 ɛL, 2.50 ɛmol, 50 eq.) was diluted 

with DMSO (235 ɛL) in a 2 mL Eppendorf tube. A 333 mM stock solution of sulfo-NHS in 

DMSO:water 2:1 (20 ɛL, 6.7 ɛmol, 133 eq.) was added, followed by a 100 mM DMSO solution 

of EDC (24 ɛL, 2.4 ɛmol, 48 eq.). After 20 min at rt, the pre-activation mixture was added to 

50 nmol of the amino-modified oligonucleotide pre-dissolved in 25 ɛL of water and 50 ɛL of 

TEA buffer (500 mM TEAÅHCl, pH 10) and the reaction was carried out for 16 h at 37 °C. The 

DNA was precipitated from the aqueous phase by adding 10% v/v of 5 M NaCl and 3 volumes 

of cold EtOH and was left overnight at -20 °C. The mixture was then centrifuged for 1 h at 4 

ÁC at 14ô000 rpm, the supernatant was discarded, and the DNA pellet was dried under reduced 

pressure using a SpeedVac. Afterwards, the crude DNA pellet was dissolved in 200 ɛL MOPS 
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buffer (100 mM MOPS, pH 7.5) and 100 mM TCEP was added (20 ɛL, 2.0 ɛmol, 40 eq.). The 

resulting mixture was shaken overnight at 30°C. The DNA pellet was EtOH precipitated, 

centrifuged and dried under reduced pressure using a SpeedVac as described above. 

Amide coupling of 204 Fmoc-amino acids 

The singularly encoded oligonucleotides bearing the deprotected scaffold were distributed in 

204 wells, the solvent was removed, and the crude DNA pellet (50 nmol) was dissolved in 10 

ɛL of water and 10 ɛL of MOPS buffer (100 mM MOPS, 1M NaCl, pH 8). Each of the 204 

Fmoc-amino acids (6.5 ɛL, 200 mM in DMSO, 1.3 ɛmol, 26 eq.) were diluted with DMSO 

(17.5 ɛL) and 6 ɛL of a freshly prepared stock solution of EDC:HOAt:NMM (100:20:100 mM 

in DMSO, 12:2.4:12 eq) were added. The resulting mixture was shaken for 10 min at 25 °C. 

Successively, the pre-activation mixture was added to the DNA solution and the reaction was 

shaken at 37 °C. After 1 hour a second addition of Fmoc-amino acid (6 ɛL, 200 mM in DMSO, 

1.3 ɛmol, 26 eq) pre-activated with EDC:HOAt:NMM (6 ɛL, 100:20:100 mM in DMSO, 

12:2.4:12 eq.) was performed and the reaction mixture was carried out at 37 °C for an additional 

hour. The reaction was stopped by EtOH precipitation After centrifugation, the pellet was dried 

under reduced pressure and the crude was dissolved in 0.1 M TEA Acetate (pH=7). The DNA-

conjugates were individually purified by RP-HPLC, then for each code 1 conjugate the eluted 

fractions were lyophilized, re-dissolved in water, analysed by LC-MS and quantified (yields 

around 40-90 %).  

Pool 1 and Fmoc deprotection 

All the 204 DNA-conjugates (2 nmol each) were combined to generate the pool 1. Fmoc 

deprotection was performed in water (700 ɛL) and DMSO (1000 ɛL) with the addition of 

triethylamine (51 ɛL, 3% v/v). The mixture was shaken for 3 h at 37 ÁC. The DNA was EtOH 
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precipitated, centrifuged and dried. Afterwards, the DNA was dissolved in water to obtain the 

Fmoc deprotected MB pool 1 (MB pool 1 final concentration 30 ɛM). 

 

Figure S10. LC-MS analysis of MB pool 1 after Fmoc deprotection and EtOH precipitation. A. LC 

chromatogram of MB pool 1 registered at 260 nm; B. Non-deconvoluted mass spectra of MB pool 1. 

 

2.2.3 MB library synthesis - Step 2 

 

Figure S11. Schematic illustration of the synthesis of MB-DEL Pool 2. i) Splitting of the Pool 1 in 157 

wells; ii) Splint Ligation of 157 individual Codes B (B1-B157); iii) EtOH precipitation; iv) Amide 
coupling of 157 Fmoc-amino acids to the respective derivatized Codes B (B1-B157); v) Pooling of the 

157 derivatized oligonucleotides to generate Pool 2; vi) EtOH precipitation; vii) HPLC purification; 

viii ) Fmoc deprotection; ix) EtOH precipitation. 

Time
-0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50

%

3

-0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50

A
U

0.0

5.0e-3

1.0e-2

1.5e-2

2.0e-2

2.5e-2

3.0e-2

3.5e-2

4.0e-2

  (2) PDA Ch1 260nm@1.2nm
 Range: 5e-24.21

2.37

  1: TOF MS ES- 
 TIC

 5.63e7

4.23

2.02

m/z
500 750 1000 1250 1500 1750 2000 2250

%

0

100

 

597.0

926.9

1032.9

1116.9

1121.9

MB pool 1

Relative

Intensity

A B



 25 

. 

