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Abstract  

Genetically-encoded macrocyclic peptide libraries with unnatural pharmacophores are valuable source 

for discovery of ligands for many targets of interest. Traditionally, generation of such libraries employs 

“early stage” incorporation of unnatural building blocks into the chemically or translationally-produced 

macrocycles. Here, we describe a divergent late-stage approach to such libraries starting from readily 

available starting material: genetically-encoded libraries of peptides. A diketone linchpin 1,5-

dichloropentane-2,4-dione converts peptide libraries displayed on phage to 1,3-diketone bearing 

macrocyclic peptides (DKMP): shelf-stable precursors for Knorr pyrazole synthesis. Ligation of diverse 

hydrazine derivatives onto DKMP libraries displayed on phage that carries silent DNA-barcodes yields 

macrocycle libraries in which the amino acids sequence and the pharmacophore are encoded by DNA. 

Selection of this library against carbonic anhydrase enriched macrocycles with benzenesulfonamide 

pharmacophore and nanomolar Kd. The methodology described in this manuscript can graft diverse 

pharmacophores into many existing genetically encoded phage libraries and significantly increase the 

value of such libraries in molecular discoveries. 
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Introduction  

Late-stage functionalization of unprotected peptides composed of natural amino acids in aqueous 

media provides a powerful approach to modify readily available million-to-billion scale genetically 

encoded peptide libraries, displayed on phage, mRNA or DNA.1-5 Such functionalization expands 

existing genetically encoded chemical space to incorporate unnatural pharmacophores not present in the 

original peptide libraries, allowing the discovery of value-added molecules with properties not offered 

by peptides alone.6-9 Numerous reports demonstrated the power of discovery of potent ligands from 

phage- and mRNA-displayed libraries in which unnatural pharmacophores were grafted onto the peptides 

in million-to-trillion-scale genetically-encoded library10-12. Genetically encoded fragment-based 

discovery (GE-FBD)10 from such libraries is conceptually similar to canonical fragment-based design 

(FBD), which is a powerful method for the development of ligands, drug leads and three FDA-approved 

drugs to date.13-19 Methods for production of GE-macrocyclic libraries with unnatural pharmacophores 

are bottom-up organic synthesis of DNA-encoded libraries (DEL),20,21 in vitro translation of mRNA-

displayed macrocycles using modified protein translation systems11,12,22, and engineering of biochemical 

pathways that produce ribosomally-made and postranslationally-modified peptides23. Among these 

approaches late-stage chemical modification of existing GE-peptide libraries offers potentially the 

simplest path to generating chemical diversity. It combines a robust expression of million-to-billion scale 

peptides libraries made of 20 natural amino acids with a simple diversification of peptides by site-specific 

chemical conjugation. This report advances both the late stage functionalization of GE-libraries and GE-

FBD approaches by introducing three important concepts: (i) ligation of unnatural fragments onto pre-

formed GE-macrocyclic libraries; (ii) production of shelf-stable GE-macrocyclic libraries with a handle 

for biorthogonal reaction that forms an irreversible covalent bond, (iii) encoding and decoding of ligated 

unnatural fragments by DNA sequencing.  

There exist several examples of late-stage functionalization of GE-peptide libraries to yield 

macrocycles with unnatural chemotypes. Oximes derived from dichloroacetone (DCA) linchpin24 
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convert linear peptide libraries displayed on phage to a library of macrocycles and simultaneously 

introduces a diverse range of glycans25 or reactive covalent warheads26 into peptide macrocycles. 

Alkylation with other bi- and tri-dentate electrophile linchpins were employed to introduce non-covalent 

and covalent warheads into T727 and M13-displayed28 phage libraries. These approaches use 

macrocyclization as a divergent step and require optimization of non-trivial ring closing reactions for 

every linchpin structure. More robust approaches graft the desired unnatural fragments onto the 

preformed macrocycles21. For example, Suga and co-workers converted free cysteines in mRNA 

displayed peptide macrocycles to dehydroalanines (DhA)29,  followed by Michael addition of 

thioglycosides to DhA30. Ketone functionality in DCA-modified phage-displayed libraries can be used 

to introduce glycans and other pharmacophores via oxime ligation24. Minor limitations of these 

approaches are the reversibility of formed bonds, slow reactivity of ketone and reactivity of DhA 

functionality to biological nucleophiles. To overcome these limitations, we describe synthesis and late-

stage diversification of GE macrocyclic libraries with a 1,3-diketone reactive handle. We demonstrate 

that this approach offers advantages not present in prior reports such, as stability to storage, superior 

reactivity and formation of irreversible bond. 

