
Virginia Commonwealth University Virginia Commonwealth University 

VCU Scholars Compass VCU Scholars Compass 

Theses and Dissertations Graduate School 

2016 

The Development of Bicyclic Peptide Library Scaffolds and the The Development of Bicyclic Peptide Library Scaffolds and the 

Discovery of Biostable Ligands using mRNA Display Discovery of Biostable Ligands using mRNA Display 

David E. Hacker 
Virginia Commonwealth University 

Follow this and additional works at: https://scholarscompass.vcu.edu/etd 

 Part of the Chemistry Commons 

 

© The Author 

Downloaded from Downloaded from 
https://scholarscompass.vcu.edu/etd/4614 

This Dissertation is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It 
has been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars 
Compass. For more information, please contact libcompass@vcu.edu. 

http://www.vcu.edu/
http://www.vcu.edu/
https://scholarscompass.vcu.edu/
https://scholarscompass.vcu.edu/etd
https://scholarscompass.vcu.edu/gradschool
https://scholarscompass.vcu.edu/etd?utm_source=scholarscompass.vcu.edu%2Fetd%2F4614&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarscompass.vcu.edu%2Fetd%2F4614&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarscompass.vcu.edu/etd/4614?utm_source=scholarscompass.vcu.edu%2Fetd%2F4614&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu


 
 

 

 

 

 

 

© David Eugene Hacker                            2016 

All Rights Reserved 

 

  



 
 

The Development of Bicyclic Peptide Library Scaffolds and the Discovery of Biostable 

Ligands Using mRNA Display  

A dissertation submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy (Chemical Biology) 

At 

Virginia Commonwealth University (2016) 

By 

David Eugene Hacker 

B.S. Chemistry-Biochemistry (2010) 

Virginia Commonwealth University, Richmond, VA 

 

Research Advisor: Matthew C.T. Hartman, Ph.D. 

Associate Professor, Department of Chemistry 

Virginia Commonwealth University 

and 

Massey Cancer Center 

Richmond, Virginia 

December, 2016



ii 
 

ACKNOWLEDGEMENTS 

 

 I would like to begin where it began. My mother is a life-long educator who has served as 

the consummate role model and supported me unconditionally in everything I have ever attempted, 

not the least of which was this endeavor. My late father impressed upon me the importance of a 

strong work ethic and attention to detail. My two wonderful sons, Douglas and Andrew, have been 

my inspiration in all things and the center of my universe from their first day.  My sister Mary 

Kay, endowed with an indomitable spirit, has provided much-needed encouragement, even amid 

her own extremely demanding life and personal travails.  A special thanks to my brother Larry, his 

wife Christine and their darling children, Maya and Greyson, for their support and motivation, 

particularly during the initial stages of the preparation of this manuscript.  And of course, none of 

this could have even been possible without the long-time support of my wife Jennifer.   

 Entering graduate school as a non-traditional student intending to pursue a life-long dream, 

I was incredibly fortunate to be accepted into the lab of Dr. Matthew Hartman.  Matthew has been 

the prototypical mentor in all respects. His combination of knowledge, teaching ability, common 

sense and particularly his patience make his lab an ideal environment for learning and growing. 

The experience, while at times admittedly frustrating and daunting, has been extremely rewarding 

as a whole; and for that I owe him a debt of gratitude I could not possibly repay. I would be remiss 

if I did not prominently mention Jonathan Sheldon, my comrade from Day 1 of graduate school. 

Jon started out as my ‘third son’ and ended as a peer at the least. It was very rewarding to witness 

his growth as a scientist and I consider him a dear friend. A thank you to the senior members of 

the Harman Lab, both past and present, who served as examples to me of how to be a serious 

scientist; E. Railey White, Tim Reed, Michael Dcona, Daniela Selaya, Deboleena Mitra and Stacie 



iii 
 

Richardson. And to the current group of promising, very capable graduate students to whom the 

torch has already been passed; Nicolas Abrigo, Emil Iqbal and Patrick Dupart.  

 I’d like to thank the members of my committee for their scientific insight throughout this 

process. Larry Povirk, Ashton Cropp, Heather Lucas and my committee chair, Vladimir Sidorov 

were all supportive and encouraging, particularly during the candidacy requirements. I’d also like 

to thank the VCU Department of Chemistry and Chemical Biology, Massey Cancer Center and 

Virginia Commonwealth University for the opportunity to work and collaborate at a top-notch 

institution.  

 

  



iv 
 

Preface 

 

As advancements in biotechnology unveil ever-expanding information about diseases and 

disease-associated biochemical pathways, the number of cellular targets attributable to these 

factors increases proportionally.  The traditional approach to therapeutic treatment of diseases has 

centered around the use of small molecule drugs.  However, many disease-associated pathways 

involve protein-protein interactions (PPIs) with large interacting surfaces. These interfaces are 

typically not suitable for small molecules, which make relatively few contacts and are therefore 

not target-specific.  As a result, most of these PPIs are considered ‘undruggable’.    

Peptides are mini-protein molecules that are capable of spanning a broader surface area 

than small molecules, are highly target-specific and bind cellular proteins with high affinity. But 

peptides in their native form are typically unable to enter cells and are not biologically stable.  This 

work focuses on techniques that address the deficiencies of peptides in an effort to make them 

more attractive therapeutic candidates.  By incorporating non-native building blocks and making 

highly-constrained cyclic peptide conformations, we demonstrate the ability to make peptides 

more ‘small molecule-like’, with a goal towards increasing biostability. These techniques were 

adapted to the construction of stable peptide scaffolds that we used in conjunction with our ability 

to generate peptide libraries containing trillions of unique molecules. These drug-like libraries can 

then be used to identify peptides that can interact selectively with disease-associated PPIs 

previously considered undruggable.  As a result, the peptides discovered using this technology will 

be more likely to make it to market as therapeutics. 
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Abstract 

Peptides are a promising class of therapeutic candidates due to their high specificity and 

affinity for cellular protein targets.  However, peptides are susceptible to protease degradation and 

are typically not cell-permeable. In efforts to design more effective peptide drug discovery 

systems, investigators have discovered that incorporation of non-canonical amino acids (ncAAs) 

and macrocyclization overcome these limitations, making peptides more drug-like.  

In this work, we exploit the promiscuity of wild-type aminoacyl-tRNA synthetases (aaRSs) 

to ‘mischarge’ ncAAs onto tRNA and ribosomally incorporate them into peptides using a cell-free 

translation system. We have demonstrated the ability to incorporate five ncAAs into a single 

peptide with near-wild type yield and fidelity. We also demonstrated the in situ incorporation of 

ncAAs containing azide and alkyne functionalities, enabling the use of CuAAC (click chemistry) 

to generate triazole-bridged cyclic peptides. When combined with bisalkylation of peptides 

containing two cysteines via an α,α’-dibromo-m-xylene linker, we created bicyclic peptides which 

are structurally similar to the highly bioactive knotted peptide natural products.  

 Biological display methods, such as mRNA display, are powerful peptide discovery tools 

based on their ability to generate libraries of >1014 unique peptides. We combined our ability to 

incorporate ncAAs with our bicyclization technique adapted for use with mRNA display to create 

knotted peptide library scaffolds. We performed side-by-side monocyclic and bicyclic in vitro 

selections against a model protein (streptavidin).  Both selections resulted in peptides with mid-

nM affinity, and the bicyclic selection yielded a peptide with remarkable protease resistance.  

 We used a new library that enables the generation of a diverse collection of linear, 

monocyclic and bicyclic scaffolds in one pot, increasing the likelihood of target-ligand 



xvii 
 

conformational alignment. We performed a second selection against streptavidin and revealed a 

nearly unanimous preference for linear peptides containing an HPQ motif, a known streptavidin-

binding sequence.  However, when we used these libraries for in vitro selection against a biological 

target, DNA repair protein XRCC4, we did not observe convergence. 

 In summary, we have developed a novel technique for production of bicyclic peptide 

libraries.  These highly-constrained protease-stable scaffolds can be used as platforms to identify 

high affinity, drug-like ligands using mRNA display.  
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Chapter 1 Introduction:  

Ribosomal Synthesis of Natural Product-Like Peptide Libraries for Drug Discovery 
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1.1 Expanding the genetic code 

The central dogma of biology is based on the storage of genetic information in the form of 

DNA. The gene is expressed intracellularly in a two-step process, beginning with transcription of 

the DNA by RNA polymerases to generate RNA. While many non-coding RNA molecules play a 

part in cellular functions,1,2 it is the production of proteins via ribosomal translation of messenger 

RNA (mRNA) that allows the cell to perform many of the numerous integral functions necessary 

for survival and proliferation. 

In vitro protein synthesis 

In prokaryotes, gene expression is a coupled process with the ribosome translating the 

mRNA long before transcription is completed.3 The concerted nature of these processes enables 

the study of protein production and function starting from the DNA level. The capability of 

proteins to be produced outside of the cellular environment was recognized early on.4 This 

discovery enabled researchers to investigate protein synthesis outside the constraints of in vivo 

expression, which typically requires multiple genetic manipulations such as cloning, 

transformation and overexpression to produce and study the effects of proteins in the cell.  Cell-

free protein synthesis (CFPS) systems are based on the ability to reproduce translation in vitro. 

One method to do this is based on the use of crude cell extracts (called the S30 fraction) derived 

from several sources, including E. coli,5 and are commonly used because of the lack of preparation 

required and high protein production. An alternative to lysate-derived systems like S30 is the 

PURE (Protein Synthesis Using Recombinant Elements) system,6 which is based on the use of 

purified recombinant hexaHistidine-tagged proteins.  This system requires the individual 

preparation and addition of all of the necessary protein factors, ribosomes, tRNAs, synthetases, 
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amino acids and energy sources required for protein synthesis. The controllable nature of this 

system allows for facile manipulation simply by omission of specific components, 

supplementation of any endogenous component, or addition of exogenous components.  

The genetic code 

 In a biological context, the genetic alphabet of nucleobases, A, G, C and T are arranged in 

specifically programmed triplet codons.7  There are 61 sense codons that designate the ribosomal 

incorporation of 20 proteinogenic amino acids. The remaining 3 of the 64 total codons represent a 

signal to terminate protein expression via release factor recognition. Amino acids are 

aminoacylated, or charged, onto their cognate tRNA by specific aminoacyl-tRNA synthetases 

(aaRSs).8 The anticodon of the aminoacyl-tRNA is then paired with the complementary triplet 

codon of the mRNA and the amino acid is incorporated into the nascent peptide. Once the mRNA 

is decoded, release factors recognize the nonsense codon and catalyze the hydrolysis of the 

peptidyl-tRNA, resulting in the release of the protein from the ribosome. 

Expanding the code 

 While the biological diversity present in the side chains of the proteinogenic amino acids 

results in a wide variety of chemical interactions within the cell, from catalytic transformations to 

protein-protein interactions in signaling pathways, there is a relatively high degree of functional 

group redundancy. For example, there are two carboxylic acid side chains, two amides and several 

similar aliphatic residues. In many of these cases, the residues differ only by the presence of a 

methylene group and the resulting chemical interactions are synonymous. The advent of cell-free 

systems has allowed researchers to expand the repertoire of amino acid functionality and find new 

levels of diversity not present within the native proteome.   
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Nonsense suppression 

 The three nonsense codons in mRNA, UAG, UAA and UGA, signal the recruitment of 

release factors and result in termination of protein synthesis and release of the full-length protein.  

However, the discovery that UGA specifies Trp in mitochondria signaled a deviation from the 

dogmatic genetic code.9 Other organisms have since been shown to incorporate amino acids in 

response to termination codons,10 such as the recognition of the opal codon (UGA) by 

selenocysteine,11 and the amber codon (UAG) by pyrrolysine.12,13  The addition of an orthogonal 

tRNA/aminoacyl-tRNA synthetase (aaRS) pair to a translation reaction results in the incorporation 

of the non-proteinogenic amino acid into proteins in response to a nonsense codon (Figure 1.1a).  

This phenomenon is known as stop codon suppression and enables the expansion of the genetic 

code to include a 21st amino acid and increase the functional diversity of proteins.14-18  Stop codon 

suppression, particularly involving the amber codon (UAG), has been used to site-specifically 

incorporate fluorophores,19 photo-crosslinkers,20 metal ion chelating groups,21,22 and other unique 

functionalities into proteins to further probe the proteome.   
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Misacylation of tRNAs 

 The high degree of aaRS substrate specificity results in accuracy of aminoacylation of at 

least 10,000 to 1.23  However, it has been shown that some exogenous amino acids can be 

recognized as substrates by wild-type aaRSs and incorporated into peptides with the concurrent 

omission of the natural substrate (Figure 1.1b). Using the PURE system, Szostak’s group 

succeeded in incorporating 12 amino acid analogs into a peptide simply by substituting the analogs 

for their wild-type counterparts.24  The same group later identified 59 previously unknown aaRS 

substrates,25 and over 50 ncAAs, including α,α-disubstituted, N-methylated and β-hydroxyl 

analogs, that could be ribosomally incorporated into peptides.26 This strategy does not require 

manipulation of the mRNA and peptides can be synthesized in situ under high turnover conditions.  

However, since enzyme recognition is required for charging, the analogs must be structurally 

similar to the proteinogenic substrate. Directed evolution of the aaRS has allowed researchers to 

expand amino acid substrate specificity in an effort to further increase diversity (Figure 1.1c).27   

Flexizymes 

 Charging of amino acids onto tRNA by aaRSs requires amino acid specificity and enzyme 

evolution to expand substrate recognition is laborious.  Suga and coworkers evolved ribozymes, 

termed flexizymes,28,29 that catalyze aminoacylation of virtually any tRNA using an amino acid 

that has been chemically activated with an appropriate leaving group attached via an ester linkage 

(Figure 1.1d).30,31 This versatile method has since enabled the Suga group to initiate translation 

with D-amino acids,32 incorporate multiple N-methyl amino acids,33 and ribosomally synthesize 

polypeptoids and peptide-peptoid hybrids.34 
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1.2 Making peptides more natural product-like 

Peptides have advantages over small molecules in terms of target specificity and affinty. Many 

validated targets that were previously considered ‘undruggable’ by small molecules, due to either 

an expansive surface area or shallow binding interface, are more amenable to peptide ligands.  

However, there are intrinsic characteristics of peptides that detract from their attractiveness as 

biologics.  There are >500 proteases in the human degradome.35  As a result, the general lack of 

serum stability impedes the ability of peptides to reach their intended cellular target.  The overall 

hydrophilicity of peptides prevent them from permeating the cell membrane. Furthermore, 

peptides generally have molecular masses in excess of Lipinski’s ‘rule of 5’ (RO5)36 limitations.  

As a result of these combined factors, very few linear peptides derived from library-based 

selections have had a clinical impact. 

Peptide natural products as inspiration 

 Many natural compounds produced by mibrobes and plants are radical departures from the 

general limitations of peptides as potential therapeutics. Natural selection has evolved this class of 

peptide natural products (PNPs) with potent biological activity and stability. Current macrocyclic 

drugs are obtained almost exclusively from natural sources. Some examples; erythromycin 

(Figure 1.2a), a macrolide antibiotic, was originally isolated from Streptomyces erythraeus; 

Cyclosporine A (Figure 1.2b), isolated from the fungus Tolypocladium inflatum, is an orally 

available immunosuppressant; and the antituberculosis compound rifampin (Figure 1.2c), from 

Amycolatopsis rifamycinica, is also administered orally.  These potent pharmacores all have 

evolved to possess profound pharmacological activity, despite the existence of multiple RO5 

violations.  In many ways, these peptide natural products serve to bridge the divide between linear 
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peptides and small molecules, possessing the postitve attributes of each class. As larger molecules, 

PNPs have the ability to make multiple contacts over a broad interface, while also possessing the 

membrane permeability and biostability of small molecules.   

 The attractiveness of PNPs has led researchers to probe the structural characteristics of 

these compounds with an eye toward the development of peptide discovery platforms that 

ultimately lead to viable drugs.37  Many of these compounds contain N-methyl amino acids.38  N-

methylation reduces the flexibility of the peptide backbone and decreases the hydrogen bond 

donating ability of the peptide bond to water molecules, which leads to enhanced membrane 

permeability.39 N-methylation of the peptide backbone has also resulted in improved target 

selectivity,40 and has led to increased oral bioavailability of peptides.41   

In addition to N-methylated backbones, many PNPs contain non-canonical amino acids 

(ncAAs). Researchers have shown that incorporation of ncAAs with unique side chains has led to 

enhanced protease stability,42 as well as increased cell permeability.43-45   

 The most distinguishing characteristic of many PNPs that lead to their enhanced potency 

and biostability is a macrocyclic structure. These cyclic structures are achieved with a variety of 

linkages, such as backbone head-to-tail (such as cyclosporine), attachment of the N- or C-terminus 

to a side chain (daptomycin-Figure 1.2d) or side chain-to-side chain cyclization (vancomycin- 

Figure 1.2e). There have been many reports emphasizing the significant biological advantages of 

cyclic over linear conformations, for both peptides and small molecules.46   
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The conformational constraint enforced on peptides by circularization decreases the 

relative entropic cost of binding, and as a result target affinity has been shown to be 10-1000 fold 

higher for cyclic peptides relative to the corresponding linear sequence.47  There is also restricted 

access to the peptide backbone, which leads to increased proteolytic stability.42,48-50  Cyclization 

also increases the degree if intramolecular hydrogen bonding, which reduces interaction with water 

molecules and increases the potential for permeating the cell membrane.51,52 

Production of ribosomally translated macrocyclic peptides 

 Given the wealth of examples of highly active PNPs, researchers have used these structures 

as inspiration to create cyclic peptide scaffolds used to discover bioactive ligands.  However, 

cyclization of peptide libraries is challenging.  The reaction must be robust and result in high 

conversion; and specific in order to minimize undesirable side products.  Millward and coworkers 

used a cross-linking agent, disuccinimidyl glutarate (DSG) to post-translationally cyclize an 

mRNA display library via the N-terminal amine and the ε-amine of a downstream lysine (Figure 

2a).53  In another example of the use of small molecule cross-linking agents to create macrocyclic 

peptide libraries, Szostak and coworkers first demonstrated the use of α,α’-dibromo-m-xylene to 

cyclize in vitro translated peptides containing two cysteines (Figure 2b).54  The same group later 

combined this technique with mRNA display libraries containing a majority of ncAAs to discover 

low-nM inhibitors of thrombin.55  Suga and coworkers developed a co-translational cyclization 

method for head-to-side chain library cyclization using the FIT system. In this method, Nα-(2-

chloroacetyl)-Trp is incorporated at the N-terminus via flexizyme-mediated reassignment of the 

initiator codon. The ncAA reacts spontaneously with a downstream cysteine, resulting in thioether-

bridged macrocyclic libraries in a methionine-free in vitro translation system (Figure 2c).56  This 

group has since used the versatile FIT platform to introduce reactive residues capable of producing 
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macrocyclic peptides via oxidative coupling,57 Michael addition,58 Copper-catalyzed azide-alkyne 

cycloaddition (CuAAC-Figure 2d),59 and native chemical ligation techniques.60 

Highly constrained bicyclic peptides 

 The peptide natural product classes of amatoxins and phallotoxins, produced by the 

mushroom Amanita phalloides (among other mushrooms), are highly toxic agents. Unlike most 

cyclic natural products, these compounds are translated on the ribosome and post-translationally 

bicyclized.61  An example of the amatoxin family, α-amanitin (Figure 1.2f) is an octapeptide that 

has a theta-bridge62 or inner loop, between 6-hydroxytryptophan and cysteine within the outer 

macrocycle, and is a potent inhibitor of RNA polymerase II.63 

The beneficial contributions conferred to peptides by macrocyclization techniques have 

been shown to be supplemented by the addition of a second cycle, creating very highly constrained 

compounds.  Bicyclization of peptides has led to further increases in target affinity,64,65 

biostability,66,67 and cell permeability68-70 relative to the linear and monocyclic counterparts.  In an 

extension of their previous work, the Suga group combined two of their cyclization techniques to 

produce theta-bridged peptides between orthogonally reactive residues incorporated using 

flexizymes (Figure 1.2e).59  Chen and coworkers identified bicyclic peptide ligands among a 

highly diverse set of bicyclic conformers joined by a pair of disulfide bonds between two sets of 

cysteines (Figure 1.2f).71  However, the labile nature of the disulfide linkage makes these 

structures susceptible to ring-opening in the reducing intracellular environment.72,73  Heinis and 

coworkers were the first to create non-reducible bicyclic peptide libraries containing two conjoined 

loops via alkylation of three fixed cysteines using tris-1,3,5-(bromomethyl)benzene (Figure 1.2g).  

They created this bicyclic library on phage and identified a high affinity bicyclic lead inhibitor (Ki 
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= 1.5 nM) panning against human plasma kallikrein.74  This work was extended by the Heinis 

group with the use 1,3,5-triacryloyl-1,3,5-triazinane (TATA) and N,N′,N′′-(benzene-1,3,5-triyl)-

tris(2-bromoacetamide) (TBAB) as tris-alkylating agents to create bicyclic peptide libraries with 

more hydrophilic cores that are more conformationally stable as a result of non-covalent 

interactions between the central linker and peptide.75   

The examples of peptide cyclization methods given above highlight the progress made in 

exploring untapped architectural features previously associated only with PNPs. The application 

of these macrocyclization strategies to peptide library-based combinatorial methods enable the 

construction of more robust and stable peptide scaffolds, thereby increasing the potential of ligands 

discovered using these systems to make it to market as viable drugs.  
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1.3 Drug discovery 

 The majority of drugs developed in the 20th century stem from what is commonly referred 

to as the ‘chemistry era’,76 when small molecule natural products were either serendipitously 

discovered or used as leads to generate drugs from screens or rational design based on ligand, 

receptor, or mechanism-based factors.77  This approach led to many successes in the treament of 

numerous diseases. This almost exclusive reliance on small molecules as therapeutics led to a 

number of broad generalizations, most famously Lipinski’s ‘Rule of 5 (RO5)’,36 that have since 

served as a guide to aid in the search for bioactive compounds.  A common approach to small 

molecule-based drug discovery involves the creation of libraries, most often synthesized on solid 

phase.  These one-bead, one-compound libraries are produced using two general strategies. 

Retrosynthetic design, based on a known ligand (“target-oriented” or TOS), leads to the synthesis 

of focused libraries, wherein collections of small molecules with similar structural characteristics 

known to coordinate with a specific target are produced for screening.78,79  Alternatively, a less 

rational approach involves the synthesis and screening of small molecules libraries that are 

designed based on a perceived ability to modulate or perturb specific biological pathways, 

irrespective of any particular protein target. This is known as the “diversity oriented” (DOS)80 

approach to small molecule library design and has resulted in the identification of proteins or 

pathways that can serve as therapeutic targets.   

The idea of generating large libraries of diverse small molecules took a step forward with 

the development of “biology-oriented synthesis” (BIOS), a DOS-based approach which focuses 

on molecular scaffolds of proven biological relevance and is heavily influenced by natural product-

like structures.81  In a first example, Waldmann and coworkers synthesized four natural product-

derived or -inspired libraries to identify inhibitors of several tyrosine phosphatases.82  These small 
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molecule libraries have traditionally been considered well-suited for identifying substrate mimics 

for the inhibition of enzymes or binding to proteins with defined pockets or grooves.   

Proteome diversity 

The advent of genome sequencing uncovered the complexity that exists in human 

molecular biology. Assuming the dogmatic “one gene = one protein” hypothesis, there are over 

20,000 canonical human proteins.83 However, post-translational modifications, and various poly-

morphisms act to increase that estimate dramatically, forming an incredibly complex array of 

proteins in the human proteoform.84  Of this vast number, only ~ 10-15% of all human genes are 

thought to be “druggable” using small molecules,85 and of these, only ~ 2% (260-400) have been 

successfully targeted with small molecule drugs.86  Many of these untranslated protein targets 

participate in protein-protein interactions (PPIs) within disease pathways and consist of broad 

interfaces. Among all PPIs available in the Protein Data Bank (PDB), the average buried interface 

area of PPIs is 1600 Å2,87 but have been reported to be as large as 4660 Å2.88  While the surface 

area of these binding domains are not amenable to specific targeting by individual small molecules,  

Wells and coworkers were successful in tethering small molecules together to facilitate the 

coverage of a more significant portion of the chemical landscape of the protein.89,90  While the 

individual fragments discovered using this approach are typically low affinity binders, the 

synergistic effect caused by tethering results in high ligand efficiency. This fragment-based 

approach has been an effective way to target PPIs using small molecule combinatorial libraries.  

Peptides as attenuators of PPIs 

Peptides are ideal candidates for interacting with the expansive interfaces of many PPIs.  

As miniature proteins comprised of the same amino acid monomers as their targets, they are 



 

16 
 

capable of forming high affinity, specific interactions with the broad (and oftentimes shallow) 

binding surfaces that are representative of many PPIs. Macrocyclic PNPs  have provided a 

blueprint in guiding researchers in efforts to discover peptide ligands that are both bioavailable 

and capable of attenuating PPIs. The majority of known PNPs are synthesized by multi-enzyme 

complexes called polyketide synthases (PKSs) and nonribosomal peptide synthases (NRPSs). 

These biosynthetic multimodular complexes use thioester-activated building blocks to produce 

linear peptides that are subsequently cyclized intramolecularly. While the two complexes use 

different chemistries to link monomers, there is cooperativity between them, resulting in the 

generation of hybrid peptide-polyketide products and a natural expansion of chemical and 

biological diversity in organisms. Researchers have used their understanding of these biosynthetic 

pathways to produce novel hybrid molecules91 and peptide-polyketide libraries.92 While this 

approach has resulted in the development of NRPS analogs with increased activity,93,94 enzyme 

engineering is laborious and libraries created using this strategy are limited in diversity (Figure 

1.4a).   

 The appeal of NRPS/PKS libraries lies in the ability of these biochemical machines to 

create potent, biostable products that are attractive therapeutic candidates. However, with 

strategies now in place to recapitulate these natural stabilizing features provided to peptides by 

PKs/NRPSs via chemical means, investigators adopted a more DOS-based approach to peptide 

ligand discovery. 

Ribosomal peptide libraries  

 The development of powerful technologies to create and screen large libraries of DNA-

encoded molecules has made peptides increasingly attractive as potential pharmaceutics.  
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Moreover, these libraries can be simultaneously screened using display techniques, which use 

various methods to link or ‘display’ individual peptide molecules to the DNA or RNA that encodes 

it.  This critical coupling of phenotype and genotype allows for sequence elucidation and 

amplification of functional sequences via polymerase chain reaction (PCR), in an in vitro version 

of Darwinian selection.95-98 

Phage display 

 Phage are viruses that infect bacterial cells. In 1985, Smith and coworkers were the first to 

develop a method to display peptides on phage by cloning the sequence within gene III, which 

encodes a minor coat protein (pIII) of filamentous M13-derived bacteriophage.99 The fusion 

protein then displays the peptide in accessible form. The ~1010 unique peptides displayed using 

this method (Figure 1.4a) are panned against an immobilized biological target. Functional 

peptides (via associated phage) are subsequently enriched by infection and re-growth in bacteria.97  

Phage display is a widely used ligand discovery method and it has been successful in the 

identification of several peptides or proteins that are currently at market or in the later stages of 

development.100-102 

In vitro display technologies 

 The advent of cell-free translation systems enabled the creation of even more highly diverse 

peptide libraries of up to 1014 unique sequences (Figure 1.4a).  In vitro display methods are 

unaffected by the transformational constraints that limit phage display library diversity and as a 

result, are capable of generating libraries that are 3-4 orders of magnititude more diverse.  

Furthermore, the incorporation of ncAAs and post- or cotranslational cyclization chemistries must 

be compatible with phage and the accompanying bacterial expression.  Given the removal of these 
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constraints, the entire repertoire of the chemical biology toolbox can be utilized to create more 

drug-like, ultra-high diverse libraries using in vitro display methodologies. 

Ribosome display 

 In 1984, Dower and coworkers developed ribosome display, the first fully in vitro display 

technique, using an E. coli S30 system.103  In ribosome display a DNA library is transcribed and 

translated using cell-free expression systems. In the absence of nonsense codons, high 

concentrations of Mg2+ and low temperature stall the ribosome at the end of the mRNA with the 

displayed peptide outside of the exit tunnel tethered to the ribosome. The fully functional, 

accessible peptide remains associated with its genotype via the ribosome.  After selective 

enrichment, the ternary complex is dissociated by the addition of EDTA, the mRNA is reverse 

transcribed and the resulting cDNA is PCR amplified to identify enriched sequences. Ribosome 

display has been used in the selection of high affinity cyclic peptides,104 and to map areas of 

antibodies that are tolerant of amino acid replacement,105,106 resulting in the development of 

tralokinumab, an anti-asthmatic currently in phase 3 of clinical trials.  

mRNA display 

 Puromycin, an antibiotic derived from the bacterium streptomyces alboniger, is an 

aminoacyl-tRNA mimic that enters the A-site of the ribosome and is transferred to the nascent 

peptide. The non-hydrolyzable peptide bond in the peptidyl-puromycin prevents chain extension, 

resulting in protein truncation. In 1997, Szostak and Roberts linked puromycin to the mRNA via 

an engineered linker.107  The processing ribosome reaches the junction of the mRNA/ linker and 

stalls, allowing the tethered puromycin to enter the A-site and covalently couple to the peptide. 

This fusion results in the link of phenotype and genotype necessary for post-selection amplification 
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and sequencing. In 2000, Kurz and Lohse added a psoralen molecule to the puromycin linker, 

which enabled UV-induced covalent cross-linking of the linker to the mRNA,108 which is then 

used to initiate in vitro translation to form the mRNA-peptide fusion library. After reverse 

trancription and target selection, functional cDNA is PCR-amplified and in vitro transcribed to 

form the enriched mRNA for the next round of the iterative mRNA display scheme (Figure 1.4b). 

The Suga group has used mRNA display to identify natural product-like peptide inhibitors of the 

serine/threonine protein kinase Akt2,109 and the ubiquitin ligase E6AP.44  The Szostak group used 

the tRNA misacylation technique to create unnatural mRNA-peptide fusion libraries containing 

12 ncAAs and cyclized via α,α’-dibromo-m-xylene bisalkylation of two fixed cysteines flanking 

the random region of the library. Using this library to pan against thrombin, they identified drug-

like peptides with low-nM Kis.55  

 In an effort to streamline the mRNA display process, the Suga group re-engineered the 

hybridization region of the puromycin linker and mRNA to eliminate the need for covalent 

association, resulting in a 10-fold time-savings relative to a round of mRNA display.110  This 

method has since been used to identify macrocyclic peptide inhibitors (Kis = 20 nM and 50 nM) 

of VEGFR2.111 
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Figure 1.4 Ligand discovery technologies.  a) The diversity (# of unique molecules) created 

using various combinatorial library generation methods. b) mRNA display scheme. 
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1.4 Future outlook 

 The rate of technological advancement and innovation related to drug discovery in the 21st 

century has been astounding. From the sequencing of the human genome to the ever-expanding 

number of elucidated molecular structures, disease-linked pathways and validated therapeutic 

targets, investigators are in possession of unprecedented knowledge of human biology.  Given 

these facts, there has been a surprising lack of peptide-based drugs derived from display-based 

technologies entering development pipelines. However, these technologies are in their relative 

infancy and the chemical biology tools are now in place to generate trillion-member libraries of 

increasingly drug-like peptides for the future discovery of bioactive ligands.   
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Chapter 2. Ribosomal Translation of Unnatural Peptides: Incorporation of Non-Canonical 

Amino Acids to Increase Biostability and Chemical Diversity 
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2.1 Introduction 

 The expansion of the genetic code has enabled researchers to incorporate amino acids with 

unique functionalities into proteins and peptides to further their understanding of biological 

systems.  One way to achieve genetic code reprogamming is to reassign sense codons to ncAAs 

via tRNA misacylation.  This strategy relies on the surprising degree of promiscuity exhibited by 

wild-type aminoacyl-tRNA synthetases (aaRS). The misacylation method of generating unnatural 

libraries has advantages over other techniques.  Unlike the flexizyme method, tRNAs can be 

acylated in situ under high turnover conditions, resulting in relatively high peptide yield. In a 

departure from nonsense codon suppression, which is limited to a single ncAA incorporation that 

coincides with the orthogonal aaRS/tRNA pair, as many as 12 ncAAs have been incorporated in a 

single peptide via misacylation.55   

We can create ribosomally synthesized unnatural peptides simply by substituting a 

proteinogenic amino acid with a ncAA charged by the same aaRS (Figure 2.1).  However, since 

ncAAs are not the natural substrates for the ‘cognate’ aaRS, they typically bind the enzyme with 

lower affinity and ultimately result in low unnatural peptide yield relative to peptides that contain 

the wild-type amino acid.  However, there are several ways to overcome this limitation.  Increasing 

the concentration of the ncAA and/or the aaRS often bridges the gap between unnatural and natural 

peptide yield. The unnatural aminoacyl-tRNAs resulting from enzymatic charging are 

subsequently transported to the ribosome by elongation factor Tu (EF-Tu).  Since the affinity of 

the unnatural aminoacyl-tRNA for EF-Tu is generally lower, the increased presence of EF-Tu 

results in higher peptide yield as a result of increased ncAA delivery to the ribosome.  It has been 

found that ribosomal accommodation of analogs with bulky side chains, or β-side chains are 

oftentimes prohibitive,26 or result in low peptide yields,112 unless the ribosomal peptidyl transfer 
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center is genetically modified.113  However, we generally do not observe this phenomenon, 

presumably due to the stringency already present in the form of aaRS accommodation limitations 

during the aminoacylation reaction.  More specifically, we maintain that if the analog can 

effectively bind its ‘cognate’ aaRS, then the ribosome will accommodate the aminoacyl-tRNA 

delivered by EF-Tu. Assuming the degree of aminoacylation is sufficiently high, the yield and 

fidelity of the unnatural peptide generally compares favorably to peptides containing all natural 

amino acids.  

 While the natural diversity present in the side chains of the proteinogenic amino acids 

allows for a wide variety of chemical interactions in the cell, there is a fairly high degree of 

redundancy. Specifically, there are two carboxylic acid side chains, two amides and several 

hydrophobic residues that are near-neighbors and will likely behave similarly when interacting 

with intracellular targets. Simply by substituing a validated ncAA for its wild-type counterpart, we 

are able to add to the diversity and explore the chemical space in unprecedented ways. 

Furthermore, since the inclusion of ncAAs in peptides limits protease recognition, unnatural 

peptides are typically more protease resistant than natural peptides.42,44 Hence, when this method 

is used to create unnatural peptide libraries, we can combine it with in vitro selection using mRNA 

display to generate trillions of uniquely diverse peptides and increase the likelihood of discovering 

high affinity, protease stable, biologically relevant ligands. 

 We utilize this strategy to validate a pool of 14 amino acid analogs with unique side chains 

(Figure 2.2)  for their ability to incorporate into unnatural peptides. 
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Figure 2.2 Amino acid analogs. The 14 ncAAs tested for ribosomal incorporation in 

translation templates. The letter above each structure denotes the aminoacyl-tRNA synthetase 

responsible for charging onto its cognate tRNA, and hence the wild-type amino acid each 

would replace in translation. Red indicates the portion of each amino acid that differentiates it 

from the wild-type.  
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2.2 Results and Discussion 

 To quantify the ability of each analog to be incorporated into short peptides strategically 

designed for analog validation (Table 2.1), we titrated them (0.4, 1.25 and 4.0 mM) into in vitro 

translation reactions containing 35S-methionine and lacking the corresponding wild-type amino 

acid.  While the optimized proteinogenic amino acid concentration is 0.2 mM, we have found that 

increasing the concentration of ncAAs often compensates for the lower affinity of the synthetase 

for the non-natural substrate.  To confirm the fidelity of translated peptides containing the analogs, 

we utilized MALDI-TOF and compared the spectra to peptides containing all natural amino acids. 

We then identify any potential amino acid substitions during ribosomal translation using a 

misincorporation table (Table 2.2).  This approach enables the stringent testing and evaluation of 

ncAA candidates using both quantitative and qualitative processes, necessary components for 

unnatural peptide library validation.  
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Table 2.2 Amino acid misincorporation table.  Numerical values in the table correspond to 

the calculated mass difference of peptides observed via MALDI-TOF when an encoded amino 

acid in the top row is substituted with one in the left column.  
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2.2.1 Ribosomal incorporation of individual analogs in hexahistidine-tagged templates 

Valine analog incorporations 

 We have shown that L-t-butyl-glycine (V2) and 1-aminocyclopentylcarboxylic acid (V3) 

are charged onto tRNA-Val by valyl-tRNA synthetase (VRS).25  To test the efficiency of ribosomal 

incorporation, we used the MVHMH6M mRNA to initiate standard translation reactions which 

included valine (0.2 mM) or each titrated valine analog.  The radiolabeled yield of V2 was 

equivalent to valine incorporation, even at 0.4 mM (Figure 2.3a). Unexpectedly, the peptide yield 

decreased as concentration of V2 in translation increased. The incorporation efficiency of V3 was 

much lower (55% relative to wild-type valine), and was not rescued by increasing analog 

concentration up to 10-fold (58%).  Since the constrained nature of V3 makes it a less near-natural 

variant than V2, we propose that it is a less efficient substrate for VRS and subsequently there is a 

lower abundance of V3-tRNAVal available for incorporation. We thus opted for V2 instead of V3 as 

the valine analog used for further study. 

 The fidelity of translation of the affinity purified MVHMH6M peptide was not affected by 

the substitution of either of the analogs for valine (Figure 2.3b-d). We observed a global 

incorporation of the amino acid added to incorporate in response to the valine codon. However, in 

each of the MALDI-TOF scans we observed a series of peaks with decreasing abundance with a 

mass/charge (m/z) difference of -9 relative to the observed peptide. Since these peaks are also 

present in the peptide containing valine, we concluded that both analogs were incorporated with 

fidelity equivalent to that of wt valine. The observed -9 peak is a  phenomenon that we have 

encountered previously when monitoring fidelity of templates containing a hexahistidine tag114 

and we hypothesized that the peaks correpond to the incorporation of glutamine for histidine or 
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QH (this nomenclature represents the misincorporation of Q for the encoded, or expected, H and 

is determined from the misincorporation table in Table 2.2).  However, we chose to investigate 

this phenomenon further. 

Misincorporation of glutamine for histidine in hexahistidine-tagged peptides 

 The proposed misincorporation of glutamine for histidine is based on several factors: 1) 

The high proportional number of histidine codons in hexahistidine-tagged peptides may result in 

the depletion or unavailability of either tRNAHis and/or His-tRNAHis during the course of a standard 

translation reaction; 2) glutamine [CA(U/G)] incorporation is a 3rd base wobble insertion for 

histidine [CA(U/C)], the most common reason for amino acid misincorporation, and 3) glutamine 

insertion for histidine would have very little effect on Ni-NTA affinity of the peptide,115 and thus 

would not be selected against during the affinity purification of the peptides.  To test this 

hypothesis, we first performed a standard translation intitiated with MDYKMH6 mRNA as a 

control and as expected, we observed the typical series of -9 peaks (Figure 2.4a).  We then 

conducted translations in the absence of glutamine (Figure 2.4b) or glutaminyl-tRNA synthetase 

(QRS) (Figure 2.4c).  In each case, the -9 m/z peaks were not present in the spectrum, leaving 

only the peak associated with incorporation of histidine in response to the histidine codon. We thus 

conclude that the series of -9 m/z peaks are indeed attributable to glutamine misincorporation for 

histidine and that the ommision of either glutamine or QRS from translation would both improve 

MALDI-TOF sensitivity and make spectral deconvolution simpler.  Since both omission of the 

amino acid or the synthetase yield  
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Figure 2.3 Valine analog incorporation in MHVMH6M template.  a) Relative radiolabeled 

peptide yield obtained when analogs were titrated in translation initiated by the addition of 1 

µM MHVMHHHHHHM mRNA. MALDI-TOF spectra of translations containing b) valine 

(0.2mM), c) V2 (0.4mM) and d) V3 (0.4mM). Solid arrows represent the expected peptide mass 

and dotted arrows represent the typically observed Q H incorporation in templates containing 

a hexaHistidine epitope.  Asterisk (*) indicates an unidentified peak present in all spectra. 
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similar results, we decided to omit glutamine when necessary rather than QRS because it requires 

less manipulation of the PURE system.  However, when the incorporation of glutamine is 

necessary, or when this phenomenon is observed in a standard translation containing glutamine, 

the -9 m/z peaks will be assigned to a glutamine misincorporation.  
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Figure 2.4 Glutamine incorporation in response to the hexahistidine codons.  MALDI-

TOF spectra of in vitro translations containing a) all amino acids and those performed in the 

absence of b) glutamine and c) glutaminyl-tRNA synthetase (QRS). Solid arrows represent 

the expected peptide mass and dotted arrows indicate the expected series of -9 m/z peaks. 
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Tyrosine analog incorporation 

 We tested the incorporation efficiency of 3-fluoro-L-tyrosine (Y1), a tyrosine analog, in the 

MDYKMH6 template. There was a concentration-dependent increase in peptide yield that resulted 

in 84% relative incorporation at 4 mM of Y1 (Figure 2.5a).  The peptide containing Y1 was 

synthesized with high fidelity, with a small degree of an unexpected I/LH misincorporation 

(Figure 2.5c). While these results warranted further investigation as a multiple incorporation 

candidate, we ultimately decided to eliminate Y1 since tyrosine has been shown to be an important 

residue in many protein-protein interactions.  However, we consider it a viable future candidate 

for peptide libraries containing ncAA building blocks. 

Aspartic acid analog incorporation 

 We tested aspartic acid analogs L-threo-β-hydroxyaspartic acid (D2) and N-methyl-L-

aspartic acid (MD) for incorporation efficiency in the MDYKMH6 template.  These analogs offer 

intriguing potential to increase diversity and stability to unnatural peptides libraries. The β-

hydroxyl group of D2 may serve to provide additional polar contacts in binding interactions or 

even potentially act to enhance the phosphomimetic nature of wt L-aspartic acid, while N-

methylation has been shown to increase protease resistance in peptides. We observed an analog 

concentration-dependent increase in D2 yield, with 100% relative incorporation at 4.0 mM (Figure 

2.5a). Incorporation of MD was equivalent to aspartic acid at 0.4 mM (Figure 2.5a).  

 While MALDI-TOF sensitivity was problematic with D2, the calculated peak containing 

the analog was the only significant peak detected (Figure 2.5d). While the yield for MD was 

sufficient, the observed base peak in the spectrum obtained from the MD incorporation translation 

agreed with the calculated mass of the peptide containing aspartic acid (Figure 2.5e). We 
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hypothesized that this was due to one of two possible causes: 1) The stock of N-methyl-L-aspartic 

acid contained a small amount of aspartic acid, or 2) the stock of asparagine had decomposed to 

form aspartic acid to some degree.  In either case, even if only trace amounts of the wild-type 

amino acid were present, the natural substrate for the synthetase would presumably have a much 

higher affinity than the analog would have for the enzyme.  This would result in the preferential 

charging of aspartic acid and hence the incorporation of the wild-type amino acid into peptides.  

To address these possible causes, we took two approaches. To remove any aspartic acid from the 

stock of MD, we performed a charging assay.  When incubated with a catalytic amount of aspartyl-

tRNA synthetase and tRNAAsp, the natural substrate will be preferrentially aminoacylated onto its 

cognate tRNA. The Asp-tRNAAsp is then precipitated with ethanol, leaving only N-methyl-aspartic 

acid in solution. This decontaminated MD was then used in a translation reaction with the 

MDYKMH6 template. Surprisingly, while peptide yield with decontaminated MD was higher than 

the wild-type peptide (Figure 2.6a), the charging assay approach resulted in only about 30% of 

the MD-containing peptide relative to aspartic acid peptide as determined by MALDI-TOF 

(Figure 2.6c). We next investigated the potential of asparagine (N) degradation to aspartic acid. 

Since the MDYKMH6 peptide contained no asparagine residues, we omitted N. We performed 

translation reactions (without N) but in the presence of either the initial stock of MD, or with the 

analog that was decontaminated using the charging assay. While both assays yielded relative 

peptide amounts at least equal to that of the wild-type (Figure 2.6a), only the assay that both 

ommited N and used the decontaminated stock of MD resulted in a base peak that represented the 

peptide containing MD (Figure 2.6e).  The two combined approaches significantly improved the 

fidelity of MD incorporation and we expect future optimization of the charging assay would allow 

us to further purify the MD stock. Since the prospect of including a backbone N-methylated analog 
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in our library was intriguing, we chose MD over D2 for further study since only one analog per 

proteinogenic amino acid can be used to construct a library. 

 

 

 

 

 

 

 



 

38 
 

 

 

 

 

Figure 2.5 Tyrosine and aspartic acid analog incorporations in MDYKMH6 template.   a) 

Relative radiolabeled peptide yield obtained when analogs were titrated in translation initiated 

by the addition of 1 µM MDYKMHHHHHH mRNA. MALDI-TOF spectra of translations 

containing b) tyrosine and aspartic acid (0.2 mM each), c) Y1 (4.0 mM), d) D2 (4.0 mM) and e) 

MD (1.25 mM); Green arrows represent incorporation of aspartic acid. Solid black arrows 

represent the expected peptide mass and dotted black arrows represent the typically observed 

Q H incorporation in templates containing a hexahistidine epitope.  Asterisk (*) indicates an 

I/LH misincorporation.  
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Figure 2.6 Optimization of MD incorporation in MDYKMH6 template. a) Relative 

radiolabeled yield of optimized translation reactions. b) MDYKMH6 control, red arrows 

indicate relative + Na+ peaks, c) incorporation of MD with aspartic acid contaminant removed 

via the charging assay, d) stock of MD with Asn omitted and e) decontaminated MD with Asn 

omitted. Black arrows indicate MD incorporation in the peptide, green arrows in (c-e) indicate 

incorporation of aspartic acid. 
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2.2.2 Incorporation of individual analogs in Flag-tagged templates  

Leucine analog incorporations 

 We tested the amino acids shown to be aminoacylated by leucyl-tRNA synthetase (LRS); 

4-aza-DL-leucine (L2) and β-t-butyl-DL-alanine (L3).
25 We used the MLEPQ-Flag mRNA to 

initiate in vitro translations containing either leucine or the leucine analogs. Both of these analogs 

are structurally very similar to leucine, so it wasn’t surpising to observe a yield for L2 (with a 

tertiary amine) and L3 (with a t-butyl group like the V2 analog) that was similar to the leucine-

containing peptide (Figure 2.7a).  L2 (1.25 mM) was incorporated at 85% and L3 (1.25 mM) at 

100%.  Unlike the inverse effect observed with V2 incorporation, there was a direct relationship 

between analog concentration and peptide yield.   

 MALDI-TOF assessment of fidelity of L2 showed a small degree of arginine incorporation 

for L2 (RL2), a low amount of serine incorporation for glutamic acid (SE) as well as a glutamic 

acid for aspartic acid incorporation (ED) that we typically observe when translating Flag-tagged 

peptides (Figure 2.7c). The addition of L3 to translation resulted in fidelity as high as the leucine-

containing peptide (Figure 2.7d). Although we observed wild-type levels of both yield and fidelity 

associated with L3 incorporation, we had already selected a t-butyl analog (V2) for our library and 

the unique nature of the tertiary amine of L2, along with its reasonable fidelity and yield, caused 

us to select L2 for further study.  

Glutamic acid analog incorporation 

 While many of the amino acids charged onto tRNA by their wild-type synthetases can be 

referred to as near-natural due to structures similar to the proteinogenic substrates, quisqualic acid 

(E4) as a substitute for glutamic acid is very different and thus an intriguing candidate. The efficient 
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incorporation of the highly functionalized heterocyclic side chain of E4 would bring with it 

interesting possbilities from a chemical interaction perspective. We observed 70% relative 

incorporation of E4 at 1.25 mM (Figure 2.7a).  

Relative MALDI-TOF fidelity was similar to the wild-type peptide (Figure 2.7e) with the 

exception of a peak that corresponded to an E4D incorporation in the Flag epitope, further 

evidence that this commonly observed substitution is indeed a wobble insertion for reasons similar 

to the QH incorporation observed in His-tagged peptides.  While we presume that this 

substitution would have a greater impact on binding the α-Flag antibody, the fact that both are 

carboxylic acids and we only see a single misincorporation (even though there are 5 encoded 

aspartic acids in the tag) via MALDI-TOF strengthens our conclusion.  Since E4 is incorporated 

with high fidelity, the potential impact on library diversity presented by this unique analog led to 

our decision to carry this amino acid forward despite the slight decrease in yield. 
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Figure 2.7 Leucine and glutamic acid analog incorporations in MLEPQ-Flag template.   

a) Relative radiolabeled peptide yield obtained when analogs were titrated in translation 

initiated by the addition of 1 µM MLEPQ-Flag mRNA. MALDI-TOF spectra of translations 

containing b) leucine and glutamic acid (0.2 mM each), c) L2 (1.25 mM), d) L3 (1.25 mM) and 

e) E4 (1.25 mM). Solid arrows represent the expected peptide mass, (ǂ) represents the typical 

+14 m/z peak associated with E(or E4)D misincorporation in templates containing a Flag 

epitope, (†) indicates DE misincorporation, (*) indicates SE, (o) indicates RL2. 
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Isoleucine analog incorporations 

 We tested the amino acids known to be aminoacylated by isoleucyl-tRNA synthetase 

(IRS); L-phenylglycine (I2) and L-cyclohexylglycine (I3).
25  We used the MTINR-Flag mRNA to 

test the analogs relative to isoleucine. Surprisingly, these cyclic variants were both incorporated 

more efficiently than isoleucine, with I2 yield at up to 150% and I3 yield up to 116% relative to the 

wild- type peptide (Figure 2.8a). However, when translation was performed in the absence of both 

isoleucine or the analogs, we still observed a 106% yield, indicating that there was a surprisingly 

high amount of misincorporation in this template. 

  Fidelity for I2 revealed the base peak from MALDI-TOF was actually an FI2 

misincorporation and the peak corresponding to I2 incorporation was present in approximately 

80% relative abundance (Figure 2.8d). When F was substituted with the phenylanine analog p-

chloro-L-phenylalanine (F9), we observed the disappearance of the peak associated with F 

misincorporation and the fidelity of the peptide containing I2 was greatly improved (Figure 2.8e).  

MALDI-TOF fidelity of I3 in translation showed only 10% relative abundance and 

misincorporations of MI3 (likely a 3rd base wobble) as well as a similar F I3 mischarging were 

observed (Figure 2.8f). To answer the question of how the peptides could have such poor fidelity 

yet still have a higher radiolabeled yield than the wild-type, we obtained the MALDI-TOF 

spectrum of the peptide translated in the absence of  isoleucine or IleRS. As expected, we did not 

observe a peak associated with isoleucine, only the two misincorporations (MI, F I) seen in 

the presence of the analogs (Figure 2.8c). As a result, based on these experiments, we eliminated 

I3 from consideration and chose to carry on I2 based on the high level of fidelity when F9 was 

substituted for F in translation.   
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Figure 2.8 Isoleucine analog incorporations in MTINR-Flag template.   a) Relative 

radiolabeled peptide yield obtained when analogs were titrated in translation initiated by the 

addition of 1 µM MTINR-Flag mRNA. MALDI-TOF spectra of translations containing; b) 

isoleucine (0.2 mM), (o) is an unidentified peak not observed in analog spectra; c) no I, (*) = 

FI, (†) = MI; d) I2 (0.4 mM), (*) = FI2; e) I2 with F9 analog (minus F) in translation (*) 

= F9I2; f) I3 (0.4 mM), (*) = FI3, (†) = MI3. Solid arrows represent the expected peptide 

mass, (ǂ) represents the typical +14 m/z peak associated with E(or E4)D misincorporation in 

templates containing a Flag epitope. 
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Arginine analog incorporation 

 The arginine analog, N5-[imino(methylamino)methyl]-L-ornithine (R3) contains an 

interesting methylated amine in the guanidinium side chain. We tested the incorporation efficiency 

of R3 in the MTINR-Flag translation template.  A translation with the analog at 1.25 mM resulted 

in peptide synthesis at 74% relative to the peptide containing arginine (Figure 2.9a). The MALDI-

TOF spectrum of 0.4 mM R3 revealed a significant amount of CR3 misincorporation, a small 

amount of HR3, as well as what appears to be a peak corresponding to the incorporation of 

arginine (Figure 2.9c), presumably a contaminant in the R3 stock similar to the earlier MD 

contamination with aspartic acid (2.2.1). When R3 is added at 4.0 mM, C misincorporation 

decreases, the HR3 peak disappears, while the relative abundance of the arginine peak remains 

unchanged (Figure 2.9d). We also observed the appearance of an unknown peak at 4.0 mM R3 

that was not present at 0.4 mM. Furthermore, when translation is performed in the absence of any 

programmed response to the Arg codon, peptide yield was 58% relative to the wild-type and the 

CR is the base peak (Figure 2.9a,e). The HR, and a new HN peak is present.  To confirm 

the hypothesis that R3 is contaminated with arginine, the peaks corresponding not only to peptide 

containing R3, but the peak associated with arginine disappears. While the yield of R3 is sufficient, 

the degree of misincorporation makes fidelity of peptide libraries created with this analog a 

concern. However, our translation templates are short and somewhat limited in scope, so we 

decided to test this analog further due to the unique N-methylated side chain.   
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Figure 2.9 Arginine analog incorporation in MTINR-Flag template.   a) Relative 

radiolabeled peptide yield obtained when each analog was titrated in translation initiated by 

the addition of 1 µM MTINR-Flag mRNA. MALDI-TOF spectra of translations containing; b) 

arginine (0.2 mM); c) R3 (0.4 mM), (*) = CR3, dotted arrow represents arginine 

contamination in R3 stock, blue arrow indicates H R3; d) R3 (4.0 mM), (o) = an unidentified 

peak not present at 0.4 mM R3; e) no R or R3, (*) = C R3, (Δ) = HR, (†) = HN. Solid 

arrows represent the expected peptide mass, (ǂ) represents the typical +14 m/z peak associated 

with E(or E4)D misincorporation in templates containing a Flag epitope. 
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Tryptophan analog incorporation 

 We tested the incorporation efficiency of the tryptophan analog 7-aza-DL-tryptophan (W2) 

in the MHFSW-Flag template.  Surprisingly, when we performed a control in vitro translation with 

tryptophan, we observed a MALDI-TOF base peak of the peptide associated with arginine 

incorporation in place of tryptophan (MHFSR-Flag) (Figure 2.10a).  We considered that perhaps 

the low activity of tryptophanyl-tRNA synthetase (WRS) in our PURE system resulted in a low 

abundance of Trp-tRNATrp. To test this hypothesis, we attempted to rescue activity by 

supplementing the reaction with 5x WRS, with limited success (Figure 2.10b). We next omitted 

arginine from translation and the MHFSR-Flag peak disappeared (Figure 2.10c), confirming our 

conclusion that arginine was incorporated in lieu of tryptophan. While this is problematic for 

maintaining the necessary fidelity when performing selections using mRNA display, for the 

purposes of testing relative analog incorporation efficiency, it is a variable which can be accounted 

for due to the control translations performed in each experiment. When we added W2 to translation 

under the same conditions as tryptophan, we observed similar effects. Based on the MALDI-TOF 

spectra, there is a higher relative abundance of W2 as compared to W in a standard translation 

(Figure 2.10d) and with 5x WRS supplemented (Figure 2.10e). When arginine is omitted, W2 is 

incorporated with equal fidelity to tryptophan (Figure 2.10f).  Interestingly, peptide yield with W2 

in translation is unaffected by the presence of arginine or supplemental WRS (96%-105% relative 

to tryptophan incorporation).  Given these relative results, we selected W2 as a candidate for further 

testing. 
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Figure 2.10 Tryptophan analog incorporation in MHFSW-Flag template. (Left column) 

MALDI-TOF spectra of MHFSW-Flag peptide with tryptophan in translation. a) standard in 

vitro translation, b) translation with 5x tryptophanyl-tRNA synthetase (WRS), c) translation 

with arginine omitted. (Right column) MALDI-TOF spectra of MHFSW-Flag peptide with 7-

aza-DL-tryptophan (W2) in translation. a) standard in vitro translation, b) translation with 5x 

tryptophanyl-tRNA synthetase (WRS), c) translation with arginine omitted. Solid arrows 

represent the expected peptide mass. (*) represents R(W or W2) misincorporation. 
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Phenylalanine analog incorporations 

 We next tested the incorporation efficiency of the phenylalanine analogs p-iodo-L-

phenylalanine (F6) and p-chloro-L-phenylalanine (F9) in the MHFSW-Flag template.  Even at 4.0 

mM F6, the translation containing the analog resulted in the synthesis of only 47% of the 

radiolabeled peptide relative to the phenylalanine control (Figure 2.11a). Similar to the 

experiment for W2 incorporation in MHFSW-Flag, we observed a MALDI-TOF base peak 

associated with RW misincorporation in the control reaction containing phenylalanine (Figure 

2.11b). The spectrum of the translation including F6 indicated the presence of peaks associated 

with both FF6 and bromophenylalnineF6 (previously seen by others-unpublished data) 

misincorporations (Figure 2.11c). We presume that these misincorporations are a result of 

contamination of the F6 stock.  Given both the low yield and lack of fidelity, we chose to eliminate 

F6 as a candidate for further testing. 

 The relative yield of F9 in a standard translation was 78% and the fidelity was similar to 

the control (Figure 2.11d). However, to further investigate the effect of the arginine 

misincorporation in this template and the effect on F9 yield and fidelity, we performed a translation 

in the absence of arginine and obtained 96% relative yield with high fidelity (Figure 2.11e).  Since 

we did not desire to omit arginine from our unnatural peptide libraries, and given that we 

previously observed that adding the arginine analog to translation resulted in the disappearance of 

an arginine-associated incorporation, we performed a translation with F9 (1.25 mM) and R3 (4.0 

mM).  While this approach resulted in only 50% relative yield, we observed no R3 incorporation 

and overall fidelity was high (Figure 2.11f). As a result of these findings, we chose to carry F9 

forward for further testing. 
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Figure 2.11 Phenylalanine analog incorporations in MHFSW-Flag template. a) Relative 

radiolabeled peptide yield obtained when amino acids were added to translation initiated by 

the addition of 1 µM MHFSW-Flag mRNA. MALDI-TOF spectra of translations containing; 

b) phenylalanine (0.2 mM), c) F6 (4.0 mM) d) F9 (1.25 mM) with R in translation (1.25 mM), 

e) F9 (1.25 mM) minus R, f) F9 (1.25 mM) with R3 (4.0 mM) in translation. Solid arrows 

represent the expected peptide mass, (*) = RW, (Δ) = FF6, (o) = bromophenylalanine/F6, 

(ǂ) represents the typical +14 m/z peak associated with ED misincorporation in templates 

containing a Flag epitope. 
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2.2.3 Dual incorporations in Flag-tagged templates 

 Prior to testing the compatibility of the remaining analogs in a longer template, we chose 

to test pairs of analogs which were expressed in the same template. Analogs F9 and W2 are encoded 

in the MHFSW-Flag template. We performed a translation reaction containing the optimized 

concentrations of the two analogs (F9 = 1.25 mM, W2 = 0.4 mM).  The peptide containing both 

analogs yielded 82% radiolabeled peptide relative to the control and translated with slightly higher 

fidelity than the wild-type peptide (Figure 2.12a,b). Given the individual incorporation 

efficiencies of F9 and W2, as well as their compatibility in this template, we carried both forward 

for further testing.  

 MTINR-Flag encodes both I2 and R3, so we chose to test their compatibility in the same 

translation reaction at their optimized concentrations (I2 = 0.4 mM, R3 = 1.25 mM).  We observed 

only 41% relative yield when the two were co-translated and although the desired mass was the 

base peak, fidelity was low (Figure 2.12c,d).  The contamination of R3 with arginine again 

appeared problematic as well as a small amount of F9I2 misincorporation. Surprisingly, there 

was a high relative abundance of the wild-type peptide detected. Given the low yield and fidelity 

of this dual incorporation, we decided to eliminate R3, given its relatively low yield and fidelity in 

individual testing.  We chose to carry I2 forward given its acceptable individual incorporation and 

since most of the issues in the dual incorporation were attributable to R3. 
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Figure 2.12 Dual incorporations in translation templates. MALDI-TOF spectrum of in vitro 

translation reaction of MHFSW-Flag peptide containing a) all natural amino acids and b) F9 

and W2 in place of F and W, respectively. MALDI-TOF spectrum of in vitro translation 

reaction of MTINR-Flag peptide containing c) all natural amino acids and d) I2, R3 and F9 in 

place of I, R and F. Numbers in boxes in b) and d) represent radiolabeled peptide yield (% 

relative to the control translation).  Solid arrow represents the expected peptide, (*) = arginine 

misincorporations, (†) = RR3 and F9I2, (o) = F9R3, (Δ) = MTINR-Flag 
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Summary of individual and dual incorporations 

 Our initial pool of non-proteinogenic amino acids consisted of 14 analogs. After testing 

each of the residues individually in the translation templates, we carried 8 through to the next step 

of validation for unnatural peptide library creation. Since several of the analogs were encoded in 

the same template, we chose to test 4 of them in two sets of dual incorporation experiments using 

our short translation templates. This process resulted in the elimination of arginine analog R3, 

which left seven remaining candidates that we chose to carry through to multiple incorporation 

experiments (Figure 2.13).  
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Figure 2.13 Amino acid analogs for multiple incorporations. The ncAAs that incorporated 

efficiently in individual and dual translations.  The letter indicates the wild-type amino acid 

each replaces in translation along with the optimized concentration determined by titration in 

individual tests. The percent incorporation based on relative radiolabeled yield is below each 

residue. 
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2.2.4 Library validation: Multiple analog incorporations 

Incorporation of all analogs in library templates 

 In creating a peptide library with non-canonical building blocks, it’s critical that the 

residues be compatible with each other and that incorporation be robust enough to generate 

peptides that may contain several of the residues, either separately or in succession. In both the 

individual and dual tests, we were able to make assessments based on independent incorporations. 

To test the ability of the analogs to exist and function in conjunction with each other and all of the 

components of the PURE system, we used a pair of library templates previously identified in a 

selection in our lab (unpublished results) that included all of the analogs to be tested. The translated 

region of sequence E6 encoded the peptide MCFCAIKVAQRSSADVPGSGSLGHHHHHHRL 

and sequence C6 expressed the peptide MCRYFSLWLHEPTGCAGGSGSLGHHHHHHRL 

(analog candidates are underlined). We performed standard 50 µL translation reactions initiated 

by 0.5 µM each of E6 and C6 mRNA. As with our individual template incorporation experiments, 

we performed a control reaction with all natural amino acids and a test reaction which included all 

7 of the remaining analogs (and omitted the wild-type residues). 35S-Met labeling resulted in 66% 

yield of the peptide containing all 7 analogs relative to the natural peptide (Figure 2.14a).  We 

considered this to be sufficient for library creation, since the generation of sufficient quantities of 

peptide necessary to synthesize at least one copy of peptide per encoded mRNA (coverage of 

theoretical diversity) can be accounted for by adjusting the volume of translation.  Fidelity is 

equally important since the phenotype must accurately reflect the sequenced genotype to ensure 

that the identified sequence was actually the peptide that interacted with the target. However, we 

were unable to obtain fidelity data.  Since there were two mRNA templates in translation and some 

of the residues required multiple incorporations each, this was a very stringent test. Furthermore, 
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the peptide yield for both reactions was less than 2 pmols, glutamine was necessary, and there 

were likely some misincorporation events. Thus, detection failure was likely due to the quantity of 

peptide generated being below the sensitivity of the MALDI-TOF instrument. 

Incorporation of all analogs in one template 

 To address the issues presented by the use of the library templates, we designed a sequence 

that contained all of the analogs (MVLDFEWKIYMHHHHHH-analog candidates are underlined). 

This single sequence was 14 residues shorter than E6 or C6 and we omitted Q from the sequence. 

Reaction volumes were doubled and we took a more cautious approach to incorporation. Since 

four analogs (F9, W2, V2 and I2) were shown to be incorporated with the highest yield and fidelity, 

we incorporated this group in one peptide. We then created three separate peptides using this mix 

with E4, L2 and MD added individually to each reaction. A peptide containing all 7 analogs was 

also synthesized. The relative yield of the peptide containing F9, W2, V2 and I2 was 73% (Figure 

2.14b). The addition of each of the remaining individual analogs resulted in an expected decrease 

in yield, with MD addition creating the lowest relative amount of peptide synthesized (56%).  

However, we were encouraged to discover that the addition of all 7 analogs to translation resulted 

in the highest relative peptide yield (85%).  

 We next investigated fidelity via MALDI-TOF. We were able to detect the desired peak of 

the peptide containing all natural amino acids, however the base peak represented the desired peak 

with an RW misincorporation (Figure 2.15a).  While this was an encouraging improvement 

from the previous experiment, we were again unable to detect the peptides containing the analogs. 

Glutamine was included in this experiment since we wanted to closely simulate in vitro selection 

conditions when validating our analogs. However, given the quantity of -9 m/z peptides created 

for each sequence (Figure 2.15b), it was again likely that we fell below the detection limit despite 
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creating 3-5 pmols in each reaction.  We then omitted glutamine in our next attempt at obtaining 

fidelity data form our multiple incorporations.  Aside from leaving glutamine out of translation, 

we performed the identical non-radiolabeled portion of the experiment. We were able to detect a 

similar spectrum for the natural peptide, albeit without the -9 m/z peaks associated with glutamine 

incorporation (Figure 2.15c,d).  We were successful in detecting only the peptide containing F9, 

W2, V2, L2 and I2 (5-analog) and the peptide containing all 7 analogs. The 5-analog peptide was 

the base peak (Figure 2.15e), and while there were a pair of misincorporations (RF9 and ED) 

the results were similar to the peptide containing all natural amino acids (Figure 2.15d). The 

peptide containing all 7 analogs (5-analog plus MD and E4) had more significant 

misincorporations. 
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Figure 2.14 Relative quantification of multiple analog incorporations. 35S-Met relative 

quantification of translations initiated by a) an equimolar mix of C6/E6 library templates and 

b) MVLDFEWKIYMH6 template containing the indicated amino acids. Red numbers indicate 

the relative yield of each reaction. 
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Figure 2.15 Fidelity of multiple analog incorporations in MVLDFEWKIYMH6 template. 

Black arrows represent the desired peptide peak in all cases.  MALDI-TOF spectra of a) All 

natural amino acids, including glutamine (red arrow is RW, dotted red arrows represent the 

typical QH, * is an unidentified peak); b) Zoom in of a); c) All natural amino acids except 

glutamine (red arrow is likely HY, green arrow is likely HN); d) Zoom in of c); e) 

Translation containing F9, V2, W2, I2, and L2 analogs (red arrow = RF9, green arrow is DE); 

f) Translation containing all 7 analogs (red arrow is likely MDE4, green arrow is likely both 

MDE4 and SMD. Black arrows represent the desired peptide peak.  
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2.3 Summary  

 The fidelity of translation that occurs in nature is remarkably accurate. The faithful 

expression of the genetic code ensures that proteins are accurately translated and cellular functions 

and homeostasis are maintained. In iterative, enrichment-based ligand discovery systems such as 

mRNA display, where the sequencing of the enriched DNA obtained at the end of the selection is 

critical in identifying the effector peptides, fidelity is equally important.  

 In identifying amino acid analogs that would increase the diversity and proteolytic stability 

of our libraries, we stringently measured and assessed fidelity via MALDI-TOF to ensure that the 

phenotype was representative of the encoded sequence.  In our incorporation experiments, we 

found that each of the analogs that were carried through the individual tests was translated with 

high relative yield (77-100%) and fidelity that coincided with wild-type peptide synthesis. The 

remaining pool consisted of some intriguing functional groups, including a chlorinated phenyl ring 

(F9), tertiary amine (L2), backbone N-methyl (MD) and a multi-functional polar heterocycle (E4). 

The amine-functionalized tryptophan (W2), t-butyl group of the valine analog (V2) and an 

additional phenyl side chain (I2) all add diversity to the hydrophobic group of residues that are 

already present.  The 5 analogs (F9, V2, W2, I2, and L2) that incorporate with wild-type fidelity 

have been demonstrated to be highly compatible and ready for use in constructing an unnatural 

library. While yield was acceptable, the remaining two analogs (MD and E4) appear less 

compatible based on relative fidelity in the MVLDFEWKIYMH6 template. However, this template 

did not translate well (even with wild-type residues) and it is a highly stringent test, since all seven 

analogs are incorporated (with six being consecutive), a situation which would be very rare in the 

generation of a library for in vitro selection. To include these analogs in an unnatural peptide 

library, MD incorporation could be improved by further purifying the MD stock via the charging 
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assay and by using a fresh stock of pure asparagine. E4 incorporation could potentially be improved 

by increasing the concentration of glutamyl-tRNA synthetase (ERS) to increase the amount of E4-

tRNAGlu available for incorporation. Also, it is possible that E4 is not a good substrate for EF-Tu 

and the aminoacylated tRNA is not delivered to the ribosome in sufficient quantities. While EF-

Tu concentration is already fairly high (10 µM), we have shown that further increasing [EF-Tu] 

increases peptide yield.  

We have demonstrated the ability to incorporate uniquely functional amino acids into peptides in 

situ without the laborious manipulations of the translation apparatus, such as enzyme or ribosome 

evolution, pre-charging or the need to chemically activate the analogs. While the incorporation of 

the analogs must be optimized and rigorously tested, the use of wild-type translation machinery 

enables a generalizable approach to the creation of unnatural peptide libraries with interesting 

functionalities. The uniqueness of these side chains acts to increase the diversity of our peptide 

libraries, makes them more protease-resistant and introduces the potential for unprecedented 

chemical interactions at binding interfaces that we propose will increase the likelihood of high 

affinity ligand discovery from an unnatural peptide library selection-based approach. 

2.4 Future Directions 

 The 5 analogs (F9, V2, W2, I2, and L2) that were validated for yield and fidelity can be used 

for the design of unnatural peptide libraries for in vitro selection using mRNA display. The other 

two analogs (E4 and MD) that were validated in individual testing and with the 5 analogs based on 

yield, will require further optimization and testing prior to inclusion in an unnatural library.    
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2.5 Experimental 

2.5.1 Amino Acids and reagents 

Natural amino acids were purchased from Fluka. 1-aminocyclopentanecarboxylic acid (V3) and 3-

fluoro-L-tyrosine (Y1) were purchased from Fluka. p-chloro-L-phenylalanine (F9), p-iodo-L-

phenylalanine (F6), quisqualic acid (E4), 7-aza-L-tryptophan (W2) and 4-aza-DL-leucine (L2) were 

purchased from Sigma. L-phenylglycine (I2), L-t-butyl-glycine (V2) and L-cyclohexylglycine (I3) 

were purchased from Bachem. β-t-butyl-DL-alanine (L3) and N-methyl-L-aspartic acid (MD) were 

purchased from ChemImpex. L-NMMA (N5-[imino(methylamino)methyl]-L-ornithine)(R3) was 

purchased from Cayman Chemical Co. L-threo-β-hydroxy aspartic acid (D2) was purchased from 

MP Biomedicals. All amino acids were dissolved in water to at least 10 mM, adjusted with KOH 

to pH 7.4-7.8 and passed through a 0.22 µm sterile syringe filter. All amino acids, except Met and 

Cys (freshly prepared) were stored in aliquots at -20°C.  35S-cysteine (specific activity: >1000 Ci 

(37.0 TBq/mmol), 11mCi/mL) was purchased from Perkin Elmer. Ni-NTA agarose was purchased 

from MCLAB (NINTA-400); M2 anti-Flag agarose (Sigma # A2220). 

 

2.5.2 Preparation of mRNA translation test templates 

Previously prepared pET12b vectors containing the sequences used for individual incorporations26 

were linearized and amplified by PCR with standard T7 forward and reverse primers. The resulting 

dsDNA was used as the template for T7-mediated runoff transcription as previously described.116  

For multiple incorporations, bottom strand DNA was purchased from Integrated DNA 

technologies (IDT), annealed to the T7 forward primer (70 °C for 5 min., 0.1 °C/s gradient to 25 

°C) and in vitro transcribed.116  All mRNA was gel-purified, electroeluted, ethanol-precipitated 

and resuspended in ddH2O to a stock concentration of 50 µM. 
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2.5.3 Enzymes and ribosome preparation  

All PURE recombinant His-tagged proteins were expressed and purified as previously 

described117 and stored at -80° C in enzyme storage buffer (50 mM HEPES-KOH pH 7.6, 50 mM 

KCl, 50 mM potassium acetate, 10 mM MgCl2, 7 mM BME, 30% glycerol) except MetRS, which 

was stored at -20° C in enzyme storage buffer containing 50% glycerol.  Ribosomes were prepared 

as previously described.117  Inorganic pyrophosphatase, myokinase and nucleoside diphosphate 

kinase were purchased from Sigma. Creatine kinase was purchased from Roche.  Enzyme and 

ribosome concentrations were determined from UV absorbance at 280 and 260 nm, respectively 

using extinction coefficients calculated from amino acid composition for proteins and OD260 = 

1000 being equal to 23 nmol of ribosomes.117 

 

2.5.4 In vitro translation for incorporation of ncAAs acids in test templates 

Ribosomal incorporation and optimization of ncAAs was performed using the PURE cell-free 

translation system which contained the following reagents:  HEPES-KOH, pH 7.6 (50 mM), 

potassium acetate (100 mM), magnesium acetate (6 mM), creatine phosphate (20 mM), spermidine 

(2 mM), ATP (1 mM), GTP (1 mM), E. coli total tRNA (2.4 mg/mL), deacylated as previously 

described,114 (6R,S)-methenyl-5,6,7,8-tetrahydrofolic acid chloride, adjusted to pH 8 (0.1 mM), 

inorganic pyrophosphatase (1 µg/mL), creatine kinase (4 µg/mL), myokinase (3 µg/mL), 

nucleoside diphosphate kinase (1.1 µg/mL), ribosomes (1.2 µM), EF-Tu (10 µM), EF-Ts (8 µM), 

EF-G (0.52 µM), IF-1 (2.7 µM), IF-2 (0.4 µM), IF-3 (1.5 µM), methionyl-tRNA transformylase 

(0.6 µM), RF-1 (0.3 µM), RF-3 (0.17 µM), RRF (0.5 µM), RRS (0.03 µM), CRS (0.11 µM), ERS 

(0.32 µM), QRS (0.02 µM), IRS (0.06 µM), LRS (0.04 µM), YRS (0.04 µM), WRS (0.47 µM), 

DRS (0.15 µM), NRS (0.06 µM), GRS (0.02 µM), HRS (0.2 µM), KRS (0.07 µM), PRS (0.01 
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µM), TRS (0.05 µM), VRS (0.04 µM), SRS (0.06 µM), ARS (D777K) (0.04 µM), FRS (A294G) 

(0.02 µM), and the necessary amino acids for each experiment (200 µM each). Met and Cys were 

prepared fresh for each translation.  

To determine relative analog yield, standard 50 µL translation reactions containing 0.11 

µCi 35S-methionine were performed as previously described,114 with the following exceptions: For 

each analog incorporation experiment, the corresponding wild-type amino acid was omitted from 

the reaction and the analog was titrated in independent reactions.  Reactions were incubated for 1 

h at 37°C and Flag-tagged peptides were quenched with 350 µL of 50 mM Tris-HCl pH 8, 300 

mM NaCl (TBS). His-tagged peptides were quenched with TBS with 5 mM BME (TBS-BME). 

His-tagged peptides were then added to 40 µL of  Ni-NTA agarose resin (MCLab) in a 500 µL 

microcentrifuge filter tube (VWR) and rotated at 4°C for 1h. The reactions were spun at 5900 rpm 

on a benchtop centrifuge, and washed thrice with 500 µL TBS-BME, centrifuged at 5900 rpm each 

time to remove the filtrate. The peptides were eluted with 50 µL of 1% TFA. 45 µL of each elution 

was added to 2 mL of EconoSafe scintillation fluid and counted for 2 min. on a Beckman 

scintillation counter. Flag-tagged peptides were treated similarly, with the following exceptions: 

TBS was used for binding and washing, 10 µL of M2 α-Flag agarose (Sigma) was used to isolate 

the peptides.  To determine fidelity, non-radiolabeled peptides were in vitro translated with 200 

µM methionine, affinity purified as described above and desalted by C-18 reverse phase 

microchromatography as previously described.114  Peptides were characterized using a Micromass 

MALDI-R MALDI-TOF mass spectrometer. 
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2.5.5 Aminoacyl-tRNA synthetase charging assay 

 To remove the aspartic acid from the stock of MD, a 2 mL reaction mixture containing 20 

mM Tris-HCl (pH 7.8), 7 mM MgCl2, 2 mM ATP, 0.1 mM EDTA, 50 µg/mL BSA, 2.5 mM β-

mercaptoethanol, 2 mM N-methyl-L-aspartic acid (MD), 10 µM e. coli total tRNA, and 1.3 µM 

DRS was incubated at 25 °C for 15 min.118  Since the natural substrate, aspartic acid, is rapidly 

and preferentially charged by DRS, the resulting L-Asp-tRNAAsp was selectively precipitated with 

0.1 volume of 3 M KOAc (pH 5.2) and 3 volumes of ethanol. The supernatant, containing MD, 

was lyophilized, resuspended in water and adjusted with 1 M KOH to pH 7.6. 
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Chapter 3. Cyclization Methods of Synthetic and In vitro Translated Peptides:  

Creation of Knotted Peptides and Peptide Libraries 
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3.1 Introduction 

 Peptides are widely considered to be promising drug candidates due to their very high 

specificity and activity. However, protease degradation and low bioavailability are major obstacles 

to the adoption of peptides as therapeutics.  Cyclization is a promising approach to address these 

shortcomings, and the imposed constraint has also led to increased target affinity in many cases.   

There are many approaches currently used to create cyclic peptides,119-122 including the use of 

bromomethylbenzene linkers, originally described by Timmerman and coworkers,123 to bisalkylate 

peptides containing two cysteines, resulting in the creation of side chain-to-side chain 

macrocycles.  The use of tri-substituted bromomethylbenzene derivatives for use as bifunctional 

cyclization and labeling reagents has also been reported.124  The bromomethylbenzene reaction 

has been shown to be highly specific for thiols, yet it is unknown how, or if, peptides with only 

one cysteine are cyclized. In this work, we probed the versatility of bifunctional 

bromomethylbenzene reagents and investigated the ‘cyclizability’ of peptides that contain only a 

single cysteine (Figure 3.1). 

Highly constrained bicyclic peptides are structurally similar to the highly potent knotted 

peptide natural products, an attractive and emerging class of therapeutics with enhanced stability 

and bioavailability derived from their knotted structures.125-127  Knotted peptides and mini-proteins 

have displayed a wide scope of biological activities, including uses as antimicrobials,128,129 

protease inhibitors48,130 and as highly potent modulators of a variety of ion channels.131-133  

Furthermore, knotted peptides and peptide conjugates have been adapted for use as imaging 

agents134,135 and drug delivery vehicles.136 

We envisioned a strategy for creating theta-bridged62 bicyclic peptides that could ultimately 

be used as a ligand discovery platform.  However, creating ribosomally translated bicyclic peptides 
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is challenging.  To control the independent cyclization steps to create bicyclic peptides with 

directable topologies, it is important that the chemistries involved be robust and orthogonal. We 

describe a method to create bicyclic in vitro translated peptides that act as structural mimics for 

knotted peptide natural products, using two sequential, orthogonal chemistries: bisalkylation with 

an α,α’-dibromo-m-xylene linker123 and the widely applied CuAAC (click) reaction (Figure 

3.1).59,137  
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Figure 3.1 Mono- and bicyclization routes of synthetic and in vitro translated peptides. 

Bisalkylation with bromomethylbenzene linkers results in mono- and bifunctional macrocycles 

when reacted with a) synthetic peptides containing one or two cysteines in solution or b) in 

vitro translated peptides immobilized on oligo(dT) resin. C) Highly constrained bicyclic 

peptides generated from bisalkylated monocycles containing an azide and alkyne via CuAAC. 

Yellow circles indicate cysteine, red circles are β-azido-L-homoalanine (AzHA) and purple 

circles denote p-ethynyl-L-phenylalanine (F-yne). 
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3.2 Results and Discussion  

3.2.1 Cyclization of solid phase synthesized peptides using bromomethylbenzene linkers 

 Given the robust nature of the bisalkylation of peptides containing two cysteines via 

bromomethylbenzene linkers, we sought to probe the degree of versatility of the reaction using a 

variety of derivatives and bifunctionalities. We also sought to investigate the reactivity of the linker 

in peptides that did not contain two cysteines.   

Cyclization of a solid phase synthesized peptide containing two cysteines 

 We reacted a synthetic linear peptide, R2 (EACARV1AACEAAARQ, 1 = α-amino 

isobutyric acid) which contained two cysteines in the i, i + 7 positions, with α,α’-dibromo-m-

xylene as previously described.138  As expected, the cyclization reaction resulted in the complete 

conversion of the linear peptide (Figure 3.2a) to the bisthioether benzene-bridged cyclic peptide 

after 1 h (Figure 3.2b). 

Cyclization of a solid phase synthesized peptide containing only one cysteine 

 The bisalkylation reaction using dibrominated benzene reagents was developed and 

validated (and has since been used by us and others)55,117,123,124,139 to produce numerous side chain-

to-side chain macrocycles of peptides containing two cysteines. The reaction is highly specific for 

thiols. However, what would result if the cyclization reaction was performed on a peptide 

containing only one cysteine, but numerous other nucleophilic side chains?  Others in our lab 

performed an in vitro mRNA display selection against BRCA1 with a library containing one fixed 

cysteine (random region = MC(NNS)10).
139  The odds of the library containing a second cysteine 

were 40%. This design allowed for both target selection, rather than fixed codon imposition, of the 

optimal macrocyclic scaffold. Alternatively, if the binding interface was not amenable to a 

constrained ligand, the linear option remained available.  After 7 rounds of selection, sequencing 

revealed that the most abundant peptides contained only one cysteine. A sequence from the most 
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abundant family, peptide 8.6, contained a single cysteine.  We produced a longer Fmoc-based 

synthetic peptide containing a portion of the nearby hexaHistidine tag (HH), a flexible spacer (GS) 

along with a nuclear localization sequence (PKKKRKV) that would facilitate transportation to the 

nucleus to interact with the BRCA1 protein. The full length synthetic peptide 8.6 

(MCNDFTFDKNLNHHGSPKKKRKV, Figure 3.2c) contained multiple nucleophilic candidates 

for a second cyclization point with the dibrominated linker (underlined residues). The mRNA 

display scheme for this selection included a cyclization step in the mRNA-peptide fusion 

preparation process.117  Even though there was only one cysteine in the most abundant peptides 

and the bromomethylbenzene reaction presumably requires two cysteines, the target (BRCA1) 

would have selected the peptides after the bisalkylation step. We were confident that the single 

cysteine in 8.6 would alkylate the linker, but which residue, if any, would alkylate at the second 

benzylic position?  Given this uncertainty, we chose to perform the bisalkylation reaction with 8.6 

prior to testing the peptide for binding to BRCA1.   

 The protocol for the bisalkylation reaction contains a step that requires the addition of an 

excess of a thiol reagent, β-mercaptoethanol (BME) to quench any unreacted linker. After workup 

of the reaction, MALDI-TOF deconvolution indicated a peak corresponding to the addition of 

BME to the peptide containing the linker, likely forming a peptide 8.6-linker-BME adduct (Figure 

3.2d).  However, when the quenching step was omitted from the bisalkylation reaction, the base 

peak corresponded to 8.6-linker, or cyclic 8.6. To confirm that the base peak was indeed 

attributable to the addition of a thiol adduct to the second electrophilic position of the linker, we 

used dithiothreitol (DTT) to quench the reaction, instead of BME.  The base peak indicated the 

formation of an 8.6-linker-DTT adduct (Figure 3.2e), which confirmed our reducing agent adduct 

hypothesis.  While we demonstrated the clear cyclization of 8.6, it appeared to be a transient, or 
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unstable, association that can be displaced by the nucleophilic quenching reagents. We 

hypothesized that the second cyclization point could be with the nearby methionine through the 

formation of a relatively unstable sulfonium ion.  
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Figure 3.2 Cyclization of synthetic peptides with α,α’-dibromo-m-xylene. MALDI-TOF 

images of a) synthetic peptide R2 containing two cysteines. b) peptide R2 after bisalkylation 

reaction with α,α′-dibromo-m-xylene. c) Linear peptide 8.6, which contains only one cysteine, 

d) Peptide 8.6 after bisalkylation reaction with α,α′-dibromo-m-xylene. e) Peptide 8.6 after 

bisalkylation reaction with the protocol step requiring quenching of the unreacted linker with 

BME omitted. f) Peptide 8.6 after bisalkylation reaction with the unreacted linker quenched 

with dithiothreitol (DTT).  
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To further test this hypothesis, we performed ESI-MS/MS on cyclic-8.6, which was bisalkylated 

without quenching (Figure 3.2e). Tandem mass spectrometry, or fragmentation, is frequently used 

to characterize cyclic peptides.140-143  When a peptide bond in a linear peptide is broken, the result 

is two fragments whose mass can be analyzed to determine the fragmented sequences. However, 

when a peptide bond in a cyclic peptide is broken, the residues will still be connected via the 

linking residue or reagent, and no change in mass is observed. Our analysis of the fragment ions 

in the ESI spectrum (Figure 3.3a) revealed the presence of all daughter ions except those b and y 

ions associated with the fragmentation of the bond between Met and Cys (Figure 3.3b). This led 

us to the conclusion that the second cyclization point in the reaction of dibrominated linkers with 

peptides containing one cysteine is methionine (Figure 3.3c), although it is relatively unstable and 

can be disrupted or exchanged with the subsequent addition of nucleophilic reducing agents.  This 

conclusion has since been confirmed by others.144 

 While the cyclization protocol in selection contained a BME quenching step, it is likely, 

based on our tests on the synthetic peptides, that the mRNA-peptide fusions that contained only 

one cysteine were selected by BRCA1 in their mRNA-peptide-BME adduct form. Thus the 

preparation and testing of the cyclic 8.6-BME adduct construct would most closely mimic 

selection conditions and lead to the highest affinity peptide during testing.   

The transient nature of the cyclic peptide would likely lead to ring-opening in the reducing 

cellular environment.  In our effort to increase the stability of the cyclic peptides containing a 

linkage between cysteine and methionine and allow testing in reducing conditions, we bisalkylated 

peptide 8.6 with 1,3-bis(bromomethyl)-5-nitrobenzene.  We reasoned that the electron 

withdrawing nitro group in the 5-position would make the 1,3 benzylic positions more electrophilic  
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Figure 3.3 Cyclization of a peptide containing one cysteine. a) ESI-MS/MS fragmentation 

of peptide 8.6. b) Assignment of b and y ion peaks. The absence of b peak 276.21 and y peak 

1333.19 leads to the conclusion that b) the second residue involved with cysteine in peptide 

cyclization is methionine, via formation of a sulfonium ion. 
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and thus form the sulfonium more rapidly. We observed the complete conversion of linear 8.6 

(Figure 3.4a) to the nitrobenzyl-linked cyclic 8.6, along with an associated peak corresponding to 

the laser ablation-mediated conversion of the nitro to nitroso group commonly observed when 

characterization is performed via MALDI-TOF.145,146  Surprisingly, the use of this stabilizing 

linker enabled the cyclic peptide to survive the quenching step of the standard bisalkylation 

protocol intact (Figure 3.4b). The stability of the nitro-substituted cyclic structure compared to 

the unsubstituted linker likely stems from positive charge (δ+) accumulation at the benzylic 

position during the ring opening reaction. These results imply that the 1,3-bis(bromomethyl)-5-

nitrobenzene linker is a promising tool for use in the formation of more stable macrocycles when 

the bisalkylation reaction is performed with peptides containing only one cysteine.  