Splint ligation with CodeB 

The pool 1 was aliquoted in 157 wells (2.6 nmol, 86 ɛL, 1 eq.) using 96-well plates. To each 

aliquot, one of 157 unmodified oligonucleotides (code B: 5ô-Phosp-

CGGATCGACGYYYYYYY GCGTCAGGCAGC-3ô, 4.0 nmol, 1.5 eq., where YYYYYYY 

are the bases used as coding region), was added. Then, Adaptor 1 (5ô-

CGTCGATCCGGCGCCATGGG-3ô, 4.1 nmol, 1.6 eq.) and T4 DNA ligase buffer (21 ɛL, 

New England BioLabs, Catalog: B0202S) were distributed in each well. The mixtures were 

heated for 5 min at 70 °C. The solutions were cooled down to rt in 30 min, and T4 DNA Ligase 

(6.5 ɛL, 2600 U, New England BioLabs, Catalog: M0202S) was added to each well. After 2h 

at rt the reactions were quenched by heating for 10 min at 65°C. The successful encoding was 

evaluated by electrophoresis analysis (InvitrogenÊ NovexÊ TBE-Urea Gels, 15%, Catalog: 

EC68855BOX) Figure S12. The DNA pellets were EtOH precipitated, centrifuged, and dried 

under reduced pressure. 

 

Figure S12. TBE-Urea 15% gel of MB pool 1 fractions after encoding with Code B. 
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300-
200-

50-

35-

75-
100-
150-

bp



 26 

The DNA pellets previously encoded with Codes B were singularly coupled to 157 Fmoc-

amino acids following the same procedure already described for the amide coupling in Step 1. 

After two hours at 37 ÁC, the reaction was quenched by adding 25 ɛL of a 500 mM NH4OAc 

solution and the mixture was shaken for 30 min at 30 °C. All the 157 reactions were pooled 

together to generate the pool 2 followed by two EtOH precipitations. The recovered pellet was 

purified by RP-HPLC at 70 °C to remove the adaptor and excess of code 2. The purified pool 

2 was dried by lyophilization, re-dissolved in water (4.5 mL), and quantified (MB Pool 2: 219 

nmol). 

Fmoc deprotection of Pool 2 

Pool 2 was dried and re-dissolved in water (360 ɛL) and DMSO (540 ɛL). Triethylamine (27 

ɛL, 3% v/v) was added to the pool 2 solution and the reaction was carried out for 3 h at 37 ÁC. 

The DNA pellet was EtOH precipitated, centrifuged and dried under reduced pressure. 

Afterwards, the DNA was re-dissolved in water analysed by LC-MS (Figure S13), to afford 

the final Fmoc deprotected pool 2 (MB pool 2 final concentration 21 ɛM). 
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Figure S13. LC-MS analysis of MB pool 2 after Fmoc deprotection and EtOH precipitation. A. LC 

chromatogram of MB pool 2 registered at 260 nm. B. Non-deconvoluted mass spectra of MB pool 2. 

 

 

2.2.4 MB library synthesis - Step 3 

 

Figure S14. Schematic illustration of the synthesis of MB-DEL Pool 3. i) Splitting of the Pool 2 in 183 

wells; ii) Encoding by enzymatic polymerization of 183 individual Codes C (C1-C183); iii) EtOH 
precipitation; iv) Amide coupling of 183 Fmoc-amino acids to the respective derivatized Codes C (C1-

C183); v) Pooling of the 183 derivatized oligonucleotides to generate Pool 3; vi) EtOH precipitation; 

vii) HPLC purification; viii ) Fmoc deprotection and ethyl ester hydrolysis; ix) EtOH precipitation. 
 

Encoding by enzymatic polymerization 

An aliquot of pool 2 (91.5 nmol) was split in 183 wells (0.5 nmol, 23.5 ɛL) and 183 unmodified 

oligonucleotides (code C: 5ô- GCTCTGCAC GGTCGCZZZZZZZGCTGCCTGACGC-3ô, 1 

nmol, 2 eq. where ZZZZZZZ are the bases used as coding region) were added, followed with 

addition of NEB Buffer 2 (10 ɛL, Thermo Fisher, Catalog: EP0052) and kept for 15 min at 60 

ÁC. After the system was cooled down to room temperature, a solution of 2ô-deoxynucleotide 

triphosphates (5 mM, 10 ɛL, 100 eq) and Klenow Fragment (2.5 ɛL, 50 U, Thermo Fisher, 

Catalog: EP0052) were added. The polymerase extension reaction stood for 1 h at 25°C. The 

successful encoding was evaluated by electrophoresis analysis (InvitrogenÊ NovexÊ TBE 
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Gels, 20%, Catalog: EC63155BOX), Figure S15. The DNA was EtOH precipitated, 

centrifuged and dried under reduced pressure. 

 

 

Figure S15. TBE-Urea 15% gel of MB pool 2 fractions after Klenow polimerization. 

 

Amide coupling of 183 Fmoc-amino acids 

The DNA pellets previously encoded with Codes C were coupled to 183 Fmoc-amino acids 

following the same procedure already described for the amide coupling in Step 1 and 2. After 

two hours at 37 ÁC, the reaction was quenched by adding 25 ɛL of a 500 mM NH4OAc solution 

and the mixture was shaken for 30 min at 30 °C. All the 183 reactions were pooled together to 

generate the pool 3 followed by two EtOH precipitations. The recovered pellet was purified by 

RP-HPLC at 25 °C to remove the excess of code 3. The purified pool 3 was dried by 

lyophilization, re-dissolved in water (1.5 mL), and quantified (MB pool 3 37.4 nmol). 

Fmoc deprotection and ethyl ester hydrolysis 

Pool 3 was further dried and re-dissolved in water (250 ɛL) and 1 M piperidine (50 ɛL) was 

added. After 1h at 37°C, the DNA pellet was EtOH precipitated, centrifuged and dried under 

bp
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reduced pressure as previously described. Consecutively, the pellet was re-dissolved in 200 ɛL 

of water, to perform a second EtOH precipitation and 16.1 nmol of MB pool 3 were obtained 

and analysed by LC-MS and by electrophoresis gel (Figures S16-S17). 

 

Figure S16. LC-MS analysis of MB pool 3 after Fmoc deprotection, ethyl ester hydrolysis and EtOH 
precipitation. A. LC chromatogram of MB pool 3 registered at 260 nm. B. Non-deconvoluted mass 

spectra of MB pool 3. 

 

 

Figure S17. TBE Urea 15% gel of final MB pool 2 and MB pool 3. 
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PRA DNA-Encoded chemical Library synthesis has been already described in Puglioli et al1. 

The synthetic scheme is shown in Figure S18. 

Figure S18. Schematic illustration of the synthesis of PRA-DEL . 

 

3 Affinity and Selectivity Maturation (ASM) DELs  

Preparation of affinity and selectivity maturation DNA-Encoded Chemical Libraries 

(ASM-DELs) 

ASM-DELs were synthesized as free amino-terminal DNA conjugate pools, and subsequently 

derivatized in parallel by amide bond formation with HIT1, HIT2, and HIT3 to obtain the final 

ASM-DEL: MB1-HITx, MB2-HITx, MB3-HITx, LL1-HITx. LL2-HITx, PRA-HITx 

(Manuscript , Figure 1).  

 

3.1 Synthesis and Validation of the HITs 
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3.1.1 Synthesis of the HITs for the generation of ASM-DELs 

3,5-dioxo-2-phenyl-2,3,4,5-tetrahydro-1,2,4-triazine-6-carboxylic acid (HIT 1) was 

commercially available and was provided by Enamine (CAS 4315-71-3). 

 

Synthesis of (2R,4S)-1-(3,5-dioxo-2-phenyl-2,3,4,5-tetrahydro-1,2,4-triazine-6-carbonyl)-

4-(3-(naphthalene-2-sulfonamido)propanamido)pyrrolidine-2-carboxylic acid (HIT 2). 

HIT 2 was synthesized by solid-phase synthesis using Wang resin (loading 1.1 mmol/g). The 

resin was swollen in DMF for 30 min prior to every reaction. Resin intermediates are presented 

as Rn (n = 1, 2, é), and have not been isolated. 

 

Scheme S2. Schematic illustration of the synthesis of HIT 2. 

 

Commercially available (2R,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-azidopyrrolidine-

2-carboxylic acid (250 mg , 0.66 mmol, 2 eq.), HATU (240 mg, 0.63 mmol, 1.9 eq.), HOAt 

(23 mg, 0.17 mmol, 0.5 eq.) were dissolved in DMF (2 mL) and DIPEA (0.23 mL, 1.32 mmol, 

4 eq.) was added. After 5 min of acid pre-activation, the solution was added to 0.3 g of Wang 
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resin (0.33 mmol, 1 eq.) and the reaction was incubated for 2 h at rt. The resin was first washed 

5 times with DMF followed by incubation with 20% piperidine in DMF (1 x 30 min and 2 x 

10 min) to perform Fmoc deprotection and afford compound R1. To remove residual 

piperidine, the resin was washed 10 times with DMF. Afterward, compound 3,5-dioxo-2-

phenyl-2,3,4,5-tetrahydro-1,2,4-triazine-6-carboxylic acid (HIT1, 154 mg, 0.66 mmol, 2 eq.), 

HATU (240 mg, 0.63 mmol, 1.9 eq.), HOAt (23 mg, 0.17 mmol, 0.5 eq.) and DIPEA (0.23 

mL, 1.32 mmol, 4 eq.) were dissolved in DMF and after 5 min of activation, the solution was 

added to R1 (0.33 mmol, 1 eq.). The reaction was incubated for 2 h at rt and washed 5 times 

with DMF. Subsequently, 1.32 mL of trimethylposphine (1M TMP in THF, 1.32 mmol, 4 eq.) 

were diluted in 2 mL of THF:H2O (9:1), then added to the resin and kept at rt for 2 h. The resin 

was washed 3 times with a solution of THF:H2O (9:1) and 10 times with DMF to obtain the 

desired free-NH2 derivative R2. Commercially available 3-(naphthalene-2-

sulfonamido)propanoic acid (184 mg, 0.66 mmol, 2 eq.), was pre-activated with HATU (240 

mg, 0.63 mmol, 1.9 eq.), HOAt (23 mg, 0.17 mmol, 0.5 eq.) and DIPEA (0.23 mL, 1.32 mmol, 

4 eq.) in DMF for 5 min. The pre-activation solution was added to the compound R2 (0.33 

mmol, 1 eq.) and the reaction was incubated for 2 h at rt. Afterwards, the resin was washed 5 

times with DMF, 5 times with DCM and was dried under vacuum. When the resin was 

completely dry, a cleavage solution consisting of 95% TFA, 2.5% water, 2.5% iPr3SiH was 

added to the resin and incubated for 1 h at rt. The cleavage step was repeated two times (2 x 10 

min), and the cleaved fractions were collected in one vial. TFA was removed under reduced 

pressure and the crude was purified by RP-HPLC to afford HIT2 as a white solid (29 mg, 

overall yield = 15%). HR-MS (ESI+) m/z calculated for C28H26N6O8S [M+H]+ 607.16056; 

detected: 607.15914; accuracy = 2.34 ppm. 1H NMR (400 MHz, MeOD): d (ppm) = 8.39- 8.41 

(m, 1H), 8.00 ï 8.04 (m, 2H), 7.94-7.97 (m, 1H), 7.80 ï 7.84 (m, 1H), 7.59-7.67 (m, 2H), 7.35 

ï 7.53 (m, 5H), 4.67 ï 4.78 (m, 1H), 4.38 ï 4.45 (m, 1H), 3.83 ï 3.89 (m, 1H), 3.57 ï 3.73 (m, 
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1H), 3.11 ï 3.17 (m, 2H), 2.17 ï 2.40 (m, 4H). 13C NMR (100 MHz, MeOD): d (ppm) = 172.93, 

171.98, 161.04, 154.87, 147.99, 139.73, 138.45, 137.35, 134.83, 132.26, 129.23, 128.92, 

128.65, 128.56, 128.48, 128.72, 127.72, 127.31, 125.39, 122.04, 57.87, 53.55, 49.00, 39.05, 

35.84, 34.13. 

 

 

Figure S19. HPLC chromatogram of HIT 2 recorded at l = 260 nm. 

 

 

Figure S20. HR-MS of HIT 2 
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Synthesis of (S)-4-(3-((S)-1,5-dimethoxy-1,5-dioxopentan-2-yl)ureido)-5-methoxy-5-

oxopentanoic acid (Me-HIT 3) 

HIT 3 was synthesized and coupled to the libraries as a precursor reported here with the name 

of Me-HIT 3. Me-HIT 3 presents one free carboxylic function and three methyl esters. Methyl 

groups were removed after library conjugation to afford the final on-DNA HIT 3.  

Me-HIT 3 was synthesized using solution-phase synthesis. Solution-synthesis intermediates are 

named In  (n = 1, 2, é). 

 

 

Scheme S3. Schematic illustration of the synthesis of Methyl protected HIT3 (Me-HIT 3). 

 

Commercially available dimethyl L-glutamate hydrochloride (500 mg, 2.36 mmol, 1 eq.) was 

dissolved in dry DCM (3 mL) and DIPEA (1.2 mL, 3 eq.) was added. An anhydrous solution 

of 4-nitrophenyl chloroformate (524 mg, 2.60 mmol, 1.1 eq.) in DCM (2 mL) was added 

dropwise at 0ÁC and the reaction was stirred at rt. After 30 min 5-(tert-butyl) 1-methyl L-

glutamate hydrochloride (599 mg, 2.36 mmol, 1 eq.) and 1 additional eq. of DIPEA (0.4 mL, 

1 eq.) were added to the solution. The reaction was stirred for 1 h at rt and checked by LC-MS 

analysis. The solvent was evaporated under reduced pressure and a brown oil was obtained. A 

partial purification of the crude was achieved using flash chromatography on silica gel 

(DCM:MeOH, elution gradient from 0% to 20% of MeOH) in order to remove major by-

products and unreacted compounds. The afforded 5-(tert-butyl) 1-methyl (((S)-1,5-dimethoxy-

1,5-dioxopentan-2-yl)carbamoyl)-L-glutamate (compound I1) was not isolated and was used 
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as crude product for the next step. Tert-butyl deprotection of compound I1 (197 mg, 0.47 mmol, 

1 eq.) was performed by the addition of neat TFA (4 mL). The reaction was stirred for 1 h at 

rt. TFA was removed under reduced pressure and the crude was dissolved in MeCN: H2O (1:1) 

to be purified by RP-HPLC affording Me-HIT3 as white powder (120 mg, yield = 70%). HR-

MS (ESI+) m/z calculated for C14H22N2O9 [M+H] + 363.13981; detected: 363.13996; accuracy 

= 0.41 ppm. 1H NMR (400 MHz, DMSO-d6): d (ppm) = 6.35 ï 6.49 (m, 2H), 4.09 ï 4.16 (m, 

2H), 3.61 (s, 6H), 3.57 (s, 3H), 2.30- 2.37 (m, 2H), 2.21-2.28 (m, 2H), 1.88 ï 1.99 (m, 2H), 

1.71 ï 1.82 (m, 2H). 13C NMR (100 MHz, DMSO-d6): d (ppm) = 173.96, 173.64, 173.16, 

172.63, 157.19, 53.60, 51.83, 51.40, 41.85, 29.75, 29.53, 27.08, 18.08, 16.74. 

 

Figure S21. HPLC chromatogram of Me-HIT 3 recorded at l = 210 nm. 
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Figure S22. HR-MS of compound Me-HIT 3 

 

3.1.2 Synthesis of FITC  derivatives of the HITs (2, 6, 12) 

The HIT1, HIT2 and HIT3 were synthesized as fluorescent derivatives (Compounds 2, 6, 12) to 

perform initial validation before coupling with the libraries. 

Synthesis of N6-((3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-

yl)carbamothioyl)-L-lysine (I5 = Linker 1, L1) 

 

Scheme S4. Schematic illustration of the synthesis of intermediate I5. 
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Commercially available (tert-butoxycarbonyl)-L-lysine (100 mg, 0.41 mmol, 1 eq.) was 

dissolved in 2 mL dimethyl sulfoxide (DMSO) and 5-FITC (160 mg, 0.41 mmol, 1 eq.) and 

Et3N (229 ɛL, 1.64 mmol, 4 eq.) were added. The reaction was stirred for 30 min at room 

temperature. The solvent was evaporated under reduced pressure and trifluoroacetic acid (TFA, 

2 mL) was added to the residue. After 30 min at room temperature, TFA was evaporated, and 

the crude was re-dissolved in a solution of DMF:ACN:H2O 1:1:1 and purified by RP-HPLC to 

obtain intermediate I5 (I5 = L1) as orange solid (68 mg, 31% yield). HR-MS (ESI+) m/z 

calculated for C27H25N3O7S [M+H] + 536.14860; detected: 536.14810; accuracy = 0.93 ppm 

 

 

Figure S23. HPLC chromatogram of intermediate I5 recorded at l = 260 nm. 
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Figure S24. HR-MS of intermediate I5. 

 

Synthesis of 1-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-3-(3',6'-dihydroxy-3-oxo-3H-

spiro[isobenzofuran-1,9'-xanthen]-5-yl)thiourea (I6 = Linker 2, L2) 

Scheme S5. Schematic illustration of the synthesis of intermediate I6. 

Tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (100 mg, 0.40 mmol, 1 eq.) was 

dissolved in 2 mL DMSO and 5-FITC (156 mg, 0.40 mmol, 1 eq.) and triethylamine (Et3N or 

TEA, 223 ɛL, 1.60 mmol, 4 eq.) were added. The reaction was stirred for 30 min at room 

temperature. The solvent was evaporated under reduced pressure and TFA (2 mL) was added 

to the residue. After 30 min at room temperature, TFA was evaporated, and the crude was re-

dissolved in a solution of DMF:ACN:H2O 1:1:1 and purified by RP-HPLC to obtain 
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intermediate I6 (I6 = L2) as orange solid (77 mg, 36% yield). HR-MS (ESI+) m/z calculated 

for C27H27N3O7S [M+H] + 538.16425; detected: 538.16408; accuracy = 0.32 ppm 

 

Figure S25. HPLC chromatogram of intermediate I6 recorded at l = 260 nm. 

 

Figure S26. HR-MS of intermediate I6. 
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Synthesis of N6-((3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-

yl)carbamothioyl)-N2-(3,5-dioxo-2-phenyl-2,3,4,5-tetrahydro-1,2,4-triazine-6-carbonyl)-

L-lysine (2) 

 

Scheme S6. Schematic illustration of the synthesis of compound 2. 

 

HIT 1 (10 mg, 0.040 mmol, 1.1 eq.) was dissolved in DMF (500 ɛL), and HATU (14 mg, 0.036 

mmol, 1 eq.), HOAt (2.5 mg, 0.018 mmol, 0.5 eq.) and DIPEA (25 ɛL, 0.144 mmol, 4 eq.) 

were added. The acid was activated for 5 min at room temperature and I5 (19 mg, 0.036 mmol, 

1 eq.). After 1 hour at room temperature, the solvent was removed under reduced pressure, the 

crude was re-dissolved in DMF:ACN:H2O 1:1:1 and purified by RP-HPLC to obtain compound 

2 as an orange solid (9.5 mg, yield = 35%). HR-MS (ESI+) m/z calculated C37H30N6O10S 

[M+H]+ 751.18169; detected: 751.18116; accuracy = 0.71 ppm 

 

Figure S27. HPLC chromatogram of compound 2 recorded at l = 260 nm. 
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Figure S28. HR-MS of compound 2. 

 

Synthesis of N6-((3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-

yl)carbamothioyl)-N2-((2R,4S)-1-(3,5-dioxo-2-phenyl-2,3,4,5-tetrahydro-1,2,4-triazine-

6-carbonyl)-4-(3-(naphthalene-2-sulfonamido)propanamido)pyrrolidine-2-carbonyl)-L-

lysine (6) 

 

Scheme S7. Schematic illustration of the synthesis of compound 6. 
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HIT 2 (7 mg, 0.011 mmol, 1.1 eq.) was dissolved in DMF (500 ɛL), and HATU (4 mg, 0.010 

mmol, 1 eq.), HOAt (0.7 mg, 0.005 mmol, 0.5 eq.) and DIPEA (7 ɛL, 0.040 mmol, 4 eq.) were 

added. The acid was activated for 5 min at room temperature and I5 (5.4 mg, 0.010 mmol, 1 

eq.). After 1 hour at room temperature, the solvent was removed under reduced pressure, the 

crude was re-dissolved in DMF:ACN:H2O 1:1:1 and purified by RP-HPLC to obtain compound 

6 as an orange solid (4 mg, yield = 36%). HR-MS (ESI+) m/z calculated C55H49N9O14S2 

[M+H]+ 1124.29132; detected:1124.29116; accuracy = 0.14 ppm 

 

Figure S29. HPLC chromatogram of compound 6 recorded at l = 260 nm. 
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Figure S30. HR-MS of compound 6. 

 

Synthesis of (15S,19S)-1-((3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-

5-yl)amino)-12,17-dioxo-1-thioxo-5,8-dioxa-2,11,16,18-tetraazahenicosane-15,19,21-

tricarboxylic acid (12) 

 

Scheme S8. Schematic illustration of the synthesis of compound 12. 

 

Commercially available (S)-5-(tert-butoxy)-4-(3-((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-

yl)ureido)-5-oxopentanoic acid (10 mg, 0.021 mmol, 1.1 eq.) was dissolved in DCM (500 ɛL), 

and HATU (7 mg, 0.019 mmol, 1 eq.), HOAt (1.4 mg, 0.010 mmol, 0.5 eq.) and DIPEA (13 

ɛL, 0.076 mmol, 4 eq.) were added. The acid was activated for 5 min at room temperature and 

added to compound I6 (10 mg, 0.019 mmol, 1 eq.). The reaction was stirred at room 

temperature for 1 h followed by the addition of TFA (500 ɛL). After 1 hour at room 

temperature, solvent and TFA were removed under reduced pressure, the crude was re-

dissolved in DMF:H2O 1:1 and purified by RP-HPLC to obtain compound 12 as an orange 

solid (2 mg, yield = 13%). HR-MS (ESI+) m/z calculated for C38H41N5O15S [M+H]+ 

840.23926; detected:840.23872; accuracy = 0.64 ppm 
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Figure S31. HPLC chromatogram of compound 12 recorded at l = 260 nm. 

 

 

Figure S32. HR-MS of compound 12. 
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3.1.3 Validation of the HITs by Fluorescence Polarization against PSMA 

and GCPIII  

 

Figure S33. Fluorescence Polarization curves against PSMA (left) and GCPIII (right) for compound 2 

(A, KD,PSMA = 1.4 ° 0.7 mM; KD,GCPIII = ND), compound 6 (B, KD,PSMA = 47 ° 1.2 nM; KD,GCPIII = ND) 

and compound 12 (C, KD,PSMA = 0.9 ° 1.2 nM; KD,GCPIII = 1.9 ° 0.4 nM). 
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3.2 Synthesis and characterization of ASM-DELs 

 

3.2.1 Preparation of affinity and selectivity maturation DNA-Encoded 

Chemical Libraries (ASM-DELs) 

ASM-DELs were synthesized as free amino-terminal DNA conjugate pools, and subsequently 

derivatized in parallel by amide bond formation with HIT1, HIT2, and HIT3 to obtain the final 

ASM-DEL: MB1-HITx, MB2-HITx, MB3-HITx, LL1-HITx. LL2-HITx, PRA-HITx 

(Manuscript , Figure 1). Schematic representation of ASM DELs synthesis is reported below. 

 

Figure S34. (A) General representation of ASM-DEL synthesis, via coupling HIT1, HIT2, Methylate 

HIT3 to the six library pools. i) Amide coupling of the HITs with the amino terminal group of the library 

pools; ii) EtOH precipitation; iii) only for MB library pools: hydrolysis of ethyl ester group of MB 
scaffold and EtOH precipitation; iv) Hydrolysis of methyl ester groups of Me-HIT3 and ethyl ester 

group of MB scaffold for MB pools, followed by EtOH purification; v) only for derivatized pool 1 
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libraries (LL1, MB1): elongation via splint ligation with a dummy Code B and EtOH precipitation; vi) 

Final HPLC purification. (B) Molecular structures of the final HIT1, HIT2, HIT3. 

 

 

HIT 1, HIT 2, Me-HIT 3 were all synthesized as free carboxylic acids as shown in Figure S34. 

The three HITs were coupled to the free amino-terminal DNA conjugate pools using three 

different amide coupling protocols, specific to each HIT. The coupling procedures are reported 

below. The free amino DNA pools used for the construction of ASM DELs were the following: 

MB pool 1 (5 nmol), MB pool 2 (2 nmol), MB pool 3 (1 nmol), LL pool 1 (5 nmol), LL pool 

2 (5 nmol) and PRA DEL (0.5 nmol). The amount of water and buffer used to dissolve the 

DNA was calculated to have a DNA concentration between 0.2 and 0.5 mM. The amount of 

DMSO added was calculated to have a final ratio DMSO:water 1.5:1.  

 

Coupling of HIT 1. HIT1 was coupled to the free amino groups of the library pools using EDC 

and s-NHS as coupling reagents. HIT1 (200 mM in DMSO, 50 eq.) was diluted in DMSO and 

EDC (100 mM in DMSO, 48 eq.) and s-NHS (333 mM in DMSO:water 2:1, 133 eq.) were 

added. After 30 min at rt, the pre-activated acid was added to a solution of each free amino 

DEL in MOPS buffer (100 mM MOPS, 1 M NaCl, pH 8). The reactions were carried out at 

37°C overnight and subsequently a second addition of the HIT1 (200 mM in DMSO, 50 eq.) 

pre-activated with EDC and s-NHS was performed. The reactions proceeded for further 4 h 

and then were stopped by adding 10% v/v of 5 M NaCl and 3 volumes of cold EtOH. The DNA 

was EtOH precipitated at -20°C overnight then centrifuged for 1h at 4ÁC, at 14ô000 rpm, the 

supernatant was discarded, and the pellet was dried under reduced pressure using a 

SpeedVacuum. 
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Coupling of HIT 2 and Me-HIT 3. The two HITs were coupled to the free amino groups of the 

library pools using EDC and s-NHS as coupling reagents. HITs (200 mM in DMSO, 85 eq.) 

were diluted in DMSO and EDC (100 mM in DMSO, 84 eq.) and s-NHS (100 mM in 

DMSO:water 2:1, 40 eq.) were added. The acids were activated for 30 min at rt and then added 

to the DNA pools, pre-dissolved in a 1:1 water:TEA HCl (100 mM TEA HCl, pH 10) solution. 

The reactions were stirred overnight at rt and then the DNA was EtOH precipitated as 

previously described, centrifuged for 1h at 4ÁC, at 14ô000 rpm, the supernatant was discarded, 

and the pellet was dried under reduced pressure using a SpeedVacuum. After coupling, all Me-

HIT3-bearing libraries and MB1-HIT1, MB1-HIT2, MB2-HIT1, MB2-HIT2 libraries went 

through methyl and ethyl esters hydrolysis to obtain the free carboxylic groups. 

 

Me-HIT 3-bearing ASM DELs - Methyl esters hydrolysis. A 200 mM aqueous solution of 

LiOH (1000 eq.) was added to the DNA pellet (1 eq.), previously dissolved in water 

(LiOHaq.sol.:water 1:1) and the reaction was carried out for 1 h at rt. The DNA was precipitated 

with 10% v/v of Acetate Buffer (3M Acetate, pH 5) and 3 volumes of cold EtOH and was kept 

at -20°C overnight. The pellets were centrifuged for 1h at 4ÁC, at 14ô000 rpm, the supernatant 

was discarded, and the DNA was dried under reduced pressure using a SpeedVacuum. 

 

MB pool 1 and pool 2 ASM-DELs - Ethyl ester hydrolysis. MB1-HIT1, MB1-HIT2, MB2-

HIT1, MB2-HIT2 (5 nmol) were dissolved in water (50 ɛL each) and TEA (5 ɛL each) was 

added. After 1h at rt, the DNA pellets were precipitated with 10% v/v of 5 M NaCl and 3 

volumes of cold EtOH and were kept at -20°C overnight. The pellets were centrifuged for 1h 

at 4ÁC, at 14ô000 rpm and dried under reduced pressure. 

The ASM-DEL were purified by RP-HPLC to remove the excess of small molecule and 

coupling by-products and analysed by LCMS (From Figure S35B to Figure S52). 
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Elongation of Pool 1 libraries and final purification 

MB1 and LL1 derivatized with the HITs were elongated with a dummy code in order to allow 

the screening and sequencing processes. Six different code B were used in order to differentiate 

the combination DEL-HITx To the dry DNA pools (5 nmol, 1 eq.), 140 ɛL of code B (0.05 

mM, 7 nmol, 1.5 eq., 5ô- GGATCGACGXXXXXXXGCGTCAGGCAGC-3ô), 25 ɛL of 

Adaptor1 (0.4 mM, 10 nmol, 2 eq., 5ô- CGTCGATCCGGCGCCATGG-3ô), 240 ɛL of water 

and 45 ɛL of 10x T4 DNA Ligase Reaction Buffer (1x final, 500 mM Tris-HCl, 100 mM 

MgCl2, 100 mM dithiothreitol, 10 mM ATP, pH 7.5 New England Biolabs, #B0202S) were 

added. The reactions were heated for 5 min at 70°C and cooled down to rt. Afterwards, 6 ɛL 

of T4 DNA ligase (New England Biolabs, #M0202L, 400ô000 units/mL, 2ô500 units per 

reaction) were added. The ligations were kept for 2 h at room temperature and quenched by 

heating at 65°C for 10 min. The reactions were analyzed by LC-MS and EtOH precipitated. 

The DNA pellets were re-dissolved in 0.1 M TEAA, and the pools were purified by RP-HPLC 

(Figure S35A, S36A, S37A, S41A, S42A, S43A) at 70 °C to remove the adaptor and excess 

of code B.  

All the derivatized pools were purified by RP-HPLC. Fractions of final pools were confirmed 

via Agarose gel electrophoresis, combined and analysed by LC-MS (from Figure S35B to 

Figure S52). Additionally, the final generated ASM-DELs were analysed via 15% TBE- Urea 

gel (Figure S53). 
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RP-HPLC and LC-MS analysis of ASM DELs 

 

Figure S35. Analysis of LL pool 1 after coupling with the HIT 1 and encoding with dummy Code B. 

A. RP-HPLC chromatogram of LL1 HIT 1 registered at 260 nm. B. LC chromatogram of LL1 HIT 1 

after purification recorded at 260 nm. C. Non-deconvoluted mass spectra of LL1 HIT 1. 



 51 

 

Figure S36. Analysis of LL pool 1 after coupling with the HIT 2 and encoding with dummy Code B. 

A. RP-HPLC chromatogram of LL1 HIT 2 registered at 260 nm. B. LC chromatogram of LL1 HIT 2 

after purification recorded at 260 nm. C. Non-deconvoluted mass spectra of LL1 HIT 2. 
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Figure S37. Analysis of LL pool 1 after coupling with the HIT 3, methyl ester hydrolysis and encoding 

with dummy Code B. A. RP-HPLC chromatogram of LL1 HIT 3 registered at 260 nm. B. LC 

chromatogram of LL1 HIT 3 after purification recorded at 260 nm. C. Non-deconvoluted mass spectra 

of LL1 HIT 3. 
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Figure S38. Analysis of LL pool 2 after coupling with the HIT 1. A. RP-HPLC chromatogram of LL 2 

HIT 1 registered at 260 nm. B. LC chromatogram of LL 2 HIT 1 after purification recorded at 260 nm. 

C. Non-deconvoluted mass spectra of LL 2 HIT 1. 
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Figure S39. Analysis of LL pool 2 after coupling with the HIT 2. A. RP-HPLC chromatogram of LL 2 

HIT 2 registered at 260 nm. B. LC chromatogram of LL 2 HIT 2 after purification recorded at 260 nm. 

C. Non-deconvoluted mass spectra of LL 2 HIT 2. 
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Figure S40. Analysis of LL pool 2 after coupling with the HIT 3 and methyl ester hydrolysis. A. RP-

HPLC chromatogram of LL 2 HIT 3 registered at 260 nm. B. LC chromatogram of LL 2 HIT 3 after 

purification recorded at 260 nm. C. Non-deconvoluted mass spectra of LL 2 HIT 3. 
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Figure S41. Analysis of MB pool 1 after coupling with the HIT 1, ethyl ester hydrolysis and encoding 
with dummy Code B. A. RP-HPLC chromatogram of MB1 HIT 1 registered at 260 nm. B. LC 

chromatogram of MB1 HIT 1 after purification recorded at 260 nm. C. Non-deconvoluted mass spectra 

of MB1 HIT 1. 
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Figure S42. Analysis of MB pool 1 after coupling with the HIT 2, ethyl ester hydrolysis and encoding 
with dummy Code B. A. RP-HPLC chromatogram of MB1 HIT 2 registered at 260 nm. B. LC 

chromatogram of MB1 HIT 2 after purification recorded at 260 nm. C. Non-deconvoluted mass spectra 

of MB1 HIT 2. 
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Figure S43. Analysis of MB pool 1 after coupling with the HIT 3, ethyl and methyl ester hydrolysis 

and encoding with dummy Code B. A. RP-HPLC chromatogram of MB1 HIT 3 registered at 260 nm. 

B. LC chromatogram of MB1 HIT 3 after purification recorded at 260 nm. C. Non-deconvoluted mass 

spectra of MB1 HIT 3. 
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Figure S44. Analysis of MB pool 2 after coupling with the HIT 1 and ethyl ester hydrolysis. A. RP-

HPLC chromatogram of MB2 HIT 1 registered at 260 nm. B. LC chromatogram of MB2 HIT 1 after 

purification recorded at 260 nm. C. Non-deconvoluted mass spectra of MB2 HIT 1. 
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Figure S45. Analysis of MB pool 2 after coupling with the HIT 2 and ethyl ester hydrolysis. A. RP-

HPLC chromatogram of MB2 HIT 2 registered at 260 nm. B. LC chromatogram of MB2 HIT 2 after 

purification recorded at 260 nm. C. Non-deconvoluted mass spectra of MB2 HIT 2. 
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Figure S46. Analysis of MB pool 2 after coupling with the HIT 3 followed by methyl and ethyl ester 
hydrolysis. A. RP-HPLC chromatogram of MB2 HIT 3 registered at 260 nm. B. LC chromatogram of 

MB2 HIT 3 after purification recorded at 260 nm. C. Non-deconvoluted mass spectra of MB2 HIT 3. 
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Figure S47. Analysis of MB pool 3 after coupling with the HIT 1. A. RP-HPLC chromatogram of MB3 

HIT 1 registered at 260 nm. (Due to the low amount of library available, the UV signal resulted relatively 
low). B. LC chromatogram of MB3 HIT 1 after purification recorded at 260 nm. C. Non-deconvoluted 

mass spectra of MB3 HIT 1. 
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Figure S48. Analysis of MB pool 3 after coupling with the HIT 2. A. RP-HPLC chromatogram of MB3 

HIT 2 registered at 260 nm. (Due to the low amount of library available, the UV signal resulted relatively 

low). B. LC chromatogram of MB3 HIT 2 after purification recorded at 260 nm. C. Non-deconvoluted 

mass spectra of MB3 HIT 2. 

 


































































































































































































































