Aliphatic 1,3-diketones are bona fide bio-orthogonal moieties with long term stability in vivo. The 

evidence for the stability of 1,3-diketones in vivo comes from work of Barbas and Lerner who immunized 

mice with 1,3-diketone haptens and isolated antibody reactive to 1,3-diketones31,32. They demonstrated 

that 1,3-diketones injected into blood circulation reacted with the circulating anti-1,3-diketone antibody 

selectively32 and only a rare unique peptide sequences33 had any detectable reactivity with this group. 

Kate Carrol and co-workers discovered that 1,3-diketones react with biomolecules that contain sulfenic 

acid—a transient species formed from endogenous cysteines due to oxidative stress34-36. Sulfenic acid 

rapidly attacked nucleophilic carbon in derivatives of dimedone—1,3 diketone in a six-membered ring—

but this reaction was significantly slower with open chain aliphatic 1,3-diketones36. Unlike ketones that 

form reversible adducts with hydrazine-derivatives, 1,3-diketones undergo an irreversible 
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cyclocondensation with hydrazines to generate 1,2-diazoles (pyrazoles). Based on these observations, we 

rationalized the that Knorr pyrazole reaction37 can be employed as bio-orthogonal late-stage 

functionalization of GE-libraries in aqueous, mild, biocompatible conditions.  

 

Results 

Our design started from aqueous modification of genetically encoded peptide libraries displayed on 

phage with 1,5-dichloropentane-2,4-dione (DPD) to yield 1,3-diketone modified macrocyclic peptides 

(DKMP) (Fig. 1a). We employed previously reported synthesis of DPD38 and confirmed its structure by 

X-ray crystallography (Supplementary Fig. S1). In model studies, DPD converted synthetic peptides of 

structure, XnCXmC to DKMP’s within 30 minutes in pH 8.5 aqueous bicarbonate buffer (Fig. 1a-c). We 

demonstrated that these DKMP’s are ideally poised for late-stage functionalization using diverse alkyl 

and aryl hydrazine functionalities as precursors. Reaction in aqueous ammonium acetate buffer (pH 5.0) 

irreversibly grafted these functionalities onto the macrocycle via a hydrolytically stable endocyclic 1,2-

diazole (Fig. 1a, e). Incubation of diazole peptide product and hydrazine in ammonium acetate buffer for 

7 days produced no detectable cross-over product confirming the irreversibility of the formed bond 

(Supplementary Fig. S2). Substituted phenyl hydrazines formed N-aryl 1,2-diazole macrocyclic peptides 

with rate constants ranging from 0.01 to 1.27 M-1s-1 (Fig. 1 d, f). Reaction between DKMP and diverse 

N-alkyl hydrazines occurred with  k=1-2 M-1s-1 in the same conditions (Fig. 1g). Hammet series plot for 

substituted phenyl hydrazines gave a 𝞀 = -0.44 value, indicating a significant buildup of positive charge 

in the transition state of the rate determining step (Fig. 1c). Reaction between DKMP and the most 

electron poor perflourophenyl hydrazine was completed after overnight incubation whereas other 

reactions were completed in <1 hour incubation (Fig. 1e, Supplementary Fig. S3-S13 and Table S1). We 

employed these reactions to demonstrate grafting of fluorophores, imaging chelators, n-alkyls, and poly-

ethylene glycol moieties onto macrocycles (Fig. 1h-k). 
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Figure 1. Model reactions on peptides. (a) Conversion of unprotected linear peptides to macrocycles 

with a diketone linchpin using dichloropentadione (DPD) at pH 8.5 and further functionalization of 

macrocycles using hydrazines at pH 5.0 (b) Liquid chromatography (LC) traces at 214 nm for the reaction 

between unprotected peptide 1a and DPD. The reaction is complete at 30 minutes, prolonged reaction 