 

 

 

 

 

 

 



 

77 
 

 

Figure 3.4 Cyclization of a peptide containing one cysteine using a stabilizing linker. a) 

Linear peptide 8.6, which contains one cysteine. b) After bisalkylation reaction (including 

quenching with BME). Solid arrow indicates the desired product; Dotted arrow represents the 

laser ablation-mediated formation of the nitrosobenzyl-linked cyclic peptide.  
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Cyclization using tri-substituted, bifunctional bromomethylbenzene linkers 

 Our lab has demonstrated the ability to simultaneously label and cyclize peptides 

containing two cysteines by using 1,3,5-substituted bromomethyl benzene derivatives,124 with the 

1,3-positions of the benzene ring containing bromomethyl groups while the 5-position remains 

available for a variety of potential uses. Examples include the nitro group for electron-withdrawing 

(3.2.1.2), fluorescent molecules for labeling, hydrophobic substituents to increase lipohilicity or 

adding an additional bromomethyl to create bicyclic peptides.74 To explore ways to increase 

peptide affinity, we considered the potential of adding a tosyl group to the 5-position of the ring, 

as well as a 3rd bromomethyl group. We reasoned that if the functional group attached in the 5-

position could survive the cyclization reaction, it could potentially serve as a way to covalently 

bind to proteins with a cysteine in the binding interface or any nearby nucleophile in the case of 

the tosyl-activated linker. We performed the reactions under mild conditions, using a low 

concentration of a mild reducing agent (200 µM TCEP) to ensure the thiols were reduced and did 

not quench the excess linker with BME.  We used synthetic linear peptide 8.5 

(MCYDFDTTDHTFIGSPKKKRKV) from the BRCA1 selection for our tests (Figure 3.5a). This 

peptide had only one cysteine, but based on our previous results (Figure 3.2) and given the mild 

conditions we intended for these experiments, we considered this the best option. Specifically, if 

there were two cysteines, the possibility was high that methionine would attack the third 

electrophilic position and produce the bicyclic peptide, or if the quenching step was performed, 

we would produce the BME adduct.   

When the peptide was reacted with 1,3,5-tris(bromomethyl)benzene we detected only 

about 30% of the cyclic peptide with the intact 5-bromomethyl (Figure 3.5b). The base peak 

coincided with the addition of TCEP to the 5-position of the cyclic peptide (cyclic 8.5-TCEP).  
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Surprisingly, there was a high degree of a debrominated 5-position, presumably indicated a 3rd 

attachment to the peptide, forming bicyclic-8.5. Our previous work has demonstrated that the 

reaction was orthogonal, specific to cysteine and under mild conditions, methionine.  While we 

did not probe the reaction further, we demonstrated that the 5-bromomethyl group could survive 

the reaction conditions, and further optimization (perhaps by decreasing the concentration of TCEP 

since the linear peptide was fully reduced and reactive) could increase the formation of the cyclic 

peptide with an intact bromomethyl in the 5-position. 

We next reacted linear peptide 8.5 with 1,3-bis(bromomethyl)benzyl-5-methylbenzene-

sulfonate under the same mild conditions. Again, the bicyclic product was present, this time as the 

base peak. The amount of intact tosyl-functionalized cyclic peptide was similar to the 

bromomethyl product. However, for both of the peaks, there was an associated larger peak that 

correlated with an oxidation of the peptide, presumably the thioether forming a thiosulfonate, that 

was not present in the reaction with tris-(bromomethyl)benzene. We did not pursue the reaction 

further and additional optimization would need to be performed.  The utility and generalizability 

of a completely intact bifunctional cyclic peptide would be an intriguing development as it would 

open up the potential for covalent inhibition. However, the lability of these reactive leaving groups 

would necessitate mild test conditions. 
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Figure 3.5 Cyclization with trifunctional bromomethylbenzene linkers.  MALDI-TOF 

spectra of a) linear peptide 8.5, b) 8.5 reacted with 1,3,5-tris(bromomethyl)benzene, and c) 8.5 

reacted with 1,3-bis(bromomethyl)benzyl-5-methylbenzenesulfonate. Solid arrows represent 

expected mass, (*) = bicyclic peptide, (o) = monocyclic B2 with TCEP attached, (*’) and dotted 

arrow indicate oxidized versions of (*) and solid arrow respectively. (ǂ) indicates an unassigned 

peak.  
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3.2.2 Cyclization of in vitro translated peptides using α,α’-dibromo-m-xylene 

 Having demonstrated the versatility and robust nature of the bisalkylation reaction for 

cyclizing synthetic peptides in solution, we turned our attention to creating cyclic ribosomally 

translated peptides. Since PURE translation contains a complex mixture of proteins, nucleic acids 

and various small molecules, we chose to capture the peptides via the epitope tag and perform the 

chemistry on affinity resin. We designed a sequence containing two cysteines that expressed a 

model peptide containing a hexaHistidine epitope tag, OvLap (MVTNCSVFTSVCGGG-H6) for 

our in vitro experiments. We initiated a standard translation with OvLap mRNA containing all 

natural amino acids (see 3.5.5), then performed the bisalkylation with α,α’-dibromo-m-xylene on 

OvLap immobilized on Ni-NTA resin, which allowed removal of most of the PURE components 

and the filtering of excess linker. After eluting the peptide from the resin, it was concentrated and 

desalted by C18 microchromatography and subsequently characterized by MALDI-TOF. We 

observed > 90% conversion of the linear peptide (Figure 3.6a) to cyclic-OvLap (Figure 3.6b), 

demonstrating that the bisalkylation reaction is a highly efficient method for cyclizing in vitro 

translated his-tagged peptides immobilized on nickel resin.   
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Figure 3.6 Cyclization of an in vitro translated model peptide with α,α’-dibromo-m-

xylene.  MALDI-TOF spectra of a) linear test peptide containing two cysteines (yellow circles) 

and b) the same peptide after the bisalkylation reaction performed on nickel resin.  
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3.2.3 Toward CuAAC bicyclization of in vitro translated peptides 

 The copper(I) catalyzed azide-alkyne cycloaddition reaction (CuAAC or click reaction), 

pioneered by Kolb, Sharpless and Finn,137 is widely utilized in chemical biology due to its 

regioselectivity, orthogonality and robustness under mild, aqueous conditions.  Having 

demonstrated the ability to create monocyclic in vitro translated peptides (which contain two 

cysteines) via bisalkylation with an α,α’-dibromo-m-xylene linker, we chose to pursue the click 

reaction as an orthogonal second chemistry to generate programmable bicyclic peptides with 

virtually unlimited topologies, including both manacle and theta-bridged conformers (Figure 

3.7a).62 

Incorporation of azide and alkyne functionalized amino acids in translation 

 In order to utilize CuAAC cyclization, it is necessary to incorporate α-amino acids bearing 

an azide and an alkyne.  We and others have previously shown that L-β-azidohomoalanine (AzHA) 

and p-ethynyl-L-phenylalanine (F-yne, Figure 3.7b) act as substrates for aminoacylation onto their 

cognate tRNAs by methionyl-tRNA synthetase (MetRS) and a mutant phenylalanyl-tRNA 

synthetase (PheRS A294G), respectively, and can be incorporated independently into peptides in 

the absence of the wild-type substrates.24,26,147-149  The bromomethylbenzene chemistry only 

requires two cysteines. To demonstrate the compatibility of these two cyclization methods and 

optimize conditions for the cyclization chemistries, we used our model peptide OvLap which 

contained two cysteines and encoded fixed clickable residues and would result in a knotted peptide 

in the theta (θ) conformation when the cyclization chemistries were applied (Figure 3.7c). We 

measured the yield and fidelity of incorporation of these analogs within a PURE translation lacking 

methionine and phenylalanine (Figure 3.7d-h); both were incorporated with good fidelity and 
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yield individually.  Incorporation of both amino acids led to a slightly diminished yield (Figure 

3.7d), with maintenance of fidelity (Figure 3.7e). 
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Figure 3.7 Bicyclic peptide conformations and cyclizable analog incorporation. a) 

Bicyclic peptide conformations obtained from two orthogonal chemistries; manacle (left) 

and theta-bridged (right) b) Analogs β-azidohomoalanine (AzHA,, left) and p-ethynyl 

phenylalanine (F-yne, right) incorporated in place of methionine and phenylalanine, 

respectively. c) Ovlap model peptide sequence, indicating the knotted-like theta-bridged 

conformation. d) Radiolabeled peptides were synthesized in sufficient quantities and 

MALDI-TOF confirmed appropriate mass for peptides containing e) both analogs (calc-

2331.20), f) AzHA (calc-2306.98), g) F-yne (calc-2336.11), relative to h) all wild-type 

amino acids (calc-2311.97). * Indicates a ubiquitous +16 peak, presumably an artifact of 

sulfur oxidation during Zip-tip desalting. 

 



 

86 
 

Creation of bicyclic peptides using orthogonal chemistries. We next worked to ensure that we 

could perform both CuAAC and cysteine bisalkylation on this model peptide.  We reasoned that 

performing the mild bisalkylation reaction first would allow for complete conversion to the 

monocyclic peptide and minimize any potential decrease in yield and/or fidelity from oxidative 

by-products generated during the click reaction.137,150   We reacted unnatural versions of the model 

peptide (containing AzHA and/or F-yne) with α,α’-dibromo-m-xylene and observed complete 

conversion to the bisthioether benzene-bridged macrocyclic peptide via MALDI-TOF (Figure 

3.8a).  The generation of triazole-linked cyclic peptides does not result in a mass change; therefore, 

we employed ‘clickable’ external reagents to optimize our click conditions. We prepared a version 

of our peptide containing only F-yne. When we titrated this peptide with an azide-functionalized 

sulforhodamine 101 (Texas Red-azide, Figure 3.8b), we observed concentration-dependent 

labeling in the presence of click reagents (Figure 3.8c).  Similarly, an AzHA-labeled peptide could 

be successfully reacted with hex-5-yne-oic acid (Figure 3.9).  We then prepared a peptide 

containing both AzHA and F-yne.  When this peptide was treated with CuAAC reagents prior to 

addition of 250 M Texas Red azide, very little labeling occurred (Figure 3.8, lane 9).  Similarly, 

we observed no labeling when hex-5-yne-oic acid was added to the ‘pre-clicked’ peptide (Figure 

3.10). These data, taken together, demonstrate that we can perform both CuAAC and α,α’-

dibromo-m-xylene cyclizations on in vitro translated peptides, resulting in the creation of bicyclic 

peptides. 
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Figure 3.8 Mono- and click bicyclization of in vitro translated peptides. a) MALDI-TOF 

spectrum of linear OvLap reacted with α,α’-dibromo-m-xylene, b) azide-functionalized sulfo-

rhodamine-101 (Texas Red-azide or TR-N3) used for fluorescent labeling. c) Concentration- 

dependent labeling of the (AzHA) peptide by TR-N3.  Negligible fluorescence is observed 

when the same reaction is performed on a ‘pre-clicked’ peptide containing both the azide and 

alkyne (far right lane), evidence that the intramolecular click cyclization has already 

occurred. Lanes 1-7: Concentration-dependent fluorescent labeling of alkyne-containing 

peptide with TR-N3, indicating that the click reaction is compatible with Ni-NTA agarose-

immobilized in vitro translated peptides.  Lane 8: No mRNA template control reaction. Lane 

9: TR-N3 click-reacted with ‘pre-clicked’ azide/alkyne-containing peptide.  
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a)

b)

c)

= hex-5-yne-oic acid

Click reagents

MVTNCSVFTSVC

MVTNCSVFTSVC

MVTNCSVFTSVC

Calc: 2306.96
Obs:  2306.72

Calc: 2409.13
Obs:  2409.80

Calc: 2521.26
Obs:  2521.09

Figure 3.9 Labeling of azide peptide with an external alkyne reagent. Model peptide 

containing AzHA; a) in vitro translated peptide, b) bisalkylation reaction with α,α’-dibromo-

m-xylene, followed by c) CuAAC with hex-5-yne-oic acid.  
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Figure 3.10 Lack of labeling of azide/alkyne ‘pre-clicked’ peptide with an external alkyne.  

Model peptide containing both AzHA and F-yne; a) in vitro translated peptide, b) bisalkylation 

reaction with α,α’-dibromo-m-xylene, c) reaction with 5 equivalents of hex-5-yne-oic acid (+14 

base peak is an unidentified side product) and d) the pre-clicked peptide is unreactive in a 

subsequent CuAAC with hex-5-yne-oic acid. 
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3.3 Summary 

 Peptide cyclization is widely regarded as a critical component in providing peptides the 

requisite level of protease stability and target affinity enhancement required for application as 

therapeutics.  Bromomethylbenzene reagents have long been applied for this purpose. In this study, 

we further investigated the versatility of bromomethylbenzene derivatives to cyclize and also to 

concurrently cyclize and functionalize peptides. We demonstrated the ability of a 

bromomethylbenzene linker, specifically α,α’-dibromo-m-xylene, to completely convert a linear 

synthetic peptide (R2) containing two intrafacial cysteines (i, i + 7) to cyclic R2.  We previously 

identified a peptide with only one cysteine from an α,α’-dibromo-m-xylene -cyclized library from 

sequencing following in vitro selection against BRCA1.  When treated with α,α’-dibromo-m-

xylene, we determined that the peptide formed a small cycle between the initiator methionine and 

the adjacent fixed cysteine, but the relatively unstable sulfonium ion could be displaced by a strong 

reducing agent attacking the benzylic carbon to form the peptide-linker-reducing agent adduct. 

However, if the reaction is performed in the presence of a low concentration of a weak reducing 

agent, the Met to Cys cyclic peptide is preserved. The use of an electron withdrawing group in the 

5-position (NO2) of the bromomethylbenzene linker acted to stabilize the Met-Cys linked peptide 

and enabled it to survive the presence of a strong reducing agent using the standard 

bromomethylbenzene cyclization protocol.  The 5-position of the bromomethylbenzene 

derivatives offers a host of opportunities to append labels, chemical handles, or to introduce 

functionalities that tune polarity, solubility or lipophilicity.  The addition of reactive handles to 

potentially react with and covalently label binding domain residues in target proteins is an exciting 

possibility.  We were able to introduce a tosylate and a bromomethyl group into a cyclic peptide.  

While the yields of each were relatively low, it is possible that optimization of the reaction (such 
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as adjusting concentration of linker and reducing agent and decreasing time) will make this a more 

viable route for the development and application of bifunctional cyclic-covalent inhibitor peptides. 

 We adapted and optimized the bromomethylbenzene protocol to cyclize in vitro translated 

peptides immobilized on Ni-NTA resin with α,α’-dibromo-m-xylene.  The on-resin method 

facilitates the removal of the majority of the PURE system components simply by washing and 

subsequent centrifugation using a microcentrifuge filter tube. Furthermore, the excess linker can 

be removed via the same process, negating the necessity of the quenching step, and hence strong 

reducing agents, that open the cycle created in peptides containing one cysteine.  This quick and 

simple protocol allows full conversion to the cyclic product from linear peptides containing one or 

two cysteines. 

Using our established method of ncAA incorporation into peptides, we were able to 

incorporate amino acids containing azide and alkyne functional groups in situ, which enabled the 

use of the orthogonal CuAAC reaction. When CuAAC is performed in conjunction with 

bisalkylation with α,α’-dibromo-m-xylene, we are able to create bicyclic, ribosomally translated 

peptides. The directable nature and orthogonal reactivity of the two reactions allows for the 

generation of nearly unlimited topologically diverse bicyclic peptides, including theta-bridged 

conformations which act as structural mimics of the highly potent knotted peptide natural products. 

 

   

3.4 Future Directions 

 Further optimization is necessary to develop bromomethylbenzene derivatives that act as 

bifunctional linkers and potential covalent inhibitors (3.2.1.3). The method we developed to 
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generate bicyclic peptides (3.2.3.2) will be adapted and optimized to be compatible with mRNA 

display.  This will enable the generation of mRNA-peptide fusion libraries used to perform in vitro 

selection using bicyclic or knotted scaffolds. 

 

 

 

3.5 Experimental 

3.5.1 Amino acids and translation reagents 

 p-chloro-L-phenylalanine (F11) and L-β-azidohomoalanine (M4) were obtained with 

appreciation from the Tirrell Laboratory at Cal Tech. For natural amino acid information, see 2.5.1. 

The synthesis of Texas Red (sulforhodamine 101) azide will be reported elsewhere. Hex-5-yne-

oic acid was purchased from Sigma. Preparation of in vitro translation components and reagents 

is described in 2.5.3.  

3.5.2 Standard solid phase Fmoc-based microwave-assisted peptide synthesis 

 The peptides were synthesized using a Liberty Automated Peptide Synthesizer with a 

Discover microwave module (CEM). Fmoc-PAL-PEG-PS resin (Applied Biosystems) was chosen 

as the solid support for a standard 0.1 mmol scale synthesis using N-α-Fmoc-protected amino acids 

(CEM). The peptides were cleaved from the resin using a cocktail containing trifluoroacetic acid 

(TFA-Chem Impex)/triisopropylsilane (TIS-Sigma)/3,6-dioxa-1,8-octanedithiol (DODT-Sigma)/ 

water in a ratio of 92.5/2.5/2.5/2.5 and incubated at RT for 4 h. The TFA was bubbled off of the 

filtrate with argon, the peptide was precipitated with 10 volumes of cold diethyl ether and collected 

by centrifugation. The supernatant was discarded and the pellet was dissolved in 25% acetonitrile 
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(Fisher Optima grade), followed by freezing and lyophilization. Peptides were purified by reverse 

phase HPLC using a Shimadzu Prominence instrument with a Vydac Protein & Peptide (P/N 

218TP52210) semi-preparative column with a 0.1% TFA in water (A) and 0.1% TFA in 

acetonitrile (B) as the mobile phase monitoring at 215 nm and 280 nm.  

3.5.3 Standard protocol for peptide cyclization with bromomethylbenzene reagents 

A 50 mL oven-dried flask was charged with water (19.34 mL) and acetonitrile (5.28 mL) 

and degassed under argon for 10 min. Then 200 mM ammonium bicarbonate (3.5 mL, pH 8.4), 

tris-carboxyethylphosphine (TCEP) (2.0 mg, 7.0 μmol) in 3.5 mL water and peptide (10 mg, 3.5 

μmol) were added and the reaction was kept under argon. After 30 min, bromomethylbenzene 

linker (10.2 mg, 38.6 μmol) was added as a solution in 3.5 mL of acetonitrile. The reaction was 

incubated at RT and monitored by MALDI-TOF. After 2 h, β-mercaptoethanol (BME) (13.7 mg, 

176 μmol) or dithiothreitol (DTT) (27.1 mg, 176 μmol) was added to quench unreacted linker.  

The reaction was then frozen and lyophilized. When purification of the cyclic peptides was 

required, the resulting white powder was dissolved in 25% acetonitrile and purified by reverse 

phase semi-preparative HPLC under the following conditions. Column: Vydac 218TP52210 22 x 

100 mm: Flow rate: 10 mL/min: Solvents: A=water/0.1% TFA, B=acetonitrile/0.1% TFA). 

3.5.4 Peptide cyclization with bromomethylbenzene reagents (without quenching) 

A 50 mL oven-dried flask was charged with water (19.34 mL) and acetonitrile (5.28 mL) 

and degassed under argon for 10 min. Then 200 mM ammonium bicarbonate (3.5 mL, pH 8.4), 

tris-carboxyethylphosphine (TCEP) (2.0 mg, 7.0 μmol) in 3.5 mL water and peptide (10 mg, 3.5 

μmol) were added and the reaction was kept under argon. After 30 min, bromomethylbenzene 

linker (10.2 mg, 38.6 μmol) was added as a solution in 3.5 mL of acetonitrile. The reaction was 
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incubated at RT and monitored by MALDI-TOF. The reaction was then frozen and lyophilized. 

When purification of the cyclic peptides was required, the resulting white powder was dissolved 

in 25% acetonitrile and purified by reverse phase semi-preparative HPLC under the following 

conditions. Column: Vydac 218TP52210 22 x 100 mm: Flow rate: 10 mL/min: Solvents: 

A=water/0.1% TFA, B=acetonitrile/0.1% TFA). 

3.5.5 Cyclization of immobilized in vitro translated peptides with α,α’-dibromo-m-xylene 

 A standard translation reaction (2.5.3-100 µL each) initiated with mRNA encoding the 

model peptide (OvLap) was quenched by diluting with 300 µL of 50 mM Tris-HCl pH 8.0, 300 

mM NaCl (TBS) with 5 mM β-mercaptoethanol (BME) and captured with 50 µL Ni-NTA agarose 

slurry (MCLAB) in a 0.5 mL centrifugal filter (VWR #82031-358).  After 1 h, immobilized 

peptides were washed twice with 500 µL TBS containing 0.5 mM tris(2-carboxyethyl)phosphine 

(TCEP), and 500 µL cyclization buffer was added (20 mM Tris-HCl pH 7.8, 300 mM NaCl, 3 mM 

α,α’-dibromo-m-xylene, 33% acetonitrile (v/v), 0.5 mM TCEP.  The reactions were rotated at RT 

for 30 min. The bound peptides were washed twice with 500 µL TBS containing 5 mm BME to 

quench the unreacted linker.  For MALDI-TOF characterization, cyclized peptides synthesized 

from translation reactions containing 200 µM cysteine were eluted with 50 µL of 1% TFA, desalted 

and concentrated by reverse phase micro-chromatography using C18 Zip-Tips (Millipore) per 

manufacturer’s instructions and eluted with 10 mg/mL 4-chloro-α-cyanocinnamic acid (CHCl) in 

7:3:0.01 acetonitrile: water: trifluoroacetic acid. Mass analysis was determined with Applied 

Biosystems Voyager DE PRO MALDI-TOF operated in reflector positive mode.   

3.5.6 Incorporation of clickable amino acids in test templates 
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Ribosomal incorporation and optimization of non-canonical amino acids was performed using the 

PURE cell-free translation system containing the following reagents:  HEPES-KOH, pH 7.6 (50 

mM), potassium acetate (100 mM), magnesium acetate (6 mM), creatine phosphate (20 mM), 

spermidine (2 mM), ATP (1 mM), GTP (1 mM), E. coli total tRNA (2.4 mg/mL), deacylated as 

previously described,114 (6R,S)-methenyl-5,6,7,8-tetrahydrofolic acid chloride, adjusted to pH 8 

(0.1 mM), inorganic pyrophosphatase (1 µg/mL), creatine kinase (4 µg/mL), myokinase (3 

µg/mL), nucleoside diphosphate kinase (1.1 µg/mL), ribosomes (1.2 µM), EF-Tu (10 µM), EF-Ts 

(8 µM), EF-G (0.52 µM), IF-1 (2.7 µM), IF-2 (0.4 µM), IF-3 (1.5 µM), methionyl-tRNA 

transformylase (0.6 µM), RF-1 (0.3 µM), RF-3 (0.17 µM), RRF (0.5 µM), RRS (0.03 µM), CRS 

(0.11 µM), ERS (0.32 µM), QRS (0.02 µM), IRS (0.06 µM), LRS (0.04 µM), YRS (0.04 µM), 

WRS (0.47 µM), DRS (0.15 µM), NRS (0.06 µM), GRS (0.02 µM), HRS (0.2 µM), KRS (0.07 

µM), PRS (0.01 µM), TRS (0.05 µM), VRS (0.04 µM), SRS (0.06 µM), ARS (D777K) (0.04 µM), 

FRS (A294G) (0.02 µM), and 17 amino acid mix (200 µM each) lacking Met, Cys and Phe. To 

create unnatural peptides, we added 1.25 mM AzHA and/or 0.8 mM F-yne, while omitting 

methionine and phenylalanine from translation.  For generation of natural peptides, we added 200 

µM of each natural amino acid.  Peptide yield was determined by 50 µL translation reactions 

containing 0.11 µCi 35S-Cysteine (along with 3.5 µM cysteine) and fidelity was determined by 

MALDI-TOF of peptides synthesized in translation reactions containing 200 µM unlabeled 

cysteine. 

3.5.7 CuAAC reactions with in vitro translated model peptide   

3.5.7.1 CuAAC peptide-alkyne labeling with PEG-azide functionalized sulforhodamine 101 

(TR-azide)  
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Ni-NTA immobilized in vitro translated OvLap peptide, cyclized with α,α’-dibromo-m-xylene 

(see 3.5.5) was washed once with 500 µL TBS with 5 mM BME and the following reagents were 

added (500 µL total volume): 100 mM phosphate pH 8, 1 mM CuSO4, 500 mM NaCl, 2 mM 

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), 166 µL DMSO.  For CuAAC 

reaction of alkyne-peptide, azide-functionalized sulforhodamine 101 (TR-azide) was dissolved in 

dimethyl sulfoxide (DMSO) and titrated (0.0025-250 µM) against the immobilized peptide.  Argon 

was bubbled through the reaction followed by addition of 10 mM sodium ascorbate. An argon 

blanket was placed over the reaction and the tube was sealed and rotated at RT for 2h. After 

incubation, the peptides were washed once with 500 µL of 10% (v/v) DMSO in TBS w/5 mM 

BME (to remove any remaining TBTA) and twice more with 500 µL TBS w/5 mM BME.  Bicyclic 

peptides were subsequently eluted similarly to the monocyclic peptides above. For validation of 

TR-azide labeling of the model peptide, the titration reactions were analyzed on a 15% Tris-Tricine 

peptide gel.151  TR-azide fluorescence was measured using a Chemi-Doc MP imaging system (Bio-

Rad) with excitation and emission wavelengths set at 532 and 605 nm, respectively.  

3.5.7.2 CuAAC peptide-azide labeling with hex-5-yne-oic acid 

Ni-NTA immobilized in vitro translated OvLap peptide, cyclized with α,α’-dibromo-m-

xylene (see 3.5.5) was washed once with 500 µL TBS w/5 mM BME and the following reagents 

were added (500 µL total volume): 100 mM phosphate pH 8, 1 mM CuSO4, 500 mM NaCl, 2mM 

TBTA, 166 µL DMSO.  For CuAAC reaction of azide-peptide, hex-5-yne-oic acid was added to 

the aqueous reagents above at a final concentration of 5 mM.  Argon was bubbled through the 

reaction followed by addition of 10 mM sodium ascorbate. An argon blanket was placed over the 

reaction and the tube was sealed and rotated at RT for 2 h. After incubation, the peptides were 

washed once with 500 µL of 10% (v/v) DMSO in TBS w/5 mM BME (to remove any remaining 
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TBTA) and twice more with 500 µL TBS w/5 mM BME.  To confirm intramolecular pre-click 

cyclization of the peptide that contained both the azide and the alkyne, hex-5-yne-oic acid was 

omitted from the cyclization buffer during the initial 2h reaction, the peptide was washed as above, 

then the hex-5-yne-oic acid was included in 500 µL of cyclization buffer and reacted for an 

additional 2h, then washed as above. Bicyclic peptides were eluted with 50 uL of 1% TFA and 

collected by centrifugation through a spin filter following a 15 min. incubation at RT. For 

validation of labeling, peptides were analyzed via MALDI-TOF mass shift following C18 Zip-tip 

microchromatography. 

3.5.8 Preparation of OvLap mRNA for in vitro translation 

 Bottom strand oligo was purchased from IDT. T7-mediated in vitro transcription was 

performed and mRNA was purified and prepared for translation initiation as described in 2.5.2. 

 

 

 

Name Peptide sequence Section

R2 EACARV1AACEAAARG 3.2.1.1

8.6 MCNDFTFDKNLNHHGSPKKKRKV 3.2.1.2

8.5 MCYDFDTTDHTFIGSPKKKRKV 3.2.1.3

Ovlap (natural) MVTNCSVFTSVCGGGHHHHHH 3.2.2

OvLap (azide) (AzHA)VTNCSVFTSVCGGGHHHHHH 3.2.3.2

OvLap (alkyne) MVTNCSV(F-yne)TSVCGGGHHHHHH 3.2.3.2

Ovlap (azide/alkyne) (AzHA)VTNCSV(F-yne)TSVCGGGHHHHHH 3.2.3.2

Name RNA sequence

OvLap

GGGUUAACUUUAAGAAGGAGAUAUACAUAUGGUGACCA

ACUGCAGCGUUUUUACGAGUGUCUGUGGCGGUGGCCAU

CAUCACCAUCACCAUUAGCACCGGCUAUAGG

3.2.2-3.2.3

Table 3.1 Peptide and mRNA sequences for cyclization experiments. 
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Chapter 4. Mono- vs. Bicyclic Peptide Libraries; 

In vitro Selection with mRNA Display 
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4.1 Introduction 

 We have demonstrated the ability to create highly constrained bicyclic, or knotted, in vitro 

translated peptides (Chapter 3).  Our stringent validation method consisted of a model unnatural 

peptide that contained a highly-constrained theta-bridge linkage when sequentially bicyclized via 

α,α’-dibromo-m-xylene bisalkylation and CuAAC.  Given this exciting development, the 

difficulties in creating large libraries of bicyclic, or knotted peptides have proven to be a significant 

obstacle.  Cyclization reactions for this purpose must be: (1) robust and high-yielding to maximize 

enrichment, (2) mild enough to be compatible within the selection system used for ligand 

discovery, and (3) orthogonal to guarantee the generation of a stable, high yielding product. For 

example, the use of 1,3,5-trisbromomethylbenzene (TBMB) to generate bicyclic libraries of 

tricysteine peptides used for phage display selection has been reported.74   While the size of each 

macrocycle can be varied using this technique, conformations are limited to two independent 

loops, because of the reliance on a central linker.  The formation of bicyclic peptides with disulfide 

bond linkages has been reported,66,71,152 but the lack of stability in the intracellular reducing 

environment limits the application of this technique as a viable peptide library cyclization 

strategy.72,73   

Here we describe the adaptation of our peptide bicyclization technology to the creation of 

>1013 member libraries of knotted peptides using mRNA display.107,153  By using two orthogonal 

chemical cyclization steps, we generated libraries that contain bicyclic peptides with highly 

variable and directable theta-bridged topologies.  We conducted parallel mono- vs. bicyclic in vitro 

selections to compare the relative fitness of the respective library scaffolds to bind to a model 

target, streptavidin, (Figure 4.1) as well as the ability to resist protease degradation.  
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Figure 4.1 Scheme of competitive mono- and bicyclic selections.  Parallel mRNA-peptide 

fusion preparations with bisalkylation to form the monocyclic library and a subsequent CuAAC 

reaction to generate the bicyclic library. Side-by-side panning against streptavidin yields 

enriched sequences which are tested for affinity and protease stability. 
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4.2 Results 

 We previously demonstrated the ability to ribosomally incorporate an azide and alkyne into 

peptides (3.2.3.1). Furthermore, we validated the orthogonal, sequential on-resin chemistries 

(bisalkylation with α,α’-dibromo-m-xylene followed by CuAAC) to create in vitro translated 

bicyclic peptides (3.2.3.2). We next sought to demonstrate the compatibility of this technology 

with mRNA display.   

4.2.1 Compatibility of CuAAC chemistry with mRNA display   

To create mRNA-displayed peptide libraries, it is essential that the proposed chemistries 

do not degrade mRNA. The α,α’-dibromo-m-xylene cyclization chemistry has already been shown 

to be compatible with mRNA display.55,117,139  However, others have shown that CuAAC reagents 

degrade nucleic acids over time and that RNA is particularly susceptible to oxidation.154,155  The 

use of polytriazole ligands, such as tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA-

Figure 4.2a) or the water-soluble tris(3-hydroxypropyl-triazolylmethyl)amine (THPTA-Figure 

4.2b), have been shown to protect Cu(I) from oxidation or disproportionation.156-159  The addition 

of the copper coordinating ligands acts to both increase the rate of reaction and decrease the amount 

of reactive oxygen species (ROS) present as a result of the increased oxidation of ascorbate to 

dihydroascorbate resulting from copper reduction.  In a reaction mixture containing trillions of 

peptide library members, increasing the ROS would have detrimental effects that would likely 

compromise phenotype fidelity.  While the water solubility of THPTA would be advantageous 

with respect to translation yield and potential reagent compatibility, relative to the 

dimethylsulfoxide (DMSO) soluble TBTA, others have shown that the presence of DMSO in the 

click reaction increases the percentage of intact nucleic acid.155  We tested the compatibility of 

library mRNA with each ligand and found that mRNA was highly stable up to 2 h using click 
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reagents in the presence of TBTA with 33% DMSO relative to the water soluble THPTA (Figure 

4.2c,d).  While the direct determination of the effect of the coordinating ligand on our peptide 

library is problematic, our presumption is that since the oxidative damage to the mRNA is far less 

with TBTA, the protective effect would be transferrable to oxidizable residues in the peptides 

displayed on the mRNA.  Furthermore, the robust nature of CuAAC and the protective effect of 

polytriazole ligands in reducing oxidative byproducts are well-documented.158,160-163   
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Figure 4.2 Copper coordinating ligand effect on mRNA stability. Copper coordinating 

ligands a) TBTA and b) THPTA. c) CuAAC reagents were added to mRNA template with 

protecting ligands. Aliquots were removed at the indicated time points, analyzed by 10% 

Urea-PAGE and d) quantified by densitometry. 
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We verified that these optimized click conditions can be applied to an mRNA-peptide 

fusion library.  We first generated mRNA-displayed peptides using our mixed scaffold libraries 

designed for selection (Table 1), which encode AzHA, F-yne and two cysteines. We initiated an 

in vitro translation including F-yne with mRNA covalently attached to puromycin via a linker with 

a poly-(dA) region.107  The mRNA-(F-yne)-peptide fusions were initially cyclized by cysteine-

bisalkylation while immobilized on oligo(dT) magnetic beads,117 eluted, and subsequently bound 

to Ni-NTA resin.  We then added 250 µM Texas Red-azide, along with the optimized click 

reagents, and analyzed the reaction over time by SDS-PAGE.  Labeling of the mRNA-(F-yne)-

peptide fusion library, without mRNA degradation, occurred after 2 h under inert atmosphere 

(Figure 4.3a). We also prepared mRNA-peptide fusion libraries containing both AzHA and F-

yne, and another with only F-yne. While immobilized on oligo(dT) resin, we performed CuAAC 

using 250 µM Texas Red-azide on the (F-yne)-fusion library.  After washing and elution, we 

observed fluorescent labeling of the (F-yne)-fusion library (Figure 4.3b, left).  CuAAC was 

performed on the (AzHA, F-yne)-fusions in the absence of Texas Red-azide. Upon subsequent 

addition of the fluorophore, no labeling occurred (Figure 4.3b, right), indicating that the 

formation of the triazole-linked intramolecular bicycle had already occurred.   

Lastly, we ensured that azide-containing mRNA-peptide fusions were not compromised 

during the most reductive step in the mRNA display process, reverse transcription, which requires 

5 mM DTT and elevated temperatures for 30 min. (Figure 4.4).  Taken together these experiments 

show that mRNA displayed peptide libraries are compatible with CuAAC chemistry.   



 

105 
 

  

Figure 4.3 Compatibility of click reaction with peptides displayed on mRNA.  a) Click 

reaction was performed with mRNA-(F-yne)-peptide fusions immobilized on Ni-NTA resin 

and 250µM Texas Red-azide.  Aliquots of beads were removed at the noted time points, fusions 

were washed and eluted with imidazole, and analyzed by 10% SDS-PAGE. Left, UV 

shadowing of mRNA-peptide fusion libraries over time. Right, Fluorescence image (ex 532, 

em 610) of the same gel. b) Elution from oligo(dT) resin after CuAAC reaction of (F-yne)-

fusions with 250µM Texas Red-azide (left tube). CuAAC was performed with (AzHA, F-yne)-

fusions. CuAAC was performed a second time with 250µM Texas Red-azide and eluted from 

the resin (right tube). 
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Figure 4.4 Compatibility of azide-peptide with dithiothreitol (DTT).  (a) MALDI-TOF of 

a test peptide (MDYKMH6) containing two AzHA residues (calc. 1527.78, obs. 1528.32) 

before treatment with DTT, and (b) after treatment with 5mM DTT, 55°C for (b) 30 min and 

(c) 1 h. The 1 h time point shows an additional peak consistent with the reduction of one of 

the azide residues (calc. 1501.77, obs. 1502.41). 
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4.2.2 Comparative scaffold-diverse in vitro selections  

To assess the relative fitness of the bicyclic peptide library generation technology in an mRNA 

display selection (Figure 4.5), we chose to perform a side-by-side in vitro selection with a 

monocyclic library generated by cysteine-bisalkylation similar to those we generated 

previously.55,117,139  We designed five libraries, each containing two cysteine codons (one fixed at 

the 3′ end of the random region and one that was varied), and one Phe codon that was varied in 

position between libraries (Figure 4.6a-c and Table 4.1).  The initiator Met codon fixed the 

position of the azide to the N-terminus.   This design resulted in the generation of five libraries 

which, when cyclized solely with α,α’-dibromo-m-xylene, resulted in macrocycles with 7-11 

member rings.  However, when subsequently cyclized a second time with CuAAC, these libraries 

generate a variety of highly-constrained, overlapping, θ-bridged scaffolds characteristic of knotted 

peptides (Figure 4.5d).  Since target-scaffold matching is important from a ligand discovery 

perspective,164 as the target for our selection we chose streptavidin, a highly studied protein with 

a well-defined binding pocket which has been shown in previous selections to prefer constrained 

peptides.165,166  

For Round 1 of the parallel selections against streptavidin, we initiated a single translation 

with an equimolar mix of the five library mRNAs pre-linked to the puromycin oligo and used 

incorporation of 35S-cysteine for quantification. While immobilized on oligo(dT) resin, the 

mRNA-peptide fusion pool was bisalkylated with α,α’-dibromo-m-xylene (Figure 4.5).  At this 

point, the fusions were split into monocyclic and bicyclic pools, reverse transcribed and captured 

onto Ni-NTA agarose.  CuAAC was performed on the bicyclic pool generate the second triazole-

containing cycle (Figure 4.5).  The purified monocyclic and bicyclic fusions were independently 

incubated for 4 h with magnetic streptavidin beads.  Bound fusions were competitively eluted with 
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D-biotin and separately PCR-amplified to initiate round 2.  Stringency was increased by using 

additional washes of the beads beginning in round 2.  While we noted enrichment beginning in 

round 4 and continuing through round 7 for the monocyclic selection (Figure 4.7), we observed 

no enrichment throughout the bicyclic selection, despite two additional rounds. The purified PCR-

amplified DNA from both selections was sequenced using the Illumina MiSeq platform (4.5.13).  

The raw sequencing data was analyzed using AptaTOOLS, a comprehensive software collection 

designed specifically for the in silico processing of several types of in vitro selections. First, the 

data was preprocessed using AptaPLEX167 by filtering out low quality reads and extracting the 

relevant sequence region. Remaining sequences in each selection cycle were then computationally 

analyzed using AptaCLUSTER168 by elucidating and tracking the behavior of aptamers and 

aptamer families (clusters) throughout the sequenced portion of the selections. In conjunction with 

its graphical user interface AptaGUI,169 the algorithm also determined global properties of the 

selections such as the convergence of the pool towards certain families of sequences, as well as 

local characteristics including, but not limited to, the abundance and enrichment rate of each 

individual sequence and cluster respectively.  
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Figure 4.6 Design of mono- and bicyclic libraries.  a) General DNA library elements, b) 

Random library region construction, highlighting fixed ‘clickable’ codons in red and 

bisalkylatable cysteine codons in blue. c) Peptide sequences generated from the library mRNA, 

Az = β-azido-L-homoalanine (AzHA), yne = p-ethynyl-L-phenylalanine (F-yne), C = cysteine. 

d) Representative cartoon depictions of scaffold diversity generated from the linear mRNA 

fusions prepared by bisalkylation (monocyclic) and bisalkylation followed by copper click 

(bicyclic) while fusions are immobilized on Ni-NTA.  
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Figure 4.7 Selection enrichment.  35S-cysteine quantification of monocyclic selection 

enrichment through 7 rounds.  The bicyclization selection continued through round 9. 
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4.2.3 Sequence analysis   

As expected based on the selection enrichment measurement (Figure 4.7), the monocyclic 

selection showed a high level of sequence convergence after 6 rounds (Figure 4.8a).  Moreover, 

there was a clear scaffold preference—all of the most abundant sequences came from the 

MXXXXCFXXXXC library. The sequences were identified with the following nomenclature, 

using the most abundant peptide from the monocyclic selection as an illustrative example (7.1m): 

The first number (7) represents the round of selection the sequence was derived from, (1) is 

abundance rank within the given round, and (m) indicates the sequence was found in the 

monocyclic selection (‘b’ identifies sequences which originated from the bicyclic selection). 

Surprisingly, 4 of the top 8 sequences (9.1b=7.1m, 9.2b=7.2m, 9.3b=7.3m, and 9.8b=7.4m) from 

the bicyclic selection were also abundant in the monocyclic selection, although the percentage of 

these peptides in the final pool was significantly less (1-2% vs. 20-26%) (Figure 4.8b).   The 

bicyclic selection also contained peptides that were not found at all in monocyclic selection 

winners (9.4b and 9.6b) as well as a linear mutant which did not contain a F-yne or a second 

cysteine (9.5lin).   Based on these results, we decided to further analyze peptides 7.1m-7.4m in the 

linear, mono- and bicyclic configurations as well as peptide 9.4b, which was the most abundant 

unique bicyclic peptide.  Finally, we also analyzed linear peptide 9.5lin as a point of comparison. 

(Note: The top 100 sequences for the monocyclic and bicyclic selections can be found in Appendix 

Tables H1a,b and H2a,b, respectively). 
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4.2.4 Affinity for streptavidin 

            Each of the peptides was prepared with in vitro translation in the presence of 35S-Cys, and 

the pertinent cyclization steps were carried out while the peptide was immobilized on Ni-NTA 

resin (Figure 4.9). As an initial screen for affinity, we chose to test each peptide in its linear, mono- 

and bicyclic forms for its ability to bind to 1 µM immobilized streptavidin.  The four most abundant 

monocyclic selection winners (7.1m-7.4m) all showed enhanced binding to streptavidin in their 

monocyclic conformations relative to the linear and bicyclic forms (Figure 4.10a). The unique 

9.4b knotted peptide showed binding in both the monocyclic and bicyclic configurations, although 

the bicyclic configuration bound to a greater extent.  Since this peptide contained two F-yne 

residues (Figure 4.10b), there are two potential places for the click cyclization to occur.  To test 

the preference, we independently substituted each of the F-yne residues with tyrosine giving 9.4b-

7Y and 9.4b-10Y, to force the triazole-containing ring sizes to 10 or 7 amino acid-sized rings 

respectively, and performed the identical screen. The knotted peptide containing the 10AA triazole 

cycle (9.4b-7Y) bound to a much greater extent than the 7AA ring (Figure 4.10b).    

We next determined the absolute affinity of our top binding peptides (7.2m, 7.3m, 9.4b, and 

9.4b7Y) using a magnetic bead-based modification of the spin filter binding-inhibition assay 

(Figure 4.11).170   Both 7.2m and 7.3m had Kd’s of approximately 300 nM.  9.4b as well as the 

9.4b7Y mutant had Kd‘s in the 500-600 nM range. 
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Figure 4.9 MALDI-TOF spectra of in vitro translated selection winners. Selection winners 7.2m  

(a), 7.3m (b), 9.4b (c), and 9.4b 7Y (d) were made using the PURE translation system, purified and 

cyclized on Ni-NTA resin. Black arrow indicates product of correct mass; red arrow indicates Q  H 

misincorporation, which we demonstrated in 2.2.1 (Figure 2.4).  (Experiment performed by Emil S. 

Iqbal) 
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Figure 4.10 Relative binding to streptavidin. a) In vitro translated, 35S-Cys-labeled peptides 

were created in linear, monocyclic, and bicyclic conformations while immobilized on NI-NTA 

resin, bound to1 µM streptavidin beads and eluted with 2.5mM D-biotin.  Model peptide was 

used as an irrelevant control and 9.5lin was tested in only its linear form due to the absence of 

cyclizable residues. b)  Selected bicyclic peptide 9.4b, with two F-yne residues (left). Tyrosine 

mutations to force the 10-member triazole cycle (middle) and the 7-member cycle (right).  
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Figure 4.11 Binding curves of selection winners. Results of bead-based modification of a 

spin-filter binding inhibition assay to determine binding affinity.170  a) monocyclic b) bicyclic 

c) irrelevant control (OvLap). Magnitude of fractional binding is expectedly low as a result of 

the presence of unincorporated 35S-cysteine during the peptide purification process (Cys binds 

to the Ni-NTA resin along with our peptide). We have consistently observed between 75-90% 

of the signal represented as the unbindable fraction.  Results represent experiments done at 

least in duplicate.   
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4.2.5 Bicyclization enhances protease stability   

Others have demonstrated that knotted peptides are far more biostable and remarkably 

resistant to enzymatic degradation,127,171 qualities that increase the therapeutic potential of ligands 

discovered using selection methods. We selected the linear (9.5lin), monocyclic (7.2m) and 

bicyclic peptide (9.4b) variants and incubated them with immobilized chymotrypsin.  At each time 

point, we removed an aliquot of peptide and measured its ability to bind immobilized streptavidin.  

As expected, the activity of the linear peptide was almost completely abolished after 1 h, but the 

monocyclic peptide 7.2m displayed far greater resistance to protease degradation, retaining 57% 

of its activity after 24 h relative to the control (Figure 4.12a).  Interestingly, and in accordance 

with our hypothesis, 96% of bicyclic peptide 9.4b was able to bind to streptavidin after 24 h 

incubation with chymotrypsin. Furthermore, even after extended incubation with the protease, the 

bicyclic peptide showed remarkable retention of activity, despite the fact that it had an additional 

predicted cleavage site relative to the monocyclic peptide (Figure 4.12b).   

While this assay demonstrates that protease stability directly correlates with constraint, 

there are a few caveats that bear mentioning. Since chymotrypsin is specific for peptides containing 

aryl amino acids, we make the assumption that F-yne is recognized by the enzyme. This 

assumption is supported by the fact that the F-yne in peptide 7.2m is the only putative 

chymotrypsin cleavage site and that this peptide is degraded over time. Second, since relative 

fractional binding is monitored via radioisotope binding it is possible that a distal label could be 

cleaved, yet the peptide still be bound to the protein. This scenario would result in artificially high 

‘degradation’. Lastly, the peptides are all derived from different primary sequences.  The 

monocyclic peptide 7.2m has a single cleavage site, while the other peptides each have two. These 

variables could potentially bias the stability results.   
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Figure 4.12 Protease stability. a) Normalized protease degradation of each of the three 

scaffolded peptides shown to bind streptavidin with the highest affinity (7.2m, 9.4b, 9.5lin).  5 

nM peptide was added to 1.4U of immobilized α-chymotrypsin. Aliquots were removed at the 

indicated time points and added directly to 1 µM streptavidin beads, incubated for 2 h, and 

eluted with biotin.  Peptides were quantified by scintillation of 35S-cysteine labeled peptides 

and normalized to the no protease time point.  Results are an average of duplicate trials. b) α-

chymotrypsin cleavage sites.  Dotted arrows represent putative chymotrypsin substrates present 

in peptides used in the protease stability experiment. Yellow arc represents the α,α’-dibromo-

m-xylene cyclization of two cysteines. Dotted purple arcs represent the two potential click 

cyclization products of the bicyclic peptide 9.4b.  Linear peptide 9.5lin is lacking both a 2nd 

cysteine and an F-yne residue and as a result is inert to both chemistries performed during the 

mRNA-peptide fusion preparation steps in selection. 
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4.3 Discussion 

The advent of Next Generation Sequencing (NGS) has proven to be a powerful tool in the ligand 

discovery/DNA template-based selection field.  When combined with software such as AptaTools, 

which allows in-depth round-by-round analysis of enrichment rates, important ligands which may 

have otherwise gone unnoticed can now be uncovered. For the monocyclic selection, we observed 

high enrichment rates from round 4 to round 5 while the subsequent increase in the remaining 

rounds for each of the monocyclic peptides was much more moderate.  This pairs nicely with our 

selection enrichment results based on radioactivity (Figure 4.7) and suggests that the selection had 

plateaued after round 5.  At round 5 however, the abundance of the winner sequences was still 

quite low (<4%)--too low to meaningfully detect these sequences by traditional Sanger sequencing.  

Therefore, in principle, use of NGS and AptaTOOLS could shorten the number of rounds 

necessary to detect winners as compared to standard sequencing.  For the bicyclic selection, use 

of NGS was essential for the detection of peptide 9.4b due to its low abundance. 

Our streptavidin-binding peptides have a unique sequence motif as compared to previous 

selections.  For example, the HPQ motif revealed in numerous selections against streptavidin165,172-

175 was absent from our most abundant sequences in the monocyclic selection.  Instead, sequencing 

revealed a consensus binding motif that included portions of the N-terminal linear and C-terminal 

cyclic regions (Figure 4.13). The only significant variability in the top 8 monocyclic sequences 

was in the 11th position. The fact that these peptides showed much weaker affinity in their linear 

forms leads us to conclude that cyclization of these sequences is essential for a high affinity 

interaction with streptavidin.   When we added a second cycle to these peptides, the binding was 

significantly reduced (Figure 4.10a).  It is expected that the second cycle will dramatically change 
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the conformation of these peptides, and we surmise that the bicyclic peptides are locked in a 

compacted conformation unproductive for binding.   
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Figure 4.13 Selection winner homology.  a) The monocyclic selection resulted in a high 

degree of homology, both in the cyclic portion (6-12, with the exception of residue 11) and the 

linear portion (1-5) of the top 8 most abundant sequences.  While the bicyclic selection b) 

showed a lesser degree of homology there was a strong similarity between the consensus 

regions of the two selections. Residue 11 was also highly variable in the bicyclic selection, 

indicating that the residue was likely not critical for interaction with streptavidin. Top 100 

sequence homology diagrams are in Appendix Figures H1 (monocyclic) and H2 (bicyclic). 
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            On the other hand, our bicyclic selection-derived peptide 9.4b did bind effectively as a 

knotted peptide.  This peptide has two F-yne residues as potential cyclization points.  When we 

removed each of these in turn, only the bicyclic peptide with the F-yne at position 10 led to 

effective binding (Figure 4.10b).  This is significant, because this F-yne was located in the random 

region of the library, while the F-yne at position 7 was fixed.  From a library design standpoint, 

this is quite interesting; this peptide effectively “chose” a scaffold that was underrepresented in 

the library.  Our low enrichment rates from the bicyclic selection could, therefore, be a 

consequence of our biased scaffold choice. 

             The peptide winners common to the two selections (Figure 4.8a,b) did not bind to 

streptavidin in their bicyclic configurations (Figure 4.10a).  It is therefore quite surprising that 

these sequences were present in the bicyclic selection winners.  First, we note that the enrichment 

rates of these peptides are quite low in comparison to the enrichment values in the monocyclic 

selection prior to its plateau.  The low enrichment explains why we did not see significant 

convergence in sequences, even though we performed 2 additional rounds relative to the 

monocyclic selection.  While we demonstrated that the click cyclization results in high conversion 

to the bicyclic peptide using our model peptide, it is certainly possible that the cyclization 

efficiencies of these sequences under selection conditions are less than 100%.  If so, the low 

enrichment could be due to a small amount of the monocyclic sequences being present and 

captured during the bicyclic selection.  Also, although we were very careful to avoid this, we 

cannot definitively rule out that cross contamination could be responsible for the presence of the 

monocyclic sequences in the bicyclic library since the selections were performed side-by-side. 

In summary, we have developed the technology to create knotted, bicyclic peptides using 

a cell-free translation system, and we have optimized the method to make it compatible with 
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mRNA display to generate mRNA-bicyclic peptide fusions for in vitro selection.  We designed 

our parallel selection strategies in order to be able to evaluate the potential for either mono- and 

bicyclic libraries to uncover peptide binders.  We conclude that high-affinity versions of both types 

of ligands are present in the diverse libraries we created; however, the bicyclic peptides have the 

advantage of dramatically enhanced (>4-fold) protease stability. Moreover, because we have fixed 

the position of the cyclization residues to only a few possibilities, we have only probed a very 

small subset of the potential diversity of these bicyclic libraries.  It should therefore now be 

possible to randomize these positions to create a whole host of diverse knotted peptide libraries 

using mRNA display.  This diversity should enable the discovery of protease-stable bicyclic 

ligands to a wide range of therapeutic targets. 

4.4 Future Directions 

 Based on our premise that random cyclizable codon placement will greatly increase 

scaffold diversity and will result in target selection of the optimal conformation, we will perform 

a second in vitro selection against streptavidin using this strategy.  We will also use this method 

to conduct a selection against DNA repair protein XRCC4.  
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4.5 Experimental 

 

 

 

Table 4.1 Oligonucleotides used in mono- vs. bicyclic scaffold selection 
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4.5.1 Amino acids and translation reagents: For natural amino acid preparation, see 2.5.1.  

Preparation of in vitro translation components and reagents is described in 2.5.3. Unnatural 

amino acids are described in 3.5.1. 

4.5.2 Selection Reagents: Magnetic streptavidin beads tested for selection: Dynabeads M-280 

streptavidin (#11205D) and M-270 streptavidin (#65305) (Invitrogen, Life Technologies), 

streptavidin magnetic particles (Roche #11641778001); Oligo-(dT)25 magnetic beads (NEB 

#S1419S); Superscript III reverse transcriptase (Invitrogen #18080093); RNase inhibitor (Bioline 

#65027); TurboDNase (Invitrogen #AM2238); Taq DNA polymerase (NEB #M0237L).  All 

oligonucleotides were purchased from Integrated DNA Technologies (IDT). α,α′-dibromo-m-

xylene was purchased from Fluka. 

4.5.3 Preparation of mRNA-peptide fusion library 

T7 in vitro transcription116 was performed with an equimolar mix of the five bottom strand oligo 

libraries (see Table 4.1), following pre-annealing to the forward primer (70° C for 5min, followed 

by cooling on ice for 1min.).  Library mRNA was photo-crosslinked to the linker containing 

puromycin at the 3′ end as described previously.108  For round 1 of the parallel selections, a single 

2 mL standard translation reaction was initiated with the addition of the puromycin-linked mRNA, 

incubated at 37° C for 1.25 h, supplemented with 550 mM KCl and 55 mM MgCl2, returned to the 

incubator for 1.5 h and subsequently frozen overnight at -80° C. The resulting mRNA-peptide 

fusions were diluted 6-fold with oligo-dT binding buffer (20 mM Tris-HCl pH 7.8, 10 mM EDTA, 

1 M NaCl, 0.2% Triton X-100, 0.5 mM TCEP), added to 1.5 mL of oligo-dT magnetic beads which 

were equilibrated thrice with 5 mL of oligo-dT binding buffer, and rotated at 4° C for 30 min.  The 

beads were washed twice with 5 mL of oligo-dT wash buffer (20 mM Tris-HCl pH 7.8, 0.3 M 

NaCl, 0.1% Triton X-100, 0.5 mM TCEP), and the first cyclization was performed on resin by the 
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addition of 5 mL of cyclization buffer (20 mM Tris-HCl pH 7.8, 0.66 M NaCl, 3 mM α,α’-

dibromo-m-xylene, 33% acetonitrile (v/v), 0.5 mM TCEP) and rotated at RT for 30 min. The beads 

were washed once with 5 mL of oligo-dT wash buffer containing 5 mM BME (in lieu of TCEP), 

to quench the unreacted linker.  Beads were washed a second time with 5 mL of wash buffer 

containing TCEP and eluted in 1 mL fractions with 0.5 mM TCEP.  The five elutions with the 

highest scintillation counts were pooled and precipitated with 4 vol of ethanol, 0.1 vol of 3 M 

KOAc, pH 5.2 and 0.001 vol of 5 mg/mL glycogen. The pellet was resuspended in 543.5 µL of 

water and split into two portions for the monocyclic and bicyclic selections. 

4.5.4 Monocyclic.   

One half of this solution was reverse transcribed in a final volume of 400 µL in the presence of 

RT mix (0.5 µM RT primer, 0.5 mM dNTPs, 5 mM MgCl2, 1 mM DTT, 2 U/µL RNase inhibitor, 

5 U/µL Superscript III, 1x First Strand buffer) at 55° C for 30 min.  The RT reactions were 

subsequently diluted 5-fold with denaturing Ni-NTA binding buffer (100 mM NaH2PO4, 10 mM 

Tris-HCl, 6 M guanidinium hydrochloride, 0.2% Triton X-100, 5 mM BME, pH 8) and added to 

100 µL of Ni-NTA agarose resin (MCLab) in a 10 mL BioRad disposable column. Columns were 

placed on a tumbler at 4° C for 1 h. The monocyclic fusions were washed four times with 3 mL of 

Ni-NTA wash buffer (100 mM NaH2PO4, 300 mM NaCl, 0.2% Triton X-100, 5 mM BME, pH 8) 

and eluted in one column volume fractions with Ni-NTA elution buffer (50 mM NaH2PO4, 300 

mM NaCl, 350 mM imidazole, 0.2% Triton X-100, 5 mM BME, pH 8).  Fractions containing 

significant radioactivity were pooled and dialyzed overnight against selection buffer (50 mM Tris-

HCl pH 8, 150 mM NaCl, 4 mM MgCl2, 0.25% Triton X-100).   
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4.5.5 Bicyclic  

The second half of this solution was reverse transcribed in a final volume of 400 µL in the presence 

of RT mix (0.5 µM RT primer, 0.5 mM dNTPs, 5 mM MgCl2, 1 mM DTT, 2 U/µL RNase inhibitor, 

5 U/µL Superscript III, 1x First Strand buffer) at 55° C for 30 min.  The RT reactions were 

subsequently diluted 5-fold with denaturing Ni-NTA binding buffer (100 mM NaH2PO4, 10 mM 

Tris-HCl, 6 M guanidinium hydrochloride, 0.2% Triton X-100, 5 mM BME, pH 8) and added to 

100 µL of Ni-NTA agarose resin (MCLab) in a 10 mL BioRad disposable column. Columns were 

placed on a tumbler at 4° C for 1 h. After binding to the Ni-NTA agarose, bicyclic fusions were 

washed once with 3 mL of Ni-NTA wash buffer, and 3 mL total volume of CuAAC cyclization 

reagents were added (100 mM phosphate pH 8, 1 mM CuSO4, 300 mM NaCl, 2 mM TBTA, 33% 

DMSO (v/v).  The solution was degassed with argon prior to the addition of 10 mM sodium 

ascorbate.  An argon blanket was placed over the solution and the tube was sealed and rotated at 

room temperature for 2h.  After incubation, the resin was washed once with 3 mL of Ni-NTA wash 

buffer containing 10% DMSO (v/v).  Following two additional washes with 3 mL of Ni-NTA wash 

buffer, the purified fusions were eluted, pooled and dialyzed similarly to the monocyclic fusions.  

The translation volume was reduced to 500 µL for rounds 2-4, 250 µL for rounds 5-7.  Purification 

reagent usage, wash and elution volumes were adjusted accordingly to coincide with translation 

yield.  

4.5.6 Selection against streptavidin 

Two tubes containing 125 µL Dynabeads M-280 Streptavidin (Invitrogen #11205D) were 

equilibrated twice with 1 mL selection buffer and 0.5 pmols  (3.01 x 1011 fusions, 11.75-fold above 

theoretical library diversity) each of monocyclic or bicyclic dialyzed fusions (125 µL total volume) 

were added to the respective tubes (with 0.1% BSA) and rotated at 4° C for 1h.  The beads were 
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then washed twice with 1 mL selection buffer and streptavidin-binding fusions were competitively 

eluted for 4 h (to account for slow off-rates) with 200 µL of 2 mM D-biotin in selection buffer.  

Eluted fusions (2.4% and 2.0% of monocyclic and bicyclic input, respectively) were dialyzed 

overnight against 0.1% Triton X-100.  Following PCR amplification using ExtT7fwd and UniRev2 

primers (2 min. at 94°C, followed by 24 rounds of 94° C (30s), 65° C (30s), 72° C (45s), library 

DNA was extracted with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) and 

precipitated with 3 vol. ethanol and 0.1 vol 3 M KOAc pH 5.2.  The resuspended DNA served as 

the templates for Round 2 of the parallel selections.  The bead-to-fusion volume ratio was kept 

constant throughout the selection.  

4.5.7 Ribosomal translation and preparation of selected labeled peptides for binding and 

stability studies 

T7 transcriptions (500 µL) were performed using either PCR product of selection clones (T7 Fwd 

and T7Rev primers-see Table 4.1) or bottom strand oligos (IDT) annealed to the T7 forward 

primer to produce mRNA used to initiate a standard translation reaction (as described in 2.5.4). 

35S-cysteine (10 µCi) was used when the sequences contained Cys and 35S-methionine (8 µCi) 

when no cysteines were encoded.  Individual standard 250 µL reactions were conducted with each 

selection winner mRNA, incubated for 80 min., and quenched with 750 µL of TBS (50 mM Tris-

HCl pH 8, 300 mM NaCl, 5 mM BME). Reactions were subsequently split 1:2:2 into three tubes 

containing 30:50:50 µL of Ni-NTA slurry to produce the linear:monocyclic:bicyclic conformation 

of each peptide.  Peptides were incubated at 4° C with the resin for 1 h.  Linear peptides were 

subsequently washed six times with 500 µL TBS. Cyclization chemistries were conducted with 

peptides immobilized on Ni-NTA resin.  To bisalkylate the two cysteines, bound peptides targeted 

for mono- and bicyclization were washed once with 500 µL TBS containing 0.5 mM TCEP (in 
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lieu of BME) and incubated for 45 min at RT after the addition of 500 µL of bisalkylation buffer 

(20 mM Tris-HCl pH 7.8, 0.5 M NaCl, 3 mM α,α’-dibromo-m-xylene, 33% acetonitrile (v/v), 0.5 

mM TCEP).  These peptides were washed once with 500 µL TBS (containing 5 mM BME to 

quench unreacted brominated linker), and monocyclic constructs were washed three additional 

times with 500 µL TBS.  Click buffer (100 mM potassium phosphate pH 8, 500 mM NaCl, 1 mM 

CuSO4, 2 mM TBTA, 33% DMSO (v/v)) was added to the bound monocyclic peptides targeted 

for bicyclization.  After degassing with argon, 10 mM sodium ascorbate was added to make total 

volume 500 µL. A blanket of argon was added to the reactions, tubes were sealed and rotated at 

RT for 2 h.  Bicyclic peptides were then washed once with 500 µL TBS containing 10% DMSO, 

and twice more with 500 µL TBS.  To elute, all bound peptides were incubated for 10 min. with 

50 µL of 1% TFA, centrifuged at 5900 RPM to collect the filtrate, neutralized with 1 eq. 3M KOH, 

buffered with 2 µL of 1 M Tris-HCl pH 7.6, aliquoted and stored at -20° C.  Peptide concentrations 

were determined by scintillation count of the elution in duplicate and corrected for background by 

subtraction of a control reaction lacking mRNA.  

4.5.8 Relative streptavidin binding 

In vitro transcribed and radiolabeled peptides prepared above were diluted in SBB to 20 nM.  10 

µL of M-280 streptavidin beads were equilibrated three times each with 100 µL of SBB.  The 

beads were bound to a magnetic stand and the buffer was removed and 20 µL of each diluted 

peptide was added to each tube. The beads were resuspended with diluted peptide solution, 

resulting in approximate streptavidin-on-bead concentration of 1 µM, calculated based on 

manufacturer’s reported biotin binding capacity.  Tubes were placed on a rotisserie at 4° C for 2 

h, then placed on the magnetic stand and the supernatant was removed.  The beads were washed 

twice each with four CV of SBB (with mild vortex to ensure resuspension).  Washes were 
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combined with the flow through and a portion was counted via scintillation and considered as the 

unbound fraction.  200 µL of SBB with 2.5 mM D-biotin was added to each tube and rotated at 

RT for 2 h.  The supernatant was removed and a portion was counted as the bound fraction. 

Fractional, or % bound to streptavidin and eluted with D-biotin, was calculated with the following 

equation:  % bound = [bound/(unbound + bound) x 100].  % bound was determined for each 

peptide and the highest relative binders for each of the three conformations were selected for 

further study. 

4.5.9 Determination of peptide Kd 

In vitro translated, radiolabeled peptides prepared as described above (4.5.8) were diluted in SBB 

to 8 nM and added 1:3 to streptavidin in SBB (1.2 nM – 20 µM final 4-fold serial dilution), 

resulting in 2 nM peptide final concentration in 20 µL total volume. Reactions were incubated at 

4° C for 2 h and added to 10 µL washed and dried Dynabeads M-280 streptavidin magnetic beads, 

mixed and incubated for 1 min at RT. Tubes were then placed on a magnetic stand for 1 min and 

the supernatant was removed. 17 µL of the supernatant was added to 2 mL of Econo-Safe 

scintillation fluid (RPI) and counted on a Beckman scintillation counter for 5 min. This was the 

fraction which bound the free streptavidin (B). The beads were resuspended in 50 uL of SBB, 

vortexed vigorously and 40 uL was counted as above. This was the unbound fraction which was 

capable of binding the matrix (U). Fractional binding was then calculated using the following 

equation: % bound = B/(B+U) x 100%. To account for the portion of the affinity purified peptide 

mixture incapable of binding streptavidin (primarily unincorporated radiolabel which bound the 

nickel resin), the assay containing no free streptavidin was subtracted from each streptavidin-

containing assay, effectively providing a baseline for % bound calculation. Data was then plotted 
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using SigmaPlot and a curve was generated using a hyperbolic dynamic fit with the following 

equation: y = yo + [ax/(b+x)].  Experiments were done at least in duplicate. 

4.5.10 Chymotrypsin stability assay  

Radiolabeled linear (9.5lin), monocyclic (7.2m) and bicyclic (9.4b) peptides prepared above 

(4.5.8) showing the highest relative streptavidin affinity were selected for the protease stability 

experiment.  Surface-activated magnetic beads (Dynabeads M-270 epoxy, Invitrogen #14301) 

were decorated with α-chymotrypsin (Sigma, C4129).  To do this, we added 1 mL of 0.1 M sodium 

phosphate buffer pH 7.4 (buffer A) to 5 mg of beads, vortexed for 30 s, rotated for 10 min. at RT, 

then removed the supernatant. The wash was repeated twice, and the beads were resuspended in 

100 µL of buffer A. 100 µg of 1 mg/mL chymotrypsin (in buffer A) was added to the tube and 

mixed thoroughly. Following the addition of 100 µL of 3 M ammonium sulfate in buffer A, the 

tube was rotated at 37 °C for 18 h. The supernatant was removed and the chymotrypsin beads were 

washed a total of four times with 1 mL of PBS with 0.1% BSA (buffer B), mixing thoroughly after 

each wash. The beads were resuspended in 185 µL of buffer B and the chymotrypsin activity was 

calculated based on the initial enzyme activity and assuming 100% conjugation to the activated 

beads and retention of activity during the coupling process (13.4 U/mL of suspended beads). 

The peptides were diluted to 8 nM with streptavidin binding buffer (SBB, 40 mM Tris-HCl pH 

7.4, 300 mM KCl, 2 mM EDTA, 5 mM BME, 0.013% Triton X-100) and 350 µL (2.8 pmols) of 

each peptide was added to 1.4 U of chymotrypsin beads (unit calculation based on chymotrypsin 

functionalization input and assumes 100% conjugation efficiency and retention of activity) in a 

1.7 mL tube and placed on a tumbler at RT.  At the indicated time points the tube was placed on a 

magnetic stand and 25 µL was removed from the tube and placed at -20° C.  After 24 h the reaction 

was incubated for an additional 24 h at 37°C.  Each time point was thawed on ice, mixed and 10 
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µL was added to 5 µL of M-280 streptavidin beads pre-equilibrated thrice with 200 µL of SBB.  

The solution was allowed to reach equilibrium on a rotisserie at 4° C for 2h. Tubes were bound to 

the magnetic stand and the supernatant removed.  The beads were washed twice each with four 

CV of SBB.  The washes were combined with the supernatant, mixed and a portion was counted 

via scintillation as unbound peptide.  200 µL of SBB containing 2.5 mM D-biotin was added to 

the beads and the tubes were rotated at RT for 2 h to selectively elute the bound labeled peptides.  

After binding to the magnet, the supernatant was removed, and a portion was counted as bound 

peptide.  Fractional, or % binding to streptavidin was calculated with the following equation:  % 

bound = [bound/(unbound + bound) x 100].  % bound for each peptide was normalized to the no 

chymotrypsin (0 time) control and plotted as a function of time. 

4.5.11 Compatibility of azide-peptide with DTT in selection: 

In vitro translation reactions (41 µL) were initiated with mRNA encoding the sequence 

MDYKMH6 (Table 2.1), with the addition of only the encoded amino acids at the following 

concentrations (200 µM Asp, Lys, Tyr; 400 µM His; 2.5 mM AzHA). The reactions were 

incubated at 37° C for 1h to produce the peptides containing two AzHA.  100 µL of TBS, with and 

without DTT (0 and 5 mm final concentration) was added and the reactions were incubated at 55° 

C for 30 and 60 min. 359 µL of Ni-NTA denaturing binding buffer was added (total volume of 

500 µL) and the contents were added to 30 µL of Ni-NTA resin in a microcentrifuge filter tube 

and rotated at 4° C for 1 h.  Beads were washed three times each with 500 µL of TBS with 5 mM 

BME and the peptides were subsequently eluted with 30 µL of 1% TFA. The filtrate was desalted 

and concentrated by microchromatography, eluted with 5 µL of 10 mg/mL CHCl in 70:29.9:0.1 

ratio (by vol) of acetonitrile:water:TFA.   1 µL of each eluted peptide was spotted on a plate and 

analyzed by MALDI-TOF. 
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4.5.12 mRNA stability with click reagents (TBTA vs. THPTA): 

CuAAC reagents (100 mM potassium phosphate pH 8, 500 mM NaCl, 1 mM CuSO4) were added 

to two 0.6 mL microcentrifuge tubes along with 5 µM mRNA (202 bases). Tube 1 contained 2 

mM TBTA ligand w/ 33% (v/v) DMSO; Tube 2, 10 mM THPTA ligand. Tubes were degassed 

with argon, 10 mM sodium ascorbate was added and a small septum was used to seal each tube.  

A blanket of argon was placed over each reaction mixture. Total volume of each tube was 100 µL.  

At the indicated time points, 20 µL was removed from each tube with a microsyringe, quenched 

with 5 µL of 200 mM EDTA and frozen at -20°C.  Samples were analyzed by 10% urea-PAGE, 

stained with ethidium bromide and imaged on a ChemiDoc MP imaging system (BioRad). 

 

4.5.13 Illumina NextGen Sequencing 

DNA concentrations were verified using a Thermo Fisher Scientific Qubit fluorometer. Libraries 

were constructed using KAPAbiosystems Library Preparation Kit protocol following standard 

protocol. In brief, DNA was submitted to end repair, 3′ ends adenylation followed by adaptor 

ligation. DNA libraries were submitted to 5 cycles of PCR amplification and then quantified 

by qPCR assay using KAPA Library Quant kit. Libraries were normalized and all samples were 

pooled in equimolar amounts. Sequence was performed on the Illumina MiSeq instrument using 2 

x 150 paired-end recipe.  DNA mixing ratios are in Appendix Table H7. 
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Chapter 5. Scaffold-Diverse Peptide Libraries; 

In vitro Selection Against Streptavidin #2  
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5.1 Introduction 

 The ability to generate trillions of unique peptide sequences using in vitro display methods 

such as mRNA display make these ligand discovery techniques very powerful tools. The numerous 

cyclization strategies used to generate mono- and bicyclic peptide libraries for use with these 

technologies have resulted in ligands with improved target affinity.64-66,165,166,175  However, current 

cyclization techniques typically require fixation of the residue(s) necessary for cyclization within 

the otherwise random region of the library. In most cases, only a single library conformation, or 

ring size, is generated for target binding during selection.119,120,176,177  This results in the creation 

of a very limited number of peptide conformations and the ring size, or scaffold, required for 

optimal sequence alignment with the target binding interface may not be present among the 

purified fusion pool. Consequently, high affinity macrocyclic binders may go undiscovered.  

 We hypothesize that designing libraries with only one of the two codons required for 

cyclization fixed within the sequence, while allowing the random insertion of the compatible 

residue to determine ring size, would result in very diverse scaffolds (Figure 5.1a). Furthermore, 

the application of a second orthogonal cyclization method using this same approach would either 

create monocyclic peptides with different linkages, bicyclic peptides with a similar degree of 

diversity or even linear peptides in the absence of the necessary cyclizable residues.  By combining 

our ability to apply two orthogonal chemistries to create knotted peptide libraries (4.2.1) for 

mRNA display with the semi-random cyclization residue design we describe herein, we can 

generate a fusion pool that contains an unprecedented degree of scaffold diversity to enhance the 

typical sequence diversity already present in mRNA display. 
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 To test this novel semi-random cyclization library generation method, we performed a 

second selection against streptavidin as a point of comparison to our previous selection using the 

fixed cyclic residue design approach (Figure 5.1b). 
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Figure 5.1 Library scaffolds for in vitro selections. a) Peptide conformations resulting from 

the semi-random scaffold generation design used in the streptavidin #2 selection. Target 

preference determines the optimal scaffold and hence the degree of cyclization. b) Fixed 

cyclizable codon design used in our previous streptavidin selection. This method is more 

scaffold-restrictive. 
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5.2 Results 

5.2.1 Design of semi-random cyclizable libraries 

 In our previous selection against streptavidin, we used fixed cyclizable codons to limit the 

conformations generated by our library bicyclization method in order to exclusively create theta-

bridged bicyclic peptides (Figure 5.1b). This enabled a direct comparison to a more traditional 

monocyclic scaffold.  However, we considered the possibility that this limited scaffold architecture 

may have locked the peptides into conformations that were unproductive for binding.  

To account for this limitation, we chose to design semi-random cyclizable libraries (Figure 

5.2a,b), which had codons strategically placed that would permit the chemistry necessary for 

cyclization, but only in those peptides generated during fusion preparation that contained the 

complementary cyclization residue. One library, M(NNY)11C, contained one each of the 

orthogonal residues necessary for bicyclization (M = β-azido-L-homoalanine or AzHA) (Figure 

5.2c).  Depending on target scaffold preference (linear, mono-, or bicyclic) and sequence selection, 

the second of one or both of the orthogonal residues could be enriched, effectively allowing the 

target to select not only the optimal sequence, but the preferred scaffold as well. The use of the 

NNY codon (Y = C or T) would omit 5 amino acids from the library (M, K, E, Q and W). By 

biasing the codons in this way, we would eliminate all stop codons, prevent the incorporation of a 

second AzHA (for M) and increase the probability of cyclizable amino acids (Cys or F-yne) 

appearing in the random region to 6.25% at each position. In our NNY library, the chance of one 

Cys or F-yne being encoded was 51%, and the probability of both appearing in a given sequence 

was 26% (cyclizable codon probability calculations for all libraries are in Appendix Table H8). 

Another library, M(NNY)11F, would result in triazole-linked monocyclic peptides after the 

sequential chemistries were performed (F = p-ethynyl-L-phenylalanine or F-yne). In this library, 
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there was a 26% chance that two Cys would be encoded in any given sequence. If the target 

preferred the bicyclic conformation, random region cysteines, or a second AzHA/F-yne pair, 

would be enriched. Our third library, a more general M(NNS)12, encoded only for AzHA, allowing 

for an even greater degree of sequence diversity and target scaffold possibilities. In this library, 

the ochre and opal nonsense codons are omitted and there is a 3.13% probability that Cys or F-yne 

would be encoded at each NNS position. Hence, there was a 32% chance that either Cys or F-yne 

would appear in the random region, and 9.3% that two Cys would be encoded. When the three 

mixed libraries are in vitro translated and the cyclization chemistries are subsequently performed, 

the result is a highly diverse set of scaffolds (Figure 5.2d) that will theoretically increase the 

likelihood of target-scaffold matching (Figure 5.3).   
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Figure 5.2 Semi-random library scaffold generation method.  a) General DNA library 

elements, b) Random region of the libraries, highlighting fixed ‘clickable’ codons in red and 

bisalkylatable cysteine codons in blue. c) Peptide sequences generated from the library mRNA, 

Az = β-azidohomoalanine (AzHA), yne = p-ethynyl-phenylalanine (F-yne), C = cysteine. d) 

Highly random scaffold diversity generated by bisalkylation and CuAAC during mRNA-

peptide fusion preparation. 
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5.2.2 In vitro selection against streptavidin #2 

 For the initial round of selection, we used an equal mix of our three UV-crosslinked mRNA 

libraries to initiate a translation that included AzHA and F-yne.  During the fusion purification 

process, we performed the bisalkylation reaction with the fusions immobilized on oligo(dT) resin. 

The library fusions that contained two cysteines would form the macrocycle bridged by the 

bisthioether-benzene linker, while those that included a single cysteine would likely form the 

peptide-BME adduct that we showed previously (3.2.1.2). Linear peptides would result from 

sequences that did not contain a cysteine (Figure 5.3).  Following reverse transcription and binding 

to Ni-NTA resin, CuAAC was performed. Similarly, the formation of the triazole-linked cycle was 

predicated upon the encoding and expression of an F-yne residue (Figure 5.3). This technique 

allowed for the generation of a pool of linear, monocyclic and bicyclic scaffolds spanning a wide 

range of the potential topological landscape. 

 For round 1 target selection, the purified fusions resulting from the cyclization reactions 

were pre-cleared with magnetic beads containing an irrelevant protein (GST-XRCC4) and 

subsequently incubated with immobilized streptavidin. Functional fusions were competitively 

eluted with D-biotin. PCR amplification provided the DNA template for round 2.  In round 7, we 

split the purified pool of fusions and continued with half of them in the standard streptavidin 

selection for rounds 7 and 8. For the other half of the fusions, we challenged them with 

chymotrypsin prior to selection in an effort to enrich protease-resistant sequences (Figure 5.4). 

Others have shown that chymotrypsin resistance also resulted in ~ 100-fold improved stability in 

human serum.178  We then PCR-amplified the fusions that had been eluted with D-biotin and 

performed an additional round with the chymotrypsin digestion step. 
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Figure 5.3 Scaffold diversity.  Possible 2D conformations from each of the three libraries 

after the two on-resin cyclization chemistries are performed on mRNA-peptide fusions 

expressing the noted amino acids. Blue represents cysteine or α,α’-dibromo-m-xylene -cyclized 

peptide. Red represents the azide, alkyne or the triazole-linked peptide. Note: The structures 

above are intended to represent general degree of cyclization (linear, mono-, or bicyclic) and 

in many cases, are one of multiple possible topologies dependent upon random incorporation. 

Note: Since the NNY libraries do not encode AUG, then AzHA can not appear in the random 

region. 
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Figure 5.4 Scheme for chymotrypsin digestion in selection.  Purified fusions were split prior 

to round 7 selection. Half continued with the same selection protocol, while the other half were 

incubated with immobilized chymotrypsin prior to selection against streptavidin (bottom 

route). After elution and PCR, the fusions were created and purified independently and a second 

round (rd 8) of the above scheme was performed. The purified DNA for both portions of the 

selection was sequenced after round 8. 
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We observed enrichment beginning in round 4 and continuing through round 7 and it 

plateaued in round 8 (Figure 5.5). The addition of chymotrypsin to the protocol resulted in ~ 60% 

recovery for round 7 compared to the standard streptavidin selection, and further decreased to ~ 

8% for round 8. Following round 8, the DNA was sequenced using the Illumina MiSeq platform 

(4.5.13).  The results were analyzed using AptaTOOLS software (4.2.2).167-169  
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Figure 5.5 Selection enrichment. Monitoring the progress of selection by measuring the 

percentage of 35S-Cys labeled mRNA-peptide fusions eluted from the beads. The purified 

fusion pool was split in round 7 and half were incubated with chymotrypsin prior to binding to 

streptavidin. The chymotrypsin digestion step was repeated for round 8.  
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5.2.3 Sequencing results: Streptavidin #2 

 The results from sequencing indicated an overwhelming preference for the commonly 

found HPQ motif (Figure 5.6a). The 25 most abundant peptides (and 98 of the top 100-Appendix 

Tables H3a,b) all contained this sequence. The HPQ sequence appeared almost exclusively in the 

9-11 positions of the random region, with a few occurring in positions 11-13.  Interestingly, all of 

the top 100 most abundant sequences originated from the M(NNS)12 library, and the presumed 

binding motif (HPQ) is not constrained within a macrocycle in any of these peptides. 

5.2.4 Sequencing results: Streptavidin #2-chymotrypsin 

 The chymotrypsin challenge introduced in rounds 7 and 8 significantly reduced selection 

recovery relative to the standard selection; however, certain sequences were highly enriched 

(Figure 5.6b). Not surprisingly, the HPQ motif dominated this portion of the selection as well, 

with 24 of the top 25 most-enriched peptides containing this sequence. Notably, there was an 

increased occurrence of F-yne, which correlates with the enrichment of cyclic peptides (13 of the 

top 25 enriched sequences). As with the standard selection, the top 100 most enriched 

chymotrypsin-digested peptides (Appendix Table H4a,b) all originated from the M(NNS)12 

library. 
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Figure 5.6 Sequence analysis. a) Top 25 sequences from the standard streptavidin #2 selection 

sorted by abundance, with round-by-round AptaTOOLS analysis.  Freq (%) is sequence count 

relative to total counts and enrich is fold relative to previous round. b) Top 25 most highly-

enriched sequences in the chymotrypsin portion of the selection (from round 6 to round 8C-in 

light gray). c) Top 20 highest relative (chymotrypsin/non-chymotrypsin) enriched sequences in 

Rds. 6-8 (expressed as relative fold enrich-in light gray). Chymo rank sequences in dark grey 

represent peptides that contain F-yne, and as a result are cyclic. HPQ motif is in bold. 
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Figure 5.7 Sequence homology. Consensus sequences of a) Top 100 most abundant peptides for 

the standard streptavidin #2 selection and b) Top 100 most enriched sequences from the 

chymotrypsin pre-treated streptavidin selection (Rd. 8-Chymotrypsin fold enrich relative to Rd. 

6). 
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5.3 Discussion 

We hypothesized that the use of a semi-random cyclizable codon library design method 

would generate a wide variety of peptide conformations, including linear, mono- and bicyclic 

scaffolds. The target would then dictate the preferred conformation, rather than imposing 

constraint de novo as was the case in our first selection against streptavidin. The exclusive isolation 

of M(NNS)12 library-templated peptides indicated a strong selective pressure for linear peptides 

by streptavidin.  Moreover, the HPQ motif is found almost exclusively toward the C-terminal 

portion of the random region. This implies an enhancement to binding from contacts made by the 

linear N-terminal portion of the peptides, a finding supported by a prior comprehensive deletion 

analysis.174 Sequence homology of the streptavidin #2 results indicate an extended WxxHPQN 

motif in amino acids 6-12 of the random region (Figure 5.7a). Previous selections have identified 

high affinity linear peptides with an HPQN motif,165,172,175 and the optimized Strep-tag II epitope 

(WSHPQFEK) contains an upstream Trp, albeit in the +1 position relative to our consensus 

sequence.179 We consider the possibility that the fixed cyclizable codons in our first selection 

against streptavidin (Chapter 4) may have limited the creation of fusions with a consecutive, linear 

WxxHPQN sequence, and as a result this sequence was not available for target selection. 

Previous selections against streptavidin have revealed both a preference for linear peptides 

with extended contacts outside of the biotin binding pocket,172,174,180,181 as well as shorter, more 

constrained sequences,165,166,182 including the mid-nM cyclic binders we identified previously in 

Chapter 4. Gao and Kodadek performed a side-by-side screen against streptavidin with linear and 

monocyclic peptoid libraries displayed on beads.183 They found that streptavidin prefers cyclic 

binders, but only those containing 17 atoms, not 20 or 23. To our knowledge, this work is the first 

example of a direct comparison of multiple peptide library scaffold options provided to a target 
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for selection. Furthermore, this one-pot preparation method eliminates the need for independent 

peptide cyclization and selections.  Given previous results, we expected to obtain both linear and 

constrained peptides from our selection.  The fact that exclusively linear sequences resulted from 

this method must be qualified by the fact that the two NNY libraries omitted glutamine from the 

random region and as a result, the HPQ motif was not present in the purified fusions created from 

these templates. Moreover, based on the prevalence of the HPQ motif (encoded in the linear NNS 

library), the competing factors of peptide sequence and scaffold (constraint) preference appears to 

favor target sequence preference in this case. 

To increase the stringency of our selection and obtain more protease-stable peptides, we 

introduced a chymotrypsin challenge to half of the purified fusion pool for the last two rounds of 

selection (Figure 5.4). We looked at sequences that were highly enriched in the chymotrypsin 

relative to the non-chymotrypsin selection and found that the top 3, and 8 of the top 10, most- 

enriched sequences contained F-yne and were therefore cyclic (Figure 5.8).  All 8 of these peptides 

contained the NWFTHPQ sequence at the C-terminus. This is an extension of the WxxHPQ 

portion of the consensus sequence identified in the standard selection.  We suspect that the 

presence of the F-yne cyclization within this sequence acts to protect the Trp from digestion by 

chymotrypsin. Furthermore, the unanimous homology of these sequences implies that the 

cyclization also locks the peptide into a conformation productive for binding. When we compared 

round 6 to round 8 enrichment of the top 25 chymotrypsin selection sequences relative to the same 

sequences (from the same rounds) in the non-chymotrypsin selection (ranked based on relative 

fold enrichment-Figure 5.6c), we found the same preference for HPQ (22/25) as well as an 

increased presence of F-yne (11/25) relative to F-yne occurrence in the top 25 sequences from the 

standard selection (6/25).  



 

152 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Protease-stable sequences. The Top 10 most highly enriched sequences from 

round 6 to round 8 of the chymotrypsin digestion portion of the selection. HPQ motif is in bold. 

Solid arc represents a triazole cycle between AzHA (M) and F-yne (F). Dotted arcs indicate 

two possible click cyclizations with peptides containing two F-yne residues. 
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Therefore, the addition of the chymotrypsin protocol to our selection resulted in the enrichment of 

cyclic peptides.  We next looked at the top 100 most enriched sequences from Round 7 to 8 in the 

chymotrypsin selection (Appendix Table H4a,b). As expected, we observed a decrease in the 

presence of Trp and Tyr in the peptides (82% relative to the 100 most abundant non-chymotrypsin 

selection peptides), both of which are substrates for chymotrypsin. However, Trp appeared in the 

top 10 chymotrypsin selection sequences, and 8 of the 10 were followed directly by a triazole-

linked F-yne. The consensus sequence from the standard selection indicates that this Trp is 

important for binding (Figure 5.7a). Therefore, the protease resistance of this chymotrypsin 

substrate implies a stabilizing effect of cyclization toward digestion and increases the likelihood 

that protease-susceptible high affinity cyclic ligands will survive selection. 

In summary, our selection against streptavidin using our semi-random cyclizable codon 

library design resulted in the nearly unanimous appearance of the HPQ motif. The results were 

dramatically different than the results from our previous selection, which used fixed cyclizable 

codons to generate mono- and bicyclic peptides. We have not yet tested these peptides for affinity 

for streptavidin, so at this point the different sequencing results alone may give insight into which 

library design is preferable.  However, the lack of glutamine in two of the three libraries may have 

biased the results toward linear peptides and possibly even to the prevalence of the HPQ motif. 

Furthermore, cysteine was rarely found in the sequences for either selection and there were no 

peptides that contained two cysteines.  As a result, none of the top 100 sequences contained a 

xylene-linked macrocycle.  The chymotrypsin-treated portion of the last two rounds resulted in the 

relative decrease in Trp and Tyr (Figure 5.7), along with an increase in F-yne and hence, triazole-

cycle formation.  While we did not test these peptides for protease stability as in our previous 
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selection, we postulate that the increased appearance of F-yne would act to make the peptides more 

protease resistant.  

 

5.4 Future Directions 

 The selection winners could be tested for affinity for streptavidin and protease stability. Of 

particular interest is the relative affinity and stability of the highly enriched cyclic peptide that 

survived incubation with chymotrypsin, MRFKLINWFTHPQ. The lack of glutamine in the 

cyclization-biased NNY libraries likely skewed the results of the selection. A repeat of the 

selection with equivalent random regions would give more generalizable results. 
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5.5 Experimental 

 

 

 

 

 

 

 

 

 

 

 

Sequence

SAX4-Library-M(NNY11)C CTAGCTACCTATAGCCGGTGATGGTGATGGTGGTGACCGCCCCCAC

ARNNRNNRNNRNNRNNRNNRNNRNNRNNRNNRNNCATATGT

ATATCTCCTTCTTAAAGTTAACCCTATAGTGAGTCGTATTAATTTCG

SAX4-Library-M(NNY11)F CTAGCTACCTATAGCCGGTGATGGTGATGGTGGTGACCGCCCCCAA

ARNNRNNRNNRNNRNNRNNRNNRNNRNNRNNRNNCATATGT

ATATCTCCTTCTTAAAGTTAACCCTATAGTGAGTCGTATTAATTTCG

SAX4-Library-M(NNS12) CTAGCTACCTATAGCCGGTGATGGTGATGGTGGTGACCGCCCCCSN

NSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNCATATGTAT

ATCTCCTTCTTAAAGTTAACCCTATAGTGAGTCGTATTAATTTCG

SAX4-RT TTTTTTTTTTTTTTTGATGCTAGCTGCACTGCATGATAGCCTAGCTAC

CTATAGCCGGTGATGGTGATGGTGGTGACCGCCCCC

SAX4-REVPCR GATGCTAGCTGCACTGCATGATAGC

SAX4-FWDPCR CGAAATTAATACGACTCACTATAGGGTTAACTTTAAGAAGGAG

Table 5.1 Oligonucleotides used for streptavidin #2 and XRCC4 selections.  
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 5.5.1 Amino acids and translation reagents: For natural amino acid preparation, see 2.5.1.  

Preparation of in vitro translation components and reagents is described in 2.5.3. Unnatural amino 

acids are described in 3.5.1. 

5.5.2 Selection Reagents: Magnetic streptavidin beads: Dynabeads M-280 streptavidin 

(Invitrogen #11205D); Oligo-(dT)25 magnetic beads (NEB #S1419S); Superscript III reverse 

transcriptase (Invitrogen #18080093); RNase inhibitor (Bioline #65027); TurboDNase (Invitrogen 

#AM2238); Taq DNA polymerase (NEB #M0237L); All oligonucleotides were purchased from 

Integrated DNA Technologies (IDT). α,α’-dibromo-m-xylene was purchased from Fluka.  

5.5.3 Preparation of mRNA-peptide fusion library for streptavidin #2 selection 

An equimolar mix of the three bottom strand oligo libraries (see Table 5.1) was in vitro transcribed 

and UV-crosslinked as described in 4.5.3. For round 1 of selection, a 2 mL standard translation 

reaction containing AzHA and F-yne, in lieu of Met and Phe, was initiated with the addition of the 

puromyocin-linked mRNA. The reaction was incubated at 37° C for 1.25 h, supplemented with 

550 mM KCl and 55 mM MgCl2, returned to the incubator for 1.5 h and subsequently frozen 

overnight at -80° C. The resulting mRNA-peptide fusions were diluted 6-fold with oligo-dT 

binding buffer (20 mM Tris-HCl pH 7.8, 10 mM EDTA, 1 M NaCl, 0.2% Triton X-100, 0.5 mM 

TCEP), added to 1.5 mL of oligo-dT magnetic beads which were pre-equilibrated thrice with 5 mL 

of oligo-dT binding buffer, and rotated at 4° C for 30 min.  The beads were washed twice with 5 

mL of oligo-dT wash buffer (20 mM Tris-HCl pH 7.8, 0.3 M NaCl, 0.1% Triton X-100, 0.5 mM 

TCEP), and the first cyclization was performed on resin by the addition of 5 mL of cyclization 

buffer (20 mM Tris-HCl pH 7.8, 0.66 M NaCl, 3 mM α,α’-dibromo-m-xylene, 33% acetonitrile 

(v/v), 0.5 mM TCEP) and rotated at RT for 30 min. The beads were washed once with 5 mL of 

oligo-dT wash buffer containing 5 mM BME (in lieu of TCEP), to quench the unreacted linker.  
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Beads were washed a second time with 5 mL of wash buffer containing TCEP and eluted in 1 mL 

fractions with 0.5 mM TCEP.  The five elutions with the highest scintillation counts were pooled 

and precipitated with 4 vol of ethanol, 0.1 vol of 3 M KOAc, pH 5.2 and 0.001 vol of 5 mg/mL 

glycogen. The pellet was resuspended in 500 µL of water and reverse transcribed in a final volume 

of 1 mL in the presence of RT mix (0.5 µM RT primer, 0.5 mM dNTPs, 5 mM MgCl2, 1 mM DTT, 

2 U/µL RNase inhibitor, 5 U/µL Superscript III, 1x First Strand buffer) at 55° C for 30 min.  The 

RT reaction was subsequently diluted 5-fold with denaturing Ni-NTA binding buffer (100 mM 

NaH2PO4, 10 mM Tris-HCl, 6 M guanidinium hydrochloride, 0.2% Triton X-100, 5 mM BME, 

pH 8) and added to 500 µL of Ni-NTA agarose resin pre-equilibrated per the manufacturer’s 

instructions (MCLab) in a 10 mL BioRad disposable column. The column was placed on a tumbler 

at 4° C for 1 h. After binding to the Ni-NTA agarose, the fusions were washed once with 3 mL of 

Ni-NTA wash buffer (100 mM NaH2PO4, 300 mM NaCl, 0.2% Triton X-100, 5 mM BME, pH 8) 

and 3 mL total volume of CuAAC cyclization reagents were added (100 mM phosphate pH 8, 1 

mM CuSO4, 300 mM NaCl, 2 mM TBTA, 33% DMSO (v/v).  The solution was degassed with 

argon prior to the addition of 10 mM sodium ascorbate.  An argon blanket was placed over the 

solution and the tube was sealed and rotated at room temperature for 2 h.  After incubation, the 

resin was washed once with 3 mL of Ni-NTA wash buffer containing 10% DMSO (v/v).  

Following two additional washes with 3 mL of Ni-NTA wash buffer, the purified fusions were 

eluted in fractions with Ni-NTA elution buffer (50 mM NaH2PO4, 300 mM NaCl, 350 mM 

imidazole, 0.2% Triton X-100, 5 mM BME, pH 8), pooled and precipitated with 4 volumes of 

ethanol and 0.1 volume of KOAc, pH 5.2. The pellet was stored at -80 °C until needed.  

 The translation volume was reduced to 500 µL for rounds 2-4 and 250 µL for rounds 5-8.  

Purification reagent usage, wash and elution volumes were adjusted accordingly to coincide with 
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translation volume. For round 7, the purified fusion pool was split in half prior to the selection 

step: Half were continued in the standard selection and half were targeted for chymotrypsin 

digestion prior to selection against streptavidin. The two fusion pools were purified independently 

for round 8. 

5.5.4 Selection against streptavidin #2:  

For round one target selection, pelleted fusions (from 5.5.3) were resuspended in 0.8 mL of 

selection buffer containing 0.1% BSA and added to a tube containing immobilized GST-XRCC4 

(negative selection against an irrelevant protein) and rotated at 4 °C for 1 h. The supernatant 

containing the pre-cleared fusions was removed and added to a tube containing 100 µL of M-280 

Streptavidin beads, which had been equilibrated thrice with 1 mL of selection buffer containing 

0.1% BSA. The GST-XRCC4 beads were washed once with 200 µL of selection buffer, which 

was then added to the tube containing the streptavidin beads, for a total volume of 1 mL. The tube 

was rotated at 4° C for 1 h.  After binding, the beads were washed once with 1 mL of selection 

buffer. 150 µL of selection buffer containing 2.5 mM D-biotin was added to the streptavidin beads 

and the tube was rotated at 4 °C for 2 h. The supernatant was removed and dialyzed overnight 

against 0.1% Triton-X 100. Following PCR amplification using SAX4FWD and SAX4REV (2 

min. at 94°C, followed by 22 rounds of 94° C (30s), 65° C (30s), 72° C (45s), library DNA was 

extracted with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with 3 

volumes of ethanol and 0.1 vol of 3 M KOAc pH 5.2.  The DNA was resuspended in water and 

served as the template for Round 2 of selection.     

5.5.5 Chymotrypsin digestion for streptavidin #2 rounds 7 and 8: The half of the fusion pool 

(0.5 mL) that was separated and targeted for chymotrypsin digestion before the round 7 selection 

step were incubated for 15 min. at room temperature with pre-equilibrated Dynabeads M-270 
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epoxy beads (Invitrogen, #14301) which had been decorated with 1 U of α-chymotrypsin (Sigma 

#C1429) per the protocol described in 4.5.10. The supernatant was removed and added directly to 

100 µL of streptavidin beads. Beads were washed thrice with 0.5 mL of selection buffer and the 

fusions were eluted with 150 µL of selection buffer containing 2.5 mM D-biotin. Functional cDNA 

was PCR amplified and prepared for round 8 as in 5.5.7.  This process was repeated for round 8 

fusions, which had been purified independently. 

5.5.6 Sequencing 

Following round 8, DNA from both selections (streptavidin #2 and chymotrypsin-digested 

streptavidin #2) were sequenced independently using the Illumina MiSeq platform (4.5.13).  The 

raw sequences were analyzed using AptaTOOLS software (4.2.2).167-169  The top 100 sequences 

from the streptavidin # 2 selection can be found in Appendix Tables H3a,b (non-chymotrypsin) 

and H4a,b (chymotrypsin). 
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Chapter 6: In vitro Selection Against XRCC4 Using Scaffold-Diverse Peptide Libraries   
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6.1 Introduction 

In our previous selection against streptavidin using the semi-random cyclizable codon 

library design (Chapter 5), we observed nearly unanimous enrichment of peptides that contained 

an HPQ motif, a sequence commonly found in selections by others against this target.165,172-175  Our 

most abundant selection winners were almost exclusively linear. However, the addition of a 

chymotrypsin digestion protocol prior to the selection step resulted in preferential enrichment of 

cyclic peptide binders. Having validating our library design methodology, we chose to use these 

libraries in a selection against a biologically relevant protein. 

 We chose DNA repair protein XRCC4 (X-ray repair cross-complementing 4) as a target 

for in vitro selection (Figure 5.2). Radiotherapy is a form of cancer treatment that uses ionizing 

radiation to cause DNA damage (primarily in the form of double strand breaks) ultimately leading 

to cell death and tumor regression.  XRCC4 and XLF (XRCC4-Like Factor) are involved in non-

homologous end-joining (NHEJ),184 the primary DNA repair pathway in mammalian cells.185  

NHEJ involves the recruitment of several proteins186,187 (Figure 6.1) and within this assembly, 

XLF interacts with XRCC4 and forms a series of filaments that likely serve as a scaffold to 

stabilize the NHEJ repair proteins.188,189  Cells deficient in XLF have been shown to be highly 

radiosensitive.190,191  Thus, by discovering a ligand that could bind the XLF site of XRCC4 and 

block the interaction, we could mimic XLF-deficient conditions. This would dramatically reduce 

the efficiency of NHEJ as a DNA repair pathway and ultimately make tumors more sensitive to 

ionizing radiation therapy.   

XRCC4 contains a leucine lock at the XLF interface and has a shallow pocket with a 

hydrophobic surface188 that appears amenable for probing with our bicyclic peptide library that 

contains hydrophobic bridging elements.  However, in the event that the highly-constrained 

conformation is unsuitable, or perhaps too compact to bind to the interface of XRCC4, a wide 
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variety of alternative scaffolds will be generated to maximize the likelihood of ligand-target 

scaffold matching. 
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Figure 6.1 Non-homologous end-joining (NHEJ). The primary DNA repair pathway in 

mammalian cells depicts the recruitment of proteins in response to DNA double-strand breaks 

upon exposure to irradiation. XRCC4 and XLF bind head-to-head, forming a series of 

alternating filaments that stabilize the protein complex and lead to gap filling and ligation of 

the DNA.  
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6.2 Results  

6.2.1 Design of semi-random cyclizable libraries 

For our selection against XRCC4 we chose to use the identical semi-random cycizable 

codon libraries previously validated against streptavidin (M(NNY)11C, M(NNY)11F and 

M(NNS)12). Our rationale for this design is discussed thoroughly in 5.2.1 and the resulting scaffold 

diversity is depicted in Figures 5.2 and 5.3. Our lab performed a previous selection against 

XRCC4 (unpublished work) that did not produce a high affinity ligand.  The set of 5 libraries used 

in that selection consisted of an N-terminal MC prior to the 13-amino acid random region, of which 

one was a second fixed cysteine. The second cysteine was placed incrementally from the first 

cysteine (i.e. i, i + 3; i, i + 5; i, i + 7; i,  i + 9 and i, i + 11) (see Appendix Table H6). The libraries 

were subsequently cyclized using α,α’-dibromo-m-xylene to create monocyclic fusions with 

increasing ring sizes, analogous to our previous monocyclic design discussed in Chapter 4.  We 

reasoned that the preparation of our more highly diverse set of scaffolds would increase the 

likelihood of the peptides adopting a productive conformation for target interaction and result in a 

high affinity binder to XRCC4.  

6.2.2 In vitro selection against XRCC4 

 To produce our mRNA-peptide fusion library, we used an equimolar mix or our three UV- 

crosslinked library mRNAs to initiate a translation that included AzHA and F-yne (and omitted 

methionine and phenylalanine). We performed the two orthogonal cyclization reactions with 

peptides immobilized on resin to produce our pool of purified mRNA-peptide fusions with highly 

diverse scaffolds (discussed thoroughly in 5.2.2).   

 For round 1 of selection, we incubated the fusion library with 20 µM GST-XRCC41-157 and 

washed the beads once after binding.  We increased stringency in two ways throughout the 

selection: The concentration of GST-XRCC41-157  was decreased to 10 µM in round 2, and finally 
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to 1 µM for round 3 until the end of selection. Since relatively few copies of each sequence are 

present in the naïve fusion pool, the GST-XRCC41-157  beads were only washed once (with 2 CV 

of selection buffer) in round 1. Washes were increased to three (5 CV each) in round 2 and four (5 

CV each) for round 3 until the end of selection.   

 The selection was monitored by the incorporation of 35S-cysteine in mRNA-peptide 

fusions. After 10 rounds of selection, we did not observe enrichment and radiolabeled yield was 

very low (Figure 6.2).  The purified PCR-amplified DNA from rounds 9 and 10 were sequenced 

using the Illumina MiSeq platform.  
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Figure 6.2 Selection enrichment. Monitoring the progress of selection by measuring the 

percentage of 35S-Cys labeled mRNA-peptide fusions eluted from the beads.  
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6.2.3 Sequence analysis-XRCC4 

 The lack of observable radiolabel-based enrichment was reflected in the sequencing 

analysis using AptaTOOLS software (4.2.2). The most abundant sequence from Rd. 10 (X1 in 

Figure 6.3a) was present at only 0.033% of the final pool. Comparatively, the winner of our 

selection against streptavidin, using the same libraries, comprised over 17% of the final pool. The 

lack of frequency (individual/total counts) in the top sequences indicated a lack of convergence 

and hence, the homology diagram did not reveal any consensus regions within the top 100 peptides 

(Figure 6.3b). 
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Figure 6.3 Sequence analysis. a) Top 25 most abundant sequences following Rd. 10 of 

selection. AptaTOOLS groups homologous sequences in clusters. Count represents abundance, 

frequency is a function of total reads and enrich is fold relative to the previous round. Sequences 

highlighted in gray contain the HPQ motif and are identical to sequences that were found in our 

Streptavidin #2 selection (Chapter 5). Top 100 sequences are in Appendix Tables H5a,b. b) 

Homology diagram of the Top 100 most abundant sequences from Rd. 10. 
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6.3 Discussion 

 Despite our demonstrated success using the semi-random cyclizable codon libraries in our 

selection against streptavidin, the selection against XRCC4 did not result in enriched sequences. 

The reason for this lack of success is unknown, but we speculate as to potential causes: It is typical 

to have very low stringency in round 1 of in vitro selections to ensure functional sequences with 

very low copy numbers are retained during target selection, to be subsequently amplified by PCR. 

Our strategy to accomplish this was to omit a negative selection (pre-clear against GST-beads) and 

only perform a single (2 CV) wash.  However, this resulted in > 9% recovery of our purified 

fusions after selection (Figure 6.2). This unusually high percentage likely contained a very large 

number of non-functional sequences that were subsequently amplified prior to Rd. 2. This would 

generally increase the number of selection rounds necessary to observe enrichment and many of 

the potential hits could have been ‘lost’ amid the non-functional noise.   

The increases in stringency we implemented during selection, both in the form of 

decreasing the concentration of target and increasing the number of washes, could have resulted 

in the loss of functional sequences, or at least a drastic reduction in count.  For example, if a peptide 

has a low affinity for its target, the fractional binding at 1 µM target concentration would be very 

low.  As a result, the quantity of functional peptides that are eluted (and subsequently amplified) 

relative to the input quantity would result in decreased rate of enrichment, and likely a very low 

overall actual percent recovery.   

AptaTOOLS analysis revealed the presence of peptides from our previous selection against 

streptavidin in 6 of the top 25 sequences from the XRCC4 selection. Since the libraries for the two 

selections were identical, the primers used for PCR were the same as well. So even a small amount 

of cDNA could contaminate a selection given the sensitive nature of PCR.  If the XRCC4 selection 
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converged and abundance of the winning sequences was high, this phenomenon would be 

unobserved, even if present. However, given the lack of enrichment and functional sequence 

frequency during this selection, the streptavidin sequences appeared in our Top 25 results from 

Rd. 10.  While this contamination is not likely a cause for lack of convergence of XRCC4 binders 

(given the low abundance of these HPQ-containing sequences in our selection), it does strongly 

suggest the need for using unique primers for every selection performed using the same 

instruments. 

 

   

6.4 Future Directions 

We have been unsuccessful in our two attempts to find a high affinity binder to XRCC4 using 

two very different sets of libraries.  We allow for the possibility that XRCC4 is not a viable target 

for peptide libraries. 
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6.5 Experimental 

6.5.1 Amino acids and translation reagents: For natural amino acid preparation, see 2.5.1.  

Preparation of in vitro translation components and reagents is described in 2.5.3. Unnatural amino 

acids are described in 3.5.1. 

6.5.2 Reagents and oligonucleotides for selection: For general selection reagents see 5.5.2. 

Glutathione agarose (Thermo Fisher #16100); Glutathione magnetic beads (Thermo Fisher  

#88822). All oligonucleotides were purchased from Integrated DNA Technologies (IDT). For 

oligonucleotides used for selection, see Table 5.1. 

6.5.3 Expression and purification of GST-XRCC41-157 

The head domain of XRCC4 (aa 1-157) was cloned into a pGEX-4T-1 vector digested with BamH1 

and XhoI. The plasmid was transformed into BL-21-DE3 strain of E. coli, and an overnight culture 

was used to inoculate 200 mL of LB media. Cells were grown to log phase, induced with 0.1 mM 

IPTG and allowed to express overnight at 18 °C. The recombinant fusion protein, containing a C-

terminal hexahistidine epitope, was purified using the manufacturer’s protocol (MCLAB Ni-NTA 

agarose, NINTA-400) with the following exceptions. Binding and wash buffers contained 20 mM 

imidazole and GST-XRCC4 was eluted with 350 mM imidazole.  The fusion protein was dialyzed 

against enzyme storage buffer (50 mM HEPES-KOH pH 7.6, 100 mM KCl, 10 mM MgCl2, 7 mM 

BME, 30% glycerol) and stored at -80 °C.  Protein concentration was determined by UV 

absorbance at 280 nM using a molar extinction coefficient (ε) of 62,870. 
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Figure 6.4 Purification of GST-XRCC4. 10% SDS-PAGE analysis of Ni-NTA 

purification of the bacterial expression of recombinant GST-XRCC41-157. Lane 2, Flow-

through; Lanes 3 and 4, washes; Lane 5, 350 mM imidazole; Lane 6, 350 mM imidazole 

(2x lane 5 loading). GST-XRCC41-157 MW = 45.13 kDa. 
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6.5.4 Preparation of mRNA-peptide fusion library for XRCC4 selection 

For mRNA-peptide fusion preparation, see 5.5.3. The translation volume was reduced to 500 µL 

for rounds 2-4 and 250 µL for rounds 5-10.  Purification reagent usage, wash and elution volumes 

were adjusted accordingly to coincide with translation volume.  

6.5.5 Selection against XRCC4  

For round one of selection, 1 mL of 20 µM GST-XRCC41-157  (with 0.1% BSA) was bound to 100 

µL of glutathione magnetic beads equilibrated per the manufacturer’s instructions, with an 

additional final 1 mL wash with selection buffer (4.5.6). Pelleted fusions (from 6.5.4) were 

resuspended in 0.8 mL of selection buffer containing 0.1% BSA and added to the tube containing 

immobilized GST-XRCC41-157  and rotated at 4 °C for 1 h. The beads were washed once with 200 

µL of selection buffer, then 150 µL of GSH elution buffer (250 mM Tris-HCl pH 9.0, 500 mM 

NaCl, 100 mM reduced glutathione, 1% Triton X-100) was added to the tube and rotated at RT for 

15 min. The supernatant was removed and dialyzed overnight against 0.1% Triton X-100. 

Following PCR amplification using SAX4FWD and SAX4REV (2 min. at 94°C, followed by 24 

rounds of 94° C (30s), 65° C (30s), 72° C (45s), library DNA was extracted with 1 volume of 

phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with 3 volumes of ethanol and 0.1 

vol of 3 M KOAc pH 5.2.  The DNA was resuspended in water and served as the template for 

Round 2 of selection.  The stringency was increased by pre-clearing against immobilized GST 

beginning in round 2 and continuing until the end of selection; Washing thrice with 1 mL of 

selection buffer in round two and four times beginning in round 3 until the end of selection; The 

concentration of GST-XRCC41-157  was decreased to 10 µM in round 2 and 1 µM in round 3 until 

the end of selection.  
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6.5.6 Sequencing 

Following round 10, DNA was sequenced using the Illumina Mi-Seq platform (4.5.13).  The raw 

sequences were analyzed using AptaTools software (4.2.2).167-169 
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Appendix A: Lanthanide Binding Peptide for Real-Time Translation Monitoring 

A1 Introduction 

 The ability to monitor the yield of in vitro ribosomal peptide or protein synthesis is useful 

in many respects. For example, assessing the relative incorporation of non-proteinogenic amino 

acids into peptides, optimization or troubleshooting of the many translation components, testing 

the efficiency of mRNA or DNA templates or determining the effect of stressors or effectors on 

ribosomal synthesis.  Methods currently used for this purpose include radioisotope incorporation, 

fluorescent labeling and SDS-PAGE. However, these methods can be costly, laborious and, in the 

case of SDS-PAGE, lacking in sensitivity. 

 Imperiali and coworkers evolved a short synthetic peptide, termed a Lanthanide Binding 

Tag (LBT), using a series of combinatorial screens.192  This peptide bound to terbium with high 

affinity (30 nM) and contained the spectroscopic properties of lanthanides.193,194  The transfer of 

energy from a tryptophan residue (ex. 280 nm) in the peptide to the coordinating terbium atom, 

results in luminescence emission at 544 nm. 

 We hypothesized that if terbium was present in an in vitro translation reaction initiated by 

an mRNA encoding for the LBT, the expressed peptide would rapidly coordinate with terbium and 

the resulting luminescent signal would be proportional to LBT yield (Figure A1a).  In this way, 

we could potentially monitor peptide yield quickly and easily, simply by the addition of terbium 

to a standard translation reaction.  

A2 Results 

 We designed a set of initial experiments to test the ability of the LBT to bind to terbium 

and also to determine the effect of terbium on in vitro translation. We first produced the peptide 
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(FIDTNNDGWIEGDELLA-Figure A1b) using Fmoc-based microwave-assisted synthesis to 

conduct our luminescence tests. We then tested the impact of terbium on in vitro translated peptide 

yield by titrating terbium(III) acetate (0.001-100 µM) in standard translation reactions (2.5.4). We 

found that while the addition of terbium negatively impacted translation, particularly at higher 

concentrations (Figure A1c), this decrease was not prohibitive since translation volumes can be 

increased to compensate for the lower yield. 

 We then tested the ability of the peptide to transfer energy to terbium by conducting time-

resolved luminescence experiments with synthetic LBT. We performed a series of titrations of 

both terbium and peptide and observed a concentration dependent increase in luminescence 

(Figure A2a).  We next quantified the sensitivity of the method (using 11.1 µM terbium) and 

determined that in order to be above the limit of detection (LOD) of the assay, the minimum 

quantity of peptide produced during a standard translation reaction (50 µL) would be 12.5 

picomoles (Figure A2b).   
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Figure A1 Lanthanide Binding Tag for monitoring peptide synthesis.  a) DNA or mRNA 

encoding the LBT is used to initiate PURE translation containing terbium. Synthesized 

peptides coordinate TB3+ in situ.  Transfer of energy (FRET) between tryptophan (ex. 280 nm) 

and the terbium ion (em. 544 nm) is then used to indirectly determine the yield of peptide in 

translation. b) MALDI-TOF spectrum of synthetic LBT peptide, Calc (M+Na): 1943.86, Obs: 

1942.50. c) Effect of terbium acetate titration on in vitro translated 35S-Met peptide yield.  



 

195 
 

 

 

Figure A2 Sensitivity of LBT to terbium energy transfer a) Time-resolved luminescence of 

peptide and terbium acetate titrations. b) Plot of peptide titration against 11.1 µM terbium. Red 

line indicates the LOD (S/N=3) of the assay, (inset) plot containing a regression analysis of 

only the points that are above the LOD. 
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A3 Discussion 

 We observed a concentration-dependent increase in luminescence when terbium was added 

to the LBT.  When terbium was added to translation, we observed up to a 45% decrease in 

radiolabeled peptide yield. The sensitivity of the method requires the ribosomal production of 12.5 

pmols of LBT. During a standard 50 µL translation to produce a similarly short peptide, we 

typically obtain between 5-10 pmols. Moreover, the exploratory experiments were conducted with 

purified synthetic peptide in buffer. It is likely that the presence of all in vitro translation 

components in the TRL experiment would result in lower sensitivity and increase the LOD.  Given 

the negative impact of terbium on translation, we determined that this method would require 

translation reaction volumes of 150-300 µL to synthesize sufficient peptide to make this technique 

practical. Assays used for our intended purpose often require titrations over a wide range of 

concentrations and multiple (10-25) parallel individual translation reactions. The reagent volumes 

required to perform the translations would be very high and the preparation of individual 

components for the compilation of the PURE system is laborious and time-consuming.  While our 

exploratory experiments with the synthetic peptide demonstrated that the method was valid, the 

sensitivity was too low for our practical purposes and we chose not to pursue the project further.  

A4 Future Directions 

 The cause of the negative impact of terbium on in vitro translation yield is unknown, but 

this effect could potentially be compensated for by the sequestration of terbium via chelation by 

the LBT, which would decrease the effective concentration of free terbium ion in translation over 

time. However, we did not test this hypothesis.   
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While we assumed the in vitro translation yield of the LBT would be proportional to our 

typical yields, we have seen a wide variety of ‘translatability’ of mRNAs of similar lengths and it 

is possible that the LBT mRNA would yield more peptide than we calculated. This would decrease 

translation volumes and could potentially make the method more practical. 

A5 Experimental 

A5.1 Peptide synthesis. The LBT peptide was synthesized using a Liberty Automated Peptide 

Synthesizer with a Discover microwave module (CEM). Fmoc-PAL-PEG-PS resin (Applied 

Biosystems) was chosen as the solid support for a standard 0.1 mmol scale synthesis using N-α-

Fmoc-protected amino acids (CEM). The peptide was cleaved from the resin using a cocktail 

containing trifluoroacetic acid (TFA-Chem Impex)/triisopropylsilane (TIS-Sigma)/3,6-dioxa-1,8-

octanedithiol (DODT-Sigma)/water in a ratio of 92.5/2.5/2.5/2.5 and incubated at RT for 4 h. The 

TFA was bubbled off of the filtrate with argon, the peptide was precipitated with 10 volumes of 

cold diethyl ether and collected by centrifugation. The supernatant was discarded and the pellet 

was dissolved in 25% acetonitrile (Fisher Optima grade), followed by freezing and lyophilization. 

The peptide was purified by reverse phase HPLC using a Shimadzu Prominence instrument with 

a Vydac Protein & Peptide (P/N 218TP52210) semi-preparative column with a 0.1% TFA in water 

(A) and 0.1% TFA in acetonitrile (B) as the mobile phase monitoring at 215 nm and 280 nm. 

Mobile phase flow rate was 10 mL/min. from 20-40% B and tR was 23.5 min.  Mass spectrometry 

data was collected using a Voyager DE-Pro MALDI instrument with a TOF detector operating in 

reflectron mode.   
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A5.2 Time-resolved photoluminescence experiments.  TRL measurements were recorded on a 

Tecan Infinity M1000 plate reader.  Tryptophan-sensitized emission spectra were collected using 

a 280 nm excitation wavelength and emission was detected at 544 nM. Excitation and emission 

slit widths were 5 nm. Delay and gate times were set at 100 µs and 2 ms, respectively. Integration 

time was tested in the range of 400-2000 µs and lag time at 60 and 100 µs.  Maximal S/N was 

achieved using 2000 µs integration time and 100 µs lag time, and these instrument settings were 

used for the luminescence experiments.  Lyophilized peptide was suspended in 10 mM HEPES 

buffer containing 100 mM NaCl and concentration was determined using the method described by 

Gill and von Hippel.110  Tb(III) acetate (Sigma) was dissolved in 1 mM HCl and diluted in the 

same solvent for the titration experiment.  

 

A5.3 Effect of Terbium on in vitro translation.  Terbium (III) acetate was dissolved in 1 mM 

HCl and titrated over the range of 0.001-100 µM in standard 50 µL PURE translation reactions 

(2.5.4) containing 35S-methionine initiated by the addition of 1 µM mRNA encoding the peptide 

MHFSWDYKDDDDK (Table 2.1). Radiolabeled flag-tagged peptides were affinity purified with 

M2 anti-flag agarose (Sigma) using the manufacturer’s protocol and eluted with 1% TFA. Eluted 

peptides were quantified by scintillation. 
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Appendix B TRAP: Streamlining mRNA display 

B1 Introduction 

  The ability to generate trillion-member peptide libraries for target selection using mRNA 

display makes it a very powerful tool for ligand discovery.  However, the mRNA display process 

is labor intensive. The covalent linking of the mRNA to the puromycin linker, two mRNA-peptide 

fusion purification steps, as well as precipitation and dialysis during the fusion preparation are 

time-consuming. A single round of mRNA display takes 4-5 days.  Most selections take between 

7 and 10 rounds before enrichment plateaus and DNA can be sequenced. Hence, to perform a 

selection using mRNA display can take as long as two to three months. When library design, 

testing and sequencing are considered, the total time could be up to four months.  Moreover, there 

is no easy way to check the progress of the selection process until the end. 

 To address these limitations, others have designed a streamlined version of mRNA display.  

TRAP display (Transcription-translation with association of puromycin linker)110 uses DNA, 

instead of covalently associated mRNA-puromycin linker, as the template for fusion formation 

(Figure B1-route 1). By including T7 RNA polymerase in the reaction, the mRNA is transcribed 

and hybridizes in situ with a long G-C rich region at the 5′ end of puromycin linker via a 

complementary region at the 3′ end of the mRNA. The mRNA-puromycin hybrid is then decoded 

by the ribosome and the translated peptide is covalently linked to the associated puromycin to form 

the fusions. In TRAP display, the mRNA-peptide fusions formed during the coupled transcription-

translation are added directly to the target in the selection step. This eliminates the need for the 

purification steps present in the mRNA display scheme.  These modifications reduce the time 

significantly and a single round of TRAP display takes only 2-3 hours.   
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 Given the streamlined nature and time savings of TRAP, we designed a system to validate 

the method for future use in our lab. 
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Figure B1 TRAP and modified mRNA display. These display systems use DNA as the 

template for coupled transcription-translation. In TRAP display (Route 1), the puromycin 

linker hybridizes in situ to generate the non-covalent association between the phenotype and 

genotype. In the proposed modified mRNA display (Route 2), the conventional UV-induced 

covalent cross-linking of the mRNA to the puromycin linker is performed in situ.  Both sets of 

fusions are then bound directly to the target without purification and reverse transcription is 

then performed on the functional fusions prior to PCR amplification to generate the template 

for the next round. 
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B2 Results 

B2.1 TRAP display 

We designed a system to test the performance of TRAP display relative to the ability of 

conventional mRNA display to enrich a known binder among a random library (Figure B2). We 

encoded the Flag epitope sequence (DYKDDDK) within the open reading frame of the DNA 

containing the constant region elements necessary for conventional mRNA display, which includes 

a 9 bp region at the 3′ end of the mRNA that hybridizes with the puromycin linker and is 

subsequently linked covalently via the psoralen molecule attached to the 5′ end of the linker 

(Figure B3a-top).  We created a similar sequence with (NNS)8 in place of the Flag coding region. 

We used the identical strategy for the TRAP display construct, which includes a 21 bp G-C rich 

region at the 3′ end of the mRNA that forms a non-covalent hybridization with a complementary 

region at the 5′ end of the TRAP puromycin linker (Figure B3a-bottom).  

In order to measure enrichment, we strategically placed restriction sites for PsiI and Fok1 

within the Flag DNA sequence. In this system, if the FLAG peptide remains associated with its 

mRNA, these mRNAs will be captured selectively and will be amplified by RT-PCR.  This 

increase would be measured by an increase in the intensity of the PsiI/FokI digestible band on an 

agarose gel.  However, if the FLAG peptide does not associate with its mRNA, no enrichment 

would be observed. 

Our initial control digest confirmed the ability of the restriction enzymes to selectively cut 

the Flag DNA (Figure B3b). Since PsiI digested fragments for both DNA libraries (lanes 5 and 

11) were more visible on the gel than the equivalent FokI fragments (lanes 6 and 12) and given 

that FokI appeared to partially digest the random DNA (lanes 3 and 9), we chose PsiI for our test.  
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 With the analysis method in place, we created two sets of doped libraries of Flag:random 

sequence at ratios of 1:1 and 1:10 for both display methods. The conventional mRNA-peptide 

fusions (with covalently attached linker) were prepared similarly to our previous selections (4.5.3). 

The Trap fusions are typically created starting with a DNA template that is transcribed in situ to 

form mRNA, which then forms a hybrid association with the complementary GC-rich region of 

the puromycin linker. However, since we wanted to test only the ability of the TRAP construct to 

maintain association with the peptide (through the hybrid linker), we chose to initiate translation 

with an equal ratio of TRAP mRNA and linker and allow the association to occur in situ. While 

this strategy was not an identical representation of TRAP display, we did not want in situ 

transcription as an uncontrolled variable.  Following selection of the two sets of fusions against 

anti-Flag affinity resin, only TRAP fusions required reverse transcription, after which the cDNA 

from both methods was PCR amplified, digested with PsiI and analyzed on a 4% agarose gel 

relative to the input templates (Figure B3c).  We were surprised to find that both of the methods 

at each of the ratios resulted in a lower percentage of digested DNA after selection than was present 

beforehand.  The inability to even enrich the conventional template suggests that something was 

wrong with our selection strategy itself.  

B2.2 Modified mRNA display (in situ covalent association) 

 Having been unable to enrich the Flag sequence in either of the templates, we took a 

different approach to streamlining the mRNA display process. Standard mRNA display utilizes 

mRNAs photo-crosslinked to the puromycin linker in vitro.  To eliminate the transcription and 

crosslinking steps, we decided to attempt to perform transcription and crosslinking in situ.   

We planned to add the light-activatable puromycin linker to our coupled transcription/translation 

mixture with the hope that it would hybridize to the mRNA as it was being synthesized (Figure 
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B1, Route 2).  Concurrent UV irradiation would then facilitate in situ covalent crosslinking. This 

would potentially generate a more stable covalent linkage between the genotype and phenotype 

and, if the resulting fusions were added directly to the target, would eliminate several steps in the 

cycle and result in a similar time/round as TRAP display.  

 To test this method, we first labeled the 5′ end of the conventional library mRNA with 32P. 

We then initiated translation in two ways. In one experiment, we annealed the mRNA with the 

conventional linker prior to adding them to the reaction; and in the second experiment we added 

the two components independently, thus simulating the in situ association that would exist in the 

proposed coupled reaction. After addition of the template, we placed a 365 nm handheld lamp 

directly above the reaction for 20 min. The reactions were done at 37 °C as in the conventional 

method, and at 4 °C to account for any potential heat provided by the lamp. Since the puromycin 

linker contains an oligo-A stretch, we also analyzed the capturability of the mRNAs on an 

oligo(dT) resin.   

 There was very little cross-linking detected in the reaction mixture (Figure B4a) or the 

oligo(dT) elutions (Figure B4b) from the reactions performed at either temperature, for both the 

annealed and coupled reaction simulation. Analysis via scintillation revealed less than 30% 

covalent association relative to the control that had been ‘pre’cross-linked conventionally.  

Furthermore, the control reaction that was kept in the dark showed a higher degree of cross-linking 

than all of the in situ experiments. 
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Figure B2 TRAP display validation scheme. mRNA-peptide fusions encoding for Flag 

peptide were mixed with a random fusion library and incubated with α-Flag resin for a) mRNA 

display (with covalently associated linker) and b) TRAP display (with hybridized linker). After 

one round of selection, functional fusions were reverse transcribed and PCR-amplified. cDNA 

was digested with PsiI and analyzed by Urea-PAGE to determine the extent of Flag sequence 

enrichment for each method. 
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Figure B3 Comparative Flag-tag enrichment of TRAP and conventional selections.  a) 

Flag sequences. Red box = hybrid regions, blue letters = PsiI site, red letters = FokI site, light 

green box = T7 promoter, purple = epsilon translation enhancer, yellow = RBS b) 4% agarose 

gel of control digest indicating selectivity of PsiI for Flag sequence in conventional (lane 5) 

and TRAP (lane 11) DNA. c) PsiI-digested samples analyzed on a 4% agarose gel. 

Conventional DNA (lanes 4-7) and TRAP DNA (lanes 8-11). Selected DNA was compared to 

the input DNA based on the percentage digested (noted at the bottom of the gel) and quantified 

by densitometry using the larger of the two fragments (black arrow). 
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Figure B4 Modified mRNA display: in situ covalent association.  a) Phosphorimage of 12% 

Urea-PAGE of translation reactions containing 5′ 32P-labeled linear mRNA.  mRNA and linker 

were pre-annealed (lanes 3 and 6) or added separately to hybridize in situ (lanes 4 and 7). 

Reactions were performed at 4 °C (left) and 37 °C (right). Reactions were irradiated at 365 nm 

for the first 20 min. of the 60 min. reaction. Lanes 2 and 5 are a pre-crosslinked control.  Lane 

8 control reaction was protected from light throughout the experiment.  Black arrow represents 

covalently attached mRNA-linker. b) The crude reactions from a) were purified on oligo(dT) 

beads prior to loading on the gel. c)  Scintillation-based quantification of the crude reactions. 
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B3 Discussion 

 We showed that our restriction digest method for identifying Flag sequences among a 

library pool was functional based on the results of our control experiment. However, we were 

unable to enrich the Flag DNA after one round of selection against anti-Flag affinity resin using 

either TRAP display or even the conventional mRNA display which served as a positive control.  

We considered the potential causes for lack of Flag sequence enrichment, particularly in the 

covalently-linked conventional mRNA display control.  While we did not spend a significant 

amount of time troubleshooting these experiments, we had difficulty detecting full length peptide 

via MALDI-TOF for both schemes.   We frequently observed truncations of the peptide at and 

beyond the Flag sequence and there were typically abundant truncations prior to reaching the linker 

region. This stalling or truncation phenomenon was unresolved and may have negatively impacted 

fusion formation in both schemes. The lack of appropriate linker length may have prevented 

puromycin from reaching the A-site of the ribosome and attaching to the stalled peptide. Or it may 

have caused an issue with capture by the antibody resin (M2 resin is designed for capturing Flag 

epitopes at all regions of the peptide or protein). Any of these potential ribosome processivity 

issues could have resulted in lack of Flag enrichment. We also consider the possibility that PCR-

amplification of the cDNA directly from the beads may have negatively affected Flag enrichment 

due to non-specific amplification of bead-binders. 

 Our attempt at creating covalently-linked mRNA and puromycin in situ by UV irradiation 

for the first 20 min of the translation reaction was unsuccessful. While there was a small amount 

of cross-linking detected on the denaturing gel in all of the reactions, the quantities were below 

the level of the control reaction that was kept in the dark. The bands and streaking observed near 

the top of the gel lanes in the crude reaction tests were absent in the gel of purified cross-linked 
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mRNA. Since oligo(dT) binds to the poly(dA) portion of the linker, we conclude that the bands 

and streaks are unrelated to cross-linked mRNA and could be a result of UV-induced damage, 

aggregation or non-specific covalent association. 

  

B4 Future Directions 

 The time and labor savings associated with TRAP display make it an attractive method.  

While we feel the design to test the method was sound, we were unable to successfully validate 

TRAP. If the Flag-tag processivity and capture issues can be corrected, this scheme could 

potentially be successful. Otherwise, an alternative design would be necessary.   

The lack of covalent in situ cross-linking in the modified mRNA display experiment, 

combined with the by-products likely associated with UV exposure makes the future success of 

this method unlikely. 
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B5 Experimental 

 

 

 

 

 

B5.1 Amino acids, reagents and enzymes: For natural amino acid preparation, see 2.5.1. 

Preparation of in vitro translation components and reagents is described in 2.5.3. Restriction 

enzymes PsiI (R0657S) and FokI (R0109S) were purchased from New England Biolabs (NEB). 

ATP, [γ-32P]- 3000Ci/mmol 10mCi/ml (NEG002A250UC) was purchased from Perkin Elmer. 

B5.2 Selection Reagents: Obtained or prepared as in 4.5.2; M2 anti-Flag agarose (Sigma # 

A2220) 

Table B1 Oligonucleotides used for TRAP display validation 
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B5.3 Preparation of mRNA: T7-mediated bottom strand synthesis of the oligos (IDT) was 

performed as described in 4.5.3. 

B5.4 Preparation of conventional mRNA-peptide fusions: Fusions were prepared as in 4.5.3 

with the following exceptions: Translation volume was 0.2 mL and fusion purification reagents 

were scaled accordingly; Cyclization steps were omitted.  

B5.5 Preparation of TRAP mRNA-peptide fusions: Fusions were prepared as described by 

others,110 and adjusted for 0.2 mL scale. 

B5.6 Selection against anti-Flag: One round of selection was performed with conventional 

fusions as described previously (4.5.6) and TRAP fusions as described by others,110 with the 

following exceptions: Purified conventional fusions from B5.4 (200 µL) and the crude translation 

reaction that contained the hybrid TRAP linker (B5.5) were each added to 20 µL anti-Flag resin 

and rotated at 4 °C for 1 h; Bound TRAP fusion were washed 3x with 0.25 mL HBST (50 mM 

HEPES-KOH pH 7.5, 300 mM NaCl, 0.05% Tween-20); Reverse transcription was performed on 

the beads for TRAP fusions; PCR for both reactions (2 min. at 94°C, followed by 20 rounds of 94° 

C (30s), 65° C (30s), 72° C (45s)) was also performed on the beads using the appropriate primers 

from Table B1. The DNA was extracted with 1 volume of phenol:chloroform:isoamyl alcohol 

(25:24:1) and precipitated with 3 vol. ethanol and 0.1 vol 3 M KOAc pH 5.2. 

B5.7 Control digest with FokI and PsiI: Restriction digests were performed per manufacturer’s 

instructions (New England Biolabs). Reactions were analyzed on a 4% agarose gel and visualized 

on a Chemi-Doc imager (BioRad). 

B5.8 Digestion of the selection DNA with PsiI: DNA from B5.6 was resuspended in 50 µL of 

water and digested as in B5.7 with PsiI.  Reactions were analyzed on a 4% agarose gel and 



 

212 
 

visualized on a Chemi-Doc imager (BioRad).  Densitometry was performed using the larger of the 

two digest fragments as a relative quantification of the Flag sequence in each reaction.  

B5.9 Modified mRNA display: Conventional mRNA was 5′ end labeled with [γ-32P] ATP as 

described previously.195  Standard 100 µL translation reactions were prepared (2.5.4) and initiated 

with the following three template preparations: Covalently cross-linked mRNA (4.5.3); mRNA 

pre-annealed with the linker (2.5.2); and mRNA and linker added independently to simulate in situ 

hybridization.  Reactions were done in 96-well plates and allowed to proceed for 1 h (at 4 °C and 

37 °C). For the first 20 minutes of the reaction, a UV (365 nm) handheld lamp was placed 5 cm 

above the plate for the light reactions.  Half of each reaction was purified on oligo(dT) resin as 

described previously (4.5.3) with the following exceptions: Purification reagents were scaled to 50 

µL translation volumes; Cyclization steps were omitted and eluted cross-linked mRNA was not 

precipitated. The crude reactions and oligo(dT) elutions were analyzed by 10% SDS-PAGE, and 

phosphorimaged using a Typhoon 9410 Variable Mode Imager. 1 µL of each reaction was added 

to 2 mL of scintillation fluid (EconoSafe) and counted on a Beckman Coulter scintillation counter 

for 5 min.  
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Appendix C HiStrep: Dual Affinity Epitope Tag 

C1 Introduction 

 We isolated the peptide MTIHQWLYHPQVWRW serendipitously from a peptide library 

during an in vitro selection against streptavidin.  Unlike the other peptides in the library, this 

peptide had a mutation in its encoding sequence so that it did not contain a hexahistidine tag 

(Figure C1a).  Yet somehow it survived the selection process which included a Ni-NTA 

purification step.  However, the peptide does have two histidines and two glutamines which likely 

enabled binding to the nickel resin.  The HPQ motif in the sequence has been commonly identified 

in selections against streptavidin.165,172-174 

 Most protein purification methods are based on a single step, which oftentimes does not 

result in protein of high purity. Our peptide (HiStrep) was found to bind both nickel (since it 

survived mRNA-peptide fusion purification) and streptavidin (it was highly enriched during 

selection) and, along with its short sequence, makes its possible application as a dual affinity tag 

intriguing.  Dual tag approaches designed to increase protein purity often require long sequential 

tags which may impede protein function in downstream assays. However, HiStrep-tag is 

interdigitated, with the amino acids required for binding existing within the same short peptide. 

Given these advantages, we chose to investigate the ability of HiStrep to act as a dual affinity tag 

(Figure C1b).  
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Figure C1 HiStrep-tag discovery and scheme for dual affinity purification. a) Library 

cDNA of HiStrep mutant (top sequence) discovered during an in vitro selection against 

streptavidin. Bottom sequence represents a selection winner that contains the designed library 

elements. Dotted arrow represents a gain-of-function insertion. Blue boxes indicate residues 

that bind to nickel resin. b) Scheme for dual affinity purification with HiStrep-tag, c) Gene 

fragment encoding the HiStrep epitope.  The sequence was cloned into the sfGFP-pRSET 

vector digested with XbaI and NheI and replaced the N-terminal His-tag sequence. 
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C2 Results 

C2.1 Ni-NTA affinity 

We first inserted the HiStrep sequence onto the N-terminus of sfGFP (Figure C1c) and compared 

the ability of HiStrep-sfGFP to bind to Ni-NTA resin relative to the N-terminal hexahistidine-

tagged sfGFP (His6-sfGFP).  Our initial purification protocol included 10 mM imidazole in the 

binding step and 20 mM imidazole in the 15 CV wash step.  Under these typical conditions, we 

found that almost 80% of the total HiStrep-sfGFP was stripped from the resin prior to the imidazole 

step gradient elutions, implying that HiStrep had a lower affinity than His6 for the nickel resin.  

We next performed an identical purification with the exception of omitting imidazole from the 

binding and wash steps. While His6-sfGFP was eluted at higher imidazole concentrations (Figure 

C2a), HiStrep-sfGFP was retained on the resin following the column washes (Figure C2b) and ~ 

70% of the total expressed protein was eluted between 50 and 100 mM imidazole (Figure C2c). 

C2.2 Streptavidin affinity 

Dual affinity purification can often be laborious and time-consuming.  Ideally, the protein eluted 

from one affinity column is added directly to the second column, without the need for the removal 

of interfering reagents. To test the ability of HiStrep-sfGFP to bind to streptavidin in the presence 

of imidazole (100 mM) used to elute the proteins from nickel, we dialyzed a sample of HiStrep-

sfGFP and tested the comparative ability to bind immobilized streptavidin.  The undialyzed sample 

yielded a similar amount of HiStrep-sfGFP after elution with biotin (Figure C2d-Lane 5), relative 

to the dialyzed HiStrep-sfGFP (Figure C2d-Lane 7) suggesting that the purification methods 

could be used sequentially.  Lastly, we determined the affinity of HiStrep for streptavidin. We 

titrated streptavidin against in vitro translated 35S-Met-labeled HiStrep fused to mRNA and 

determined the Kd to be 840 nM (Figure C2e).   
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C3 Discussion 

 We demonstrated the ability of HiStrep to bind to nickel and optimized the purification 

conditions to maximize the retention of HiStrep-sfGFP on the resin prior to elution. We also 

showed that HiStrep-sfGFP binds to streptavidin, and the presence of 100 mM imidazole did not 

interfere with the capture by streptavidin beads. This would streamline the dual purification, since 

the imidazole would not need to be removed prior to binding to streptavidin.  

While HiStrep binds to streptavidin, the intensity of the bands on SDS-PAGE was low 

(Figure C2e, Lanes 5 and 7). We calculated that a maximum of 0.35 µg of biotin-eluted HiStrep-

sfGFP was loaded on SDS-PAGE, based on biotin binding capacity of the beads used in the assay 

and assuming 100% ligand binding and elution. This quantity is close to the limit of detection of 

coomassie staining (0.1-0.5 ng).196   

HiStrep (fused to mRNA) showed a high affinity for streptavidin (840 nM). In our 

experience, peptides fused to mRNA typically show weaker affinity than peptides alone, so we’d 

expect the actual affinity to be higher.  

Aside from the omission of imidazole from the Ni-NTA purification of HiStrep-sfGFP, we 

did not optimize conditions for binding.  We considered that sequence optimization, likely via an 

alanine scan, would give insight into the residues that were important for binding to either of the 

two affinity resins. We could then use this information to rationally design an improved HiStrep 

sequence. Alternatively, the residues not required for binding could be randomized in an affinity 

maturity selection designed with both affinity resins as targets.  Although we did not pursue this 

project further, we believe that HiStrep, if optimized, has the potential to serve as a practical, short, 

interdigitated affinity tag used to obtain proteins of high purity.  
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C4 Future Directions 

 Further optimization of HiStrep is necessary to enable its use as a dual affinity tag.  

Sequence optimization, through rational or irrational design, could lead to improved affinity for 

one or both resins, although the low concentration of imidazole needed to elute it from the nickel 

column may be advantageous since higher imidazole may negatively impact binding to 

streptavidin. 

 Binding optimization would likely increase affinity, particularly to streptavidin. We also 

considered that the sequence of the dual purification steps could impact recovery and/or purity.  

Since immobilized streptavidin is costly, we chose to purify with Ni-NTA first, which would clear 

most of the non-specific proteins and presumably increase capture on streptavidin beads.  

However, reversing the sequence could lead to higher yield and/or purity. 

C5 Experimental 

C5.1 Cloning of HiStrep-sfGFP 

An extended gene block fragment containing the HiStrep sequence (Figure C1c) and pRSET-

sfGFP plasmid were each doubly digested with XbaI and NheI, which removed the N-terminal 

hexahistidine tag from the plasmid. The HiStrep gene fragment was then ligitated into the vector, 

forming HiStrep-tagged sfGFP. 

C5.2 Expression of HiStrep-sfGFP and His6-sfGFP 

The pRSET-sfGFP vectors that contained the N-terminal HiStrep or His6 tags were transformed 

into E. Coli strain BL-21(DE3) cells and grown overnight in LB-media. 100 mL of ZYM-5052 
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auto-inducing media was inoculated 1:200 from the starter culture and allowed to incubate for 24 

h at 18 °C. Cells were harvested by centrifugation at 4000 rpm.  

C5.3 Ni-NTA purification 

Harvested cells containing overexpressed HiStrep-sfGFP or His6-sfGFP were treated similarly. 

The cultures were lysed with 5 mL of B-per (ThermoFisher #78248) and the cleared lysate, 

supplemented with 10 mM imidazole, was added to 1 mL of Ni-NTA resin (MCLAB) in a 10 mL 

disposable column (Bio-Rad) and rotated at 4 °C for 1 h. The column was drained and washed 

three times with 5 CV of Ni-NTA wash buffer (all buffers prepared per MCLAB) containing 20 

mM imidazole. Bound protein was eluted with an imidazole step gradient in 1 CV each (50, 100, 

150, 200, 250, 500 mM imidazole). The elutions were analyzed by 12% SDS-PAGE and quantified 

by densitometry using a ChemiDoc imager (BioRad).  For the optimized purifications, all steps 

were identical except imidazole was omitted from the binding and wash steps.  Half of each protein 

eluted with 100 mM imidazole was dialyzed overnight against manufacturer’s recommended 

streptavidin binding buffer A (20 mM potassium phosphate, 150 mM NaCl, pH 7.5). 

C5.4 Streptavidin purification 

20 µL of magnetic streptavidin beads (Roche #11641778001) was added to each of three 1.7 mL 

tubes. Beads were washed three times with 0.5 mL buffer A. 50 µL each of undialyzed His6-sfGFP, 

undialyzed HiStrep-sfGFP and dialyzed HiStrep-sfGFP were added to the beads along with 50 µL 

of buffer A and rotated at 4 °C for 2 h. Beads were washed three times with 0.2 mL of buffer A, 

50 µL of buffer A containing 2 mM D-biotin was added and the tubes were rotated at 4 °C for 1.5 

h. The purifications steps were analyzed by 12% SDS-PAGE and visualized using a Chemi-Doc 

imager (BioRad). 
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C5.5 Affinity of HiStrep-mRNA for immobilized streptavidin 

HiStrep mRNA was obtained via in vitro transcription as previously described (2.5.2) from a 

streptavidin selection clone described in Chapter 4.  Radioisotope-labeled HiStrep-mRNA fusions 

were created as previously described (4.5.3) with the following exceptions: Translation volume 

was 0.2 mL and purification reagents were scaled accordingly; all natural amino acids were used; 

0.11 µCi 35S-Met was used to radiolabel the peptide; and both on-resin cyclization reactions were 

omitted.  The pelleted fusions were resuspended in 100 µL of selection buffer. The binding assay 

was performed and analyzed as described previously (4.5.8) with the following exceptions: 

Streptavidin beads were diluted 2-fold (0.17-2.0 µM); radiolabeled HiStrep-mRNA concentration 

was 5 nM. 
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Appendix D Coupled In vitro Transcription/Translation 

D1 Introduction 

 In prokaryotic organisms, mRNA transcription and protein translation are coupled.  

Binding of the ribosome to the mRNA typically occurs while the RNA polymerase is synthesizing 

the RNA from the DNA template.  The PURE system, an E. coli-based cell-free technology, is 

designed to synthesize peptides or proteins with reconstituted components.6  To initiate the PURE 

reaction, a messenger RNA (mRNA) template encoding the gene of interest is added. Since protein 

expression is coupled in E. coli, DNA can also serve as the template. In this case, RNA polymerase 

can be added to transcribe the DNA in situ, followed directly by ribosome binding and translation 

of the encoded peptide or protein. 

 Many in vitro systems utilize DNA as the template to produce peptides for various purposes 

(such as TRAP display-Appendix B).  Our lab uses mRNA to produce peptides as well as peptide 

libraries for in vitro selection. However, the synthesis and purification of mRNA is laborious and 

time-consuming. Herein, we describe our efforts to adapt and optimize our version of the PURE 

system for initiation of in vitro protein and peptide coupled synthesis using template DNA. 

D2 Results 

 To adapt PURE translation to coupled transcription-translation, we supplemented the 

reaction with the necessary reagents (magnesium and NTPs for mRNA synthesis),197 added 0.1 

µM T7 RNA polymerase and initiated a 50 µL coupled reaction with 2 pmols of His6-sfGFP-

pRSET plasmid.  After 1 h incubation at 37 °C and Ni-NTA purification, we were unable to detect 

sfGFP, either by fluorescence emission (Figure D1a) or SDS-PAGE (Figure D1b). We analyzed 

the components of the system, and the SDS-PAGE analysis of the translation factor mix used in 
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the experiment was lacking RF-1 (Figure D1c-lane 2).  Both RF-1 and RF-2 recognize the UAA 

codon found in the sfGFP mRNA and catalyze the hydrolysis of the peptidyl-tRNA peptide bond, 

resulting in the release of the protein from the ribosome. Since we do not add RF-2 to our 

translations, the presence of RF-1 is critical for protein production.  We then prepared a new 

mixture of 9 of the 10 translation factors (EF-Tu is added separately) and analyzed the mix using 

SDS-PAGE. This confirmed the presence of RF-1 in our new mix.  We then attempted to express 

sfGFP again, this time using the newly created factor mix containing RF-1.  Again, we were unable 

to detect sfGFP emission from the reaction (Figure D1d).   

 Having been unsuccessful in our effort to express sfGFP using the plasmid to initiate the 

coupled reaction, we tried to use DNA that encoded a small peptide. To do this we used one of our 

small translation templates for incorporating unnatural amino acids in translation, MDYKMH6. 

We used MDYKMH6 mRNA for translation, pET12b containing the MDYKMH6 insert and 

linearized MDYKMH6 DNA (2.5.2) in a side-by-side comparison. We determined peptide yield 

by the incorporation of 35S-methionine and found that both forms of DNA used to initiate the 

coupled reaction produced similar amounts of peptide as the translation reaction initiated by the 

addition of mRNA, with addition of linear DNA yielding 23% more peptide than the translation 

alone (Figure D2a).  The reactions performed in the presence of methionine resulted in fidelity of 

the coupled reaction products that were similar to that of the peptide produced by the translation 

reaction (Figure D2b-d). 

 We then performed further optimizations of the coupled reaction using the MDYKMH6 

plasmid. We tested the components that were either supplemented to our translation components 

(magnesium ion), or added specifically for synthesis of the transcript (plasmid and T7 RNA 

polymerase).  The addition of 9 mM magnesium acetate (Figure D3a), 12 nM MDYKMH6 plasmid 
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(Figure D3b) and 1 µM T7 RNA polymerase (Figure D3c) resulted in the highest peptide yield 

from the coupled transcription-translation reactions.  However, even with these additional 

optimizations, we were still unable to express sfGFP using the plasmid to initiate the coupled 

reaction. 
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Figure D1 Coupled transcription-translation reactions with sfGFP plasmid DNA. The 

results of the initial 50 µL coupled reaction initiated with sfGFP-pRSET characterized by a) 

fluorescence emission of sfGFP and b) 10% SDS-PAGE, sfGFP lane represents the purified 

protein control c) 10% SDS-PAGE analysis of 9 translation factors (IF-1 ran off the bottom of 

the gel) that were used in the initial experiment (lane 2) and the newly prepared mix containing 

RF-1 (lane 3). d) Fluorescence spectrum of the reaction containing RF-1. 



 

225 
 

 

 

  

Figure D2 Comparison of translation and coupled reactions. a) 50 µL reactions were 

initiated by the coding sequence MDYKMH6 in the form of mRNA for translation and plasmid 

DNA or linear DNA for coupled reaction.  All reactions contained 35S-Met for quantification 

of peptide incorporation. MALDI spectra of the reactions containing methionine and initiated 

by b) mRNA in translation; and coupled reactions with c) linear DNA and d) plasmid DNA.  
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Figure D3 Optimization of coupled transcription-translation.  Coupled reactions were 

initiated by the addition of MDYKMH6 plasmid and quantified by 35S-Met. The effects of a) 

magnesium acetate concentration, b) plasmid concentration, and c) T7 RNA polymerase 

concentration on radiolabeled yield of MDYKMH6 peptide. 
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D3 Discussion 

 We were unable to synthesize sfGFP with our PURE coupled transcription-translation 

reaction initiated with plasmid DNA, despite our efforts to troubleshoