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Encoding and Decoding Molecular Library
A Recent Example
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Library for Screening Bioactive Compounds
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Molecular library and its screening system are important for efficient discovery of useful 

bioactive compounds as drug/agrochemical candidates

molecular library

screening

lead compound

lead optimization

advanced

compounds

physical

(compound collection

/synthetic

/genetically encoded) 

virtual

...



Library Strategy for Affinity Selection
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1) Mata, J. M.; van der Nol, E.; Pomplun, S. J. J. Am. Chem. Soc. 2023, doi: 10.1021/jacs.3c04899. 2) For the 

previous literature seminar for phage display, see: 180616_LS_Koichi_Kamiya_Library_Strategy_for_Cyclic_

Peptides 3) For the previous literature seminar for DEL, see: 171125_LS_Yuri_Takada_DNA-encoded_library

4) For SpeedScreen, see: Muckenschnabel, I.; Falchetto, R.; Mayr, L.; Filipuzzi, I. Anal. Biochem. 2004, 324, 241. 

5) For ALIS, see: Annis, D. A.; Athanasopoulos, J.; Curran, P. J.; Felsch, J. S.; Kalghatgi, K.; Lee, W. H.; Nash, H. 

M.; Orminati, J. P. A.; Rosner, K. E.; Shipps, G. W.; Thaddupathy, G. R. A.; Tyler, A. N.; Vilenchik, L.; Wagner, C. 

R.; Wintner, E. A. Int. J. Mass Spectrom. 2004, 238, 77.

“self-encoded” library

current applications are limited to synthetic peptides/peptidomimetics,4,5) 108

decoding by MSn

high-throughput screening by functional assays

affinity selection1)

phage display library2)

peptides comprising proteinogenic amino acids, 106–1011

decoding by DNA sequencing

DNA-encoded library (DEL)3)

synthetic small molecules, 105–109

decoding by DNA sequencing

mRNA display library 

peptides/cyclic peptides proteinogenic (and nonproteinogenic) amino acids, 1012–1013

decoding by DNA sequencing

protein of interest

decoding structure of 

binder+

library



DNA-Encoded Library

41) Fitzgerald, P. R.; Paegel, B. M. Chem. Rev. 2021, 121, 7155.

DNA-encoded library (DEL) is widely used for screening synthetic small molecules

◼ encoded synthesis by enzymatic ligation and building block coupling

◼ split-and-mix diversification/affinity selection/PCR amplification and structure decoding by DNA 

sequencing

Head piece



51) Malone, M. L.; Paegel, B. M. ACS Comb. Sci. 2016, 18, 182. 

(DNA head piece)

◼ magnetic sensor bead

◼ synthesis resin or modified oligonucleotides

What is the “DNA-Compatible” Reaction?

21 conditions1)

R1

R2HN R2HNR3O
synthesis resin or

modified

oligonucleotides

Yield of each reaction and amplifiable DNA were separately evaluated



Difference in Yield and DNA Remaining
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◼ selected example of solid-phase reaction1)

1) Malone, M. L.; Paegel, B. M. ACS Comb. Sci. 2016, 18, 182. 2) For PNA-encoded library, see: Zambaldo, C.; 

Barluenga, S.; Winssinger, N. Curr. Opin. Chem. Biol. 2015, 26, 8.

R1

R2HN R2HNR3O

yield = >95%

% amplifiable DNA remaining = 15%

yield = >95%

% amplifiable DNA remaining = 30%

◼ selected example of solution-phase reaction1)

Robust tagging system is important for high-fidelity decoding of the library



Prof. Bradley L. Pentelute

7

Professor, Department of Chemistry, MIT 

Associate Professor, Department of Chemistry, MIT

Assistant Professor, Department of Chemistry, MIT

Postdoctoral Fellow, Department of Microbiology 

and Molecular Genetics, Harvard Medical School, 

(Prof. R. John Collier) 

Senior Scientist, Ethos Pharmaceuticals 

Graduate Student, Department of Chemistry 

University of Chicago (Prof. Stephen B. H. Kent)

B.S. in Chemistry and B.A. in Psychology from 

University of Southern California

2021–present 

2016–2021

2011–2016 

2008–2011  

1/2008–9/2008 

2004–2008 

2003

Research focus:

Development of chemistry for protein modification to enhance the therapeutic properties

◼ Arylation of unprotected peptides and proteins1)

◼ Automated flow biopolymer synthesis

◼ Intracellular delivery of biomolecules

◼ Peptidomimetic binders to proteins

1) For the previous literature seminar for π-clamp, see: 

160604_LS_Kotaro_Tokumoto_protein_bioconjugation_using_pi-clamp



Peptide-Encoded Library
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Structures are encoded by solid-phase peptide synthesis and decoded by MS 1)

1) Rössler, S. L.; Grob, N. M.; Buchwald, S. L.; Pentelute, B. L. Science 2023, 379, 939.



Peptide-Encoded Library
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anchor to a solid support

constructed library (variable structure)

peptide tag

(readout by MS1 and MS2)

cleavable linker for releasing tag

linker

1) Rössler, S. L.; Grob, N. M.; Buchwald, S. L.; Pentelute, B. L. Science 2023, 379, 939.

building

block 1

building

block 2

building

block 3

Structures are encoded by solid-phase peptide synthesis and decoded by MS 1)



Peptide Tag for Decoding
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R1, R3: apolar/polar (non-charged) spacer monomer

for enhancing sequencing confidence and solubility

R2, R4: basic group for increasing sequencing 

confidence and polarity tuning

library

[C-C (0) or C-N (1)]

linkerbuilding

block 1
building

block 2
building

block 3

R5: coding region for each building block



Amino Acids for Encoding
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8 residues are coding region (8-digit memory cell)

16 amino acids are used for coding

theoretically maximal memory: 168 = 232 = 4 GiB

c.f. DNA (quaternary: ATGC): 48 = 216 = 64 KiB

Ala (A)

71.0371

Abu (a)

85.0528

Ser (S)

87.0320

Pro (P)

97.0528

Val (V)

99.0684

Thr (T)

101.0477

Cpa (b)

111.0684

Hyp (c)

113.0477

Leu (L)

113.0841

Mox (d)

115.0633

Cba (e)

125.0841

Aoa (f)

141.1154

Phe (F)

147.0684

Cha (g)

153.1154

Tyr (Y)

163.0633

Dmf (h)

207.0895

16 amino acid components for encoding

16 amino acids were adopted for encoding



Optimization of Four Residues

12

e.g. local confidence score in PEAKS 

investigation using three basic amino acids (K, R, H) and two Val

optimal position: X1 and X3 = K, X2 and X4 = V (based on ALC and the number of found sequences)

investigation using two of A, V, L, T and two Lys

◼ Optimization of residues X1–X4 for high-fidelity sequencing

average local confidence (ALC): 91%

KKxx

xKxK

KxxK

KxKx

xKKx

xxKK

x = A, V, L, or T

apolar (A, V) polar (S, T)



Releasing Tag by Oxidative Cleavage
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1) Pomplun, S.; Shugrue, C. R.; Schmitt, A. M.; Schissel, C. K.; Farquhar, C. E.; Pentelute, B. L. Angew. Chem. Int. 

Ed. 2020, 59, 11566. 2) Methylene amine moiety of Seramox is recognized as a non-hydrolyzable bioisostere of 

amide bond. See also: Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147.

sequencing by MS2

A

B

C

A

A

C

C

B

0 min

60 min

5 min

0 min

Seramox linker realized rapid and selective cleavage

Seramox (Smx)1,2)



MS-Based Decoding
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1) Vinogradov, A. A.; Gates, Z. P.; Zhang, C.; Quartararo, A. J.; Halloran, K. H.; Pentelute, B. L. ACS Comb. Sci.

2017, 19, 694. 2) Ma, B.; Zhang, K.; Hendrie, C.; Liang, C.; Li, M.; Doherty-Kirby, A.; Lajoie, G. Rapid Commun. 

Mass Spectrom. 2003, 17, 2337.

The structure of each library component could be decoded by MS-based sequencing at two-digit fmol scale 

nLC-MS/MS: EASY-nLC 1200 + Orbitrap Fusion Eclipse Tribrid (ETD, EThcD)

de novo sequencing: PEAKS 8.51,2)

detection limit: ~10 fmol/member

◼ decoding



Sequencing Bias Analysis
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Sequencing bias was negligible

◼ analysis of peptides corresponding to the encoding tags of the 39k- and 41k-membered C–C-

and C–N-based peptide-encoded library (p.37–40)

building

block 1

building

block 2

building

block 3



Stability of Peptide Tags
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conditions peptide DNA

5% Pd(OAc)2 in THF >95% <1%

5% CF3CO2H in H2O >95% 22%

5% H2O2 in H2O >95% >95%

0.1 M NaOH in H2O >95% 22%

5% PhI(OAc)2 in MeCN >95% 74%

5% [Cu(MeCN)4]PF6 in MeCN >95% 88%

1% Grubbs G2 in CH2Cl2 >95% 23%

20% piperidine in DMF >95% 17%

5% Et3N in DMF >95% 23%

1 M NaOt-Bu in THF <1% 16%

UV (254 nm, 4 h) in H2O >95% 83%

Compared to DNA tags, wider range of reaction conditions and solvents are acceptable to peptide tags
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Synthesis of PEL (1)
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Synthesis of PEL (2)

The peptide and small molecule were sequentially 

functionalized using orthogonal protecting

groups (Fmoc, Tr and Alloc)
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Evaluation of Coupling Efficiency

In the synthesis rehearsal, high purities of the compounds were confirmed by HPLC analysis

amide coupling conditions

RCO2H (10 eq)

HATU (9 eq), i-Pr2NEt (30 eq)

DMF, 1 h, rt, 2 cycles

C-N coupling conditions

Ar-NH2 (3 eq)

[(AlPhos)Pd]2(cod) (0.6 eq)

DBU (5 eq), 2-MeTHF, 50 °C, N2, 2 h

C-C coupling conditions

Ar-B(OH)2 (5 eq)

G4 Pd XPhos (1.2 eq), XPhos (1.2 eq)

K3PO4 (5 eq), THF/H2O, rt, 24 h



Efficiency of Amide Coupling
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LC-MS spectra were automatically 

integrated to afford peak area percent 

as purity (For full list of RCO2H, see p.28 

and 29 in Appendix)

1. RCO2H (10 eq)

HATU (9 eq), i-Pr2NEt (30 eq)

DMF, 1 h, rt, 2 cycles

2. CF3CO2H/HS(CH2)2SH/H2O/i-Pr3SiH

(94/2.5/2.5/1)



Efficiency of C-N Cross Coupling
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s
u
b
s
tr

a
te

LC-MS spectra were automatically 

integrated to afford peak area percent 

as purity (For full list of Ar-NH2 and Ar-

Br, see p.30–33 in Appendix)

1. Ar-NH2 (3 eq)

[(AlPhos)Pd]2(cod) (0.6 eq)

DBU (5 eq), 2-MeTHF, 50 °C, N2, 2 h

2. CF3CO2H/HS(CH2)2SH/H2O/i-Pr3SiH

(94/2.5/2.5/1)

Ad = adamantyl

1. (3 eq)

[(AlPhos)Pd]2(cod) (0.6 eq)

DBU (5 eq), 2-MeTHF, 50 °C, N2, 2 h

2. CF3CO2H/HS(CH2)2SH/H2O/i-Pr3SiH

(94/2.5/2.5/1)



Efficiency of C-C Cross Coupling
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s
u

b
s
tr

a
te

1. Ar-B(OH)2 (5 eq)

G4 Pd XPhos (1.2 eq), XPhos (1.2 eq)

K3PO4 (5 eq), THF/H2O, rt, 24 h

2. CF3CO2H/HS(CH2)2SH/H2O/i-Pr3SiH

(94/2.5/2.5/1)

1. (5 eq)

G4 Pd XPhos (1.2 eq), XPhos (1.2 eq)

K3PO4 (5 eq), THF/H2O, rt, 24 h

2. CF3CO2H/HS(CH2)2SH/H2O/i-Pr3SiH

(94/2.5/2.5/1)

LC-MS spectra were automatically 

integrated to afford peak area percent 

as purity (For full list of Ar-B(OH)2 and 

Ar-Br, see p.34–36 in Appendix)
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Proof of Concept: Selection of CA IX Binders
1. affinity selection (on automated Kingfisher Duo Prime Purification system)

+

biotinylated carbonic 

anhydrase (CA) IX

with streptavidin-coated 

magnetic beads

1. mixing

2. wash cleavage

peptide tag

Considering drug likeness, molecular 

weight > 650 Da or clogP > 5.0 were 

excluded from nomination

(BLI)

c.f. Lipinski’s rule of five

MW ≤ 500, LogP ≤ 5, HBA ≤ 10, HBD ≤ 5

For library members, see p.37–40
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Hit Molecules from Library

sulfonamide moiety: binding motif for Zn2+ center of carbonic anhydrase for conjugating compound to 

streptavidin probes of 

biolayer interferometry (BLI)c.f. acetazolamide 
(inhibitor of CA IX)

◼ Hit molecules were found to exhibit affinities to CA IX in the 108–109 M range 

(All the compounds possessed sulfonamide moiety as expected)

◼ Encoding peptides were separately synthesized and confirmed to have no contribution to the binding

N6037 (see page 24), KD = 3.0 nM

O2836 (see page 24), KD = 8.8 nM

◼ C-N based library

◼ C-C based library



De novo Discovery of Binders for BRD4(1)
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It was demonstrated that affinity selection realized de novo discovery of small molecules with 

approx. 1-digit micromolar affinity for proteins involved with oncogenic pathways

◼ bromodomain 1 of BRD4 [BRD4(1)]

(+)-JQ-1(BRD4 inhibitor)

KD = 0.52 μM (BLI)

◼ fluorescence polarization assay



De novo Discovery of Binders for MDM2
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◼ fluorescence polarization assay

◼ MDM2

It was demonstrated that affinity selection realized de novo discovery of small molecules with 

approx. 1-digit micromolar affinity for proteins involved with oncogenic pathways
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Summary and Outlook

◼ detection limit/library size

(peptide tags cannot be amplified)

◼ orthogonality of the reactions

Fmoc, Tr, and Alloc groups are utilized for peptide tags

◼ robustness of tags

high chemical stability, low sequencing bias, defined charge states

◼ reaction efficiency of both tags and small molecules

(a large excess amount of reagent is acceptable, filtration as a simple workup

/purification procedure owing to the solid-phase system)

◼ range of application

The peptide tag is applicable to DNA binding proteins

Improvement of mass spectrometric instrumentation and methods is a key factor 

for further development

(which could also expand the possibility of “self-encoded” library)
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Carboxylic Acids (1)Appendix
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Carboxylic Acids (2)Appendix
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Ar-NH2 for C-N Cross Coupling (1)Appendix
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Ar-NH2 for C-N Cross Coupling (2)Appendix
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Ar-NH2 for C-N Cross Coupling (3)Appendix
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Ar-Br for C-N Cross CouplingAppendix
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Ar-B(OH)2 for C-C Cross Coupling (1)Appendix
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Ar-B(OH)2 for C-C Cross Coupling (2)Appendix
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Ar-Br for C-C Cross CouplingAppendix
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Components for C-N Based Library (1)Appendix
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Components for C-N Based Library (2)Appendix
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Components for C-C Based Library (1)Appendix
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Components for C-C Based Library (2)Appendix