leads to an emergence of a minor by-product indicated by *.  (c) Reactions between different peptides 

and DPD show similar reaction rates. (d) Ligation of aromatic hydrazines onto 1,3-diketone peptide 

displays positive Hammet correlation to the substituents on the phenyl ring indicating negative charge 

build up during the transition state. (e) LC traces for reaction between 1,3-diketone peptide and phenyl 

hydrazine (2 mM). The reaction is completed within 60 minutes. (f) Reaction rates for 1,3-diketone 

peptides with aryl hydrazines and yields for their HPLC purified products. (g) Reaction rates for 1,3-

diketone peptide and alkyl hydrazines. (h-k) Reaction rates for 1,3-diketone peptide and hydrazine groups 

displaying affinity handles, imaging chelators, long alkyl chains and oligoethyleneglycol units.  
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Grafting of long chain n-alkyl chains (“lipidation”) or poly-ethylene glycol moieties (“pegylation”) are 

known to enhance pharmacokinetic properties of peptides and diketone ligation can be used for 

prospective “lipidation” and “pegylation” of macrocyclic peptide libraries.  

When adapting the reaction conditions to phage-displayed peptide libraries, we employed well-

established biotin-capture coupled to plaque forming units (PFU) assay approach25,39-42 to measure the 

conversion, regioselectivity42 and kinetics40 of chemical modification of phage displayed libraries (Fig. 

2). Hydrazine is known to damage of DNA in bacteria, viruses/phages and even in isolated DNA43. 

Indeed, PFU assay confirmed that most hydrazine derivatives killed >99.999% of infective phage 

particles in less than 5 minutes (Supplementary Fig. S14). Importantly, we observed that addition of 

metal chelator such as EDTA rescued this toxicity43. For example, in the presence of 5 mM EDTA, 

incubation of phage with 20 mM phenyl hydrazine for several hours did not show significant decrease in 

the number of infective particles. Importantly, EDTA did not influence the rate of reaction between 

diketone and hydrazine (Supplementary Fig. S14) and modification of DKPM-librareis on phage was 

possible in the presence of EDTA (Fig. 2a-c). 

Specifically, we modified phage-displayed SXCX3C library of 130,000 heptamer peptides44 with 

1 mM DPD for 30 minutes (Fig. 2a-b) and then 5 mM biotin hydrazine probe + 5 mM EDTA for 1 hour 

and used biotin-capture assay to monitor the reaction efficiency (Fig. 2c). We measured PFU before 

capture the phage particles with streptavidin beads (PFUbefore) and after capture (PFUafter) and used the 

capture ratio CapR=(PFUbefore-PFUafter)/PFUbefore to estimate the kinetics of the emergence of biotinylated 

phage particles at various reaction times (Fig. 2d). As in previous reports, blue-white PFU assay in agar 

overlay supplemented with colorimetric substrate X-gal distinguished phage particles that displayed a 

library of peptides and transduced LacZa reporter (i.e., produced PFU of blue color) in the presence of 

wild type (wt) phage that displayed no Cys-containing peptides and transduced no reporter (i.e., produced 

PFU of white color).41 The biotin-capture assay showed reaction between hydrazine and a library of 1,3-

diketone macrocycles plateaued at ~70% modification yield after 30-60 min. Reaction was regioselective 
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because the control wild type phage present in the same solution was not biotinylated and not captured 

(Fig. 2d-e). The intermediate DKMP library was stable in storage, as evidenced from reproducible yield 

of biotinylation of DKMP library after 1 month of storage (Fig. 2f). Reactivity of DKMP handle was 

unchanged after 10 days of incubation in protein and metabolite rich media (yeast extract, Fig. 2f). 

 

Figure 2. Macrocylization of genetically-encoded phage libraries (a-b) M13-phage displayed disulfied 

library is reduced by TCEP to yield reactive thiols and then DPD to form 1,3-diketone bearing 

macrocyclic library. (c) The 1,3-diketone linchpin bearing macrocycles were further functionalized with 

hydrazines e.g. biotin hydrazine. A biotin capture experiment was used to measure the conversion of the 

1,3-diketone. (d) The rate of conversion of the M13 library bearing 1,3-diketone was calculated using  

capture of biotinylated phage clones. (e) >80% of the library contains the 1,3-diketone modification. (f) 

Reactivity of DKMP handle was unchanged after storage in a buffer or in a protein and metabolite rich 

media (yeast extract). 

        To allow screening of the mixture of libraries modified by different unnatural fragment, we 

expressed chemically-identical SXCX3C phage libraries, each containing a unique silent DNA barcode45 

and modified each library by a different pharmacophore (Fig 3, Fig. 4a). Silent-barcoded SB2SXCX3C-

DKPM library was modified by a biotin hydrazine forming biotinylated pyrazole-macrocycle library 
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(Fig. 4a) in a 75% yield (Supplementary Fig S15). SB3SXCX3C-DKPM library was modified by a n-

decyl-hydrazine giving rise to “lipidated” pyrazole-macrocycles, SB4SXCX3C-DKPM library was 

converted to a library of macrocycles with a sulfonamide warhead (Fig. 4a). Both reactions occurred in 

75-80% modification yield and to confirm this yield, we employed previously developed “pulse-chase” 

biotin capture (Fig. 3, Supplementary Fig. S15).  

 

Figure 3. Pulse-chase monitoring of reactions in DKMP libraries. (a) M13-phage displayed disulfide 

library is reacted with TCEP and then DPD to form DKMP library. (b) Reaction of DKMP library with 

biotin hydrazine for 1 hour detects that 80% of clones contain reactive 1,3-diketones groups. (c) Reaction 

of DKMP library with 4-hydrazine benzenesulfonamide (4HBS) for 1 hour (“pulse”) followed by biotin 

hydrazine for 1 hour (“chase”) allows detection of residual 1,3 diketone groups that were not consumed 

by 4HBS. (b) From 80% library with reactive 1,3 diketones, <5% were not consumed after 1 hour reaction 

with 4HBS and can be biotinylated; these results indicate that 75% of the library were modified by 4HBS. 

Note that wild type phage present in the same solution is not biotinylated in any of the experiments 

indicating that only the disulfide library is modified with diketones and/or hydrazine derivatives 

 

In short, reaction between DKPM library and biotin hydrazine confirmed that 80% of the clones in 

SB4SXCX3C-DKPM library contained 1,3-diketone group (Fig. 3a-b). Reaction between SB4SXCX3C-
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DKPM and 4-hydrazine benzenesulfonamide for an hour (“pulse”) followed by addition of biotin 

hydrazine (“chase”) produced <5% of the biotinylated clones (Fig 3c). This observation confirmed that 

in 75% of the library the 1,3 diketone groups has been converted to benzenesulfonamide-pyrazole. 

Analogous pulse-chase confirmed 80% lipidation of SB3SXCX3C-DKPM library (Supplementary Fig. 

S15).  

  Next we demonstrated the utility of late-stage modified libraries in discovery of macrocyclic ligands 

for protein receptors. We mixed the four libraries with DNA-encoded modifications (Fig. 4a) in a 1:1:1:1 

ratio to produce a library of 4x160,000=640,000 macrocycles in which the identity of both peptide 

sequence and the unnatural chemotype can be decoded by simple DNA sequencing. We performed 4-6 

parallel instances of one round of panning of this mixed library against bovine carbonic anhydrase (BCA) 

(Fig. 4b), streptavidin (Supplementary Fig S16) and bovine serum albumin (BSA) and analyzed each 

output by deep sequencing (Fig. 4c). The sub-library with the specific modification was enriched in a 

screen against a cognate target:  SB4SXCX3C-sulfonamide was enriched in panning against BCA and 

SB2SXCX3C-biotin was enriched in panning against streptavidin when compared to the input (Fig. 4c). 

Interestingly, we also observed a modest enrichment of SB4SXCX3C-sulfonamide and SB3SXCX3C-n-

decyl sub-libraries in panning on BSA-coated wells in line with known affinity of both chemotypes to 

albumin.  

To analyze the deep-sequencing data, we employed previously published46 Biocondutor EdgeR 

differential enrichment (DE) analysis47,48 with negative binomial model, Trimmed Mean of M-values 

(TMM) normalization49, and Benjamini–Hochberg (BH)50 correction to control the false discovery rate 

(FDR) at α = 0.05. DE analysis of the output from BCA panning identified the 55 families of 688 peptide 

sequences that were significantly (p<0.05) enriched in panning to BCA when compared to input and 

panning against BSA control (Supplementary Fig. S17; Supplementary file S1).  
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Fig. 4: Selection of ligands from functionalized macrocyclic libraries. a, Phage-displayed libraries of 

macrocycles with four distinct modifications and sequences of “silent barcodes” that encode these 

modifications. b, A mixture of modified libraries was incubated with immobilized protein, followed by 

washing steps and acid elution. Eluted phage was PCR-amplified. The amplicons were sequenced by 

Illumina. c, Abundance of silent barcodes in sequencing of libraries eluted from streptavidin, carbonic 

anhydrase, or BSA-coated wells showed an enrichment of specific barcodes that encode the fragments 

(a) that bind to the corresponding protein target. Three bars describe the results of sequencing of three 

independent panning experiment. d, Kd of binding to BCA for nine peptide macrocycles selected against 

BCA, determined with ITC. e, Structure of macrocyclic peptide displaying the lowest Kd value (40.8±4.9 

nM). Each macrocycle was synthesized as a 1:1 mixture of two regioisomers according to LC trace of 

LCMS. 
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To confirm that the sequences identified by DE-analysis are the binders for targets of interest, we 

synthesized nine out of 688 predicted sequences and modified peptides with DPD and sulfonamide 

hydrazines to form peptide macrocycles with grafted sulfonamides (Fig. 4d-e). Isothermal titration 

calorimetry (ITC) determined the binding constant Kd for the sulfonamide hydrazine to be >50 µM. Kd 

of sulfonamide macrocycles produced from a random SICQSYC sequence was >100 µM. From eight 

peptides predicted by DE analysis, six macrocycles exhibited 10-1000 fold enhancement in affinity (Fig. 

4d); two most potent macrocycles interacted with BCA with Kd = 40.8±4.9 nM (SFCDTYC) and 

41.1±26.1 nM (SICFDYC). These results confirm a that late-stage modified macrocycle libraries with 

multiple diverse unnatural fragments can be used for successful discovery of fragment-containing 

macrocycles with low-nanomolar potency.  

 

Discussion 

         Broad substrate scope of Knorr pyrazole synthesis makes it an attractive strategy for diversification 

of macrocycles with built in 1,3-diketones using a large range of commercially available alkyl and aryl-

hydrazine warheads. So far, we identified only two substrates with suboptimal reactivity: Reaction 

between 1,3-diketone-macrocycle and N-acyl hydrazines and benzenesulfonohydrazide in water was 

slow or incomplete. Even when formed, N-acyl 1,2-pyrazoles can be readily cleaved by thiols51 and other 

biological nucleophiles; such cleavage makes N-acyl 1,2-pyrazoles not suitable for stable grafting of 

functionalities onto peptides. Further substrate scope profiling may uncover further limitations; however, 

we foresee few problems in reactions that employ simple alkyl and aryl hydrazine fragments. 

A limitation of Knorr-pyrazole ligation is formation of two regioisomers of 1,2-diazole: we 

observed formation of 1:1 mixtures of two isomers in many LC-traces; interestingly, this ratio was 

skewed towards one isomer in reaction with perfluorophenyl hydrazine (Supplementary Fig. S10). The 

reason for this regioinduction is presently not clear. Formation of isomers is a trait of many contemporary 
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modifications of polypeptides: For example, reactions between Cys and maleimide yields mixtures of 

stereoisomers. However, this reaction is used in manufacturing of FDA-approved antibody-drug 

conjugates (ADC) such as KetrudaTM, TrodelvyTM, EnhertuTM, PolivyTM, AdcetrisTM, and PadcevTM. A 

ligation to dehydroalanine on polypeptides30,52,53 yields two diastereomers and has been successfully 

translated to manufacturing of ADCs29. Pictet-Spengler54 and Hydrazino‐iso‐Pictet‐Spengler (HIPS) that 

yield diastereomeric linkages are employed in manufacturing of TRPH-222 ADC, which is currently in 

a Phase 1 clinical trial. Many reagents for modification of protein via strain-promoted cycloadditions and 

inverse demand Diels-Alder reactions form isomeric linkages. Other bioorthogonal ligations of 

aldehydes55 to hydrazines, oximes41, 2-amino benzamidoximes40 and Wittig ylides42 form E and Z 

products. In mRNA- and phage-displayed libraries, reactions that yield a mixture of stereo7,30 or 

regioisomers7,56,57 have been employed as well. In such mixed-isomer libraries, activity can be attributed 

to one synthetic isomer post-discovery7,56,57. Formation of two regioisomers, thus, is not an impediment 

to a GE-discovery process: In this report, the macrocyclic peptides with phenyl sulfonamide fragments 

were discovered and synthesized post-discovery as mixtures of two regioisomers. It is likely that one 

isomer has higher activity than the other, but we did not attempt to measure the activity of separated 

isomers. 

Late stage modification of GE-macrocycles described in this report makes important advances to 

the pioneering report of GE-FBD by Roberts58 and Dwyer et al.59 Simplicity and robustness of chemical 

modification makes it simple to adapt it to many existing phage and mRNA-displayed cysteine-

containing phage libraries30,60. These libraries when modified with DPD should yield shelf-stable, 

divergent macrocyclic precursors to GE-macrocyclic libraries with unnatural fragments. It is possible to 

produce GE-macrocyclic libraries with unnatural fragment by direct translation via unnatural amino acid 

mutagenesis61-63, metabolic suppression64,65 and flexigyme technology11,22. However, the unique 

advantage of late stage chemical modifications is the ability to introduce large functionalities such as 

fluorophores, metal chelators (Fig. 1i, j), or complex glycans30,66,67 (not shown in this report): such groups 
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might not be possible to introduce via translational machinery. Selection of peptides pre-modified with 

fluorescent probes or metal-chelating probes (Fig. 1i, j) offers an interesting opportunity to discover 

peptides for imaging while minimizing the commonly observed decrease in potency or specificity of 

peptide due to conjugation of imaging probes. Similarly, GE-screening of prospectively pegylated or 

lipidated macrocycles (Fig. 1k) can provide the pegylated and lipidated ligands and reduce the number 

of steps for optimization of leads. The “late” nature of 1,3-diketone ligation makes it an interesting 

candidate for ligation of reactive warheads for genetically-encoded discovery of covalent26 or reversible 

covalent inhibitors6. Combination of this modification with silent encoding opens new opportunities in 

encoding of diverse number of macrocycles with pharmacophores, warheads and functionalities that 

would be difficult to introduce by other methods. 

 

Materials: 

Detailed Synthetic Methods 1.1-1.4, Biochemical Methods 2.0-2.5, Data Processing Methods 3.1-

3.2, LC-MS traces of reaction kinetics (Supplementary Fig. S3-S13), high resolution mass spectrometry 

(Table S3) and LC-MS characterization of the DKPM and pyrazole macrocycles (Supplementary Fig. 

S18-S37), NMR spectra for synthetic compounds and representative 1D and 2D-NMR spectra of DKPM 

(compound 3b) and perfluorophenyl pyrazole macrocycle are available as part of the Supplementary 

Information document. 

 

Supplementary information 

Supplemental Figures S1-S37, Supplemental Tables S1-S3; detailed synthetic methods, biochemical 

methods describing the synthesis and selection of phage libraries, isothermal titration calorimetry (ITC) 

assay or protein-ligand binding, and data processing methods describing the analysis of the DNA 

sequencing data, statistical methods. 
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Source data: submitted as “data.zip” contain files describing (i) "Kinetics Matlab" directory with raw 

data used to monitor the kinetics of reactions and MatLab scripts for curve fit, (ii) "Sequence files" 

directory with *.txt files describing the raw deep-sequencing data; *.xlsx tables describing the silent 

barcoding; *.xlsx tables describing the differential enrichment (DE) analysis; and Supplementary Files 

S1 and S2 describing the output of differential enrichment analysis and clustering. (iii) Titers.xlsx 

describing the phage titers (PFU) for all experiments described in this manuscript 

Data Availability: All raw deep-sequencing data is publicly available on http://48hdcloud.ca/ with data- 

specific URL listed in Supplementary Table S2. MatLab, Python and R scripts used for analysis of deep-

seq data have been deposited to https://github.com/derdalab/diketone. 
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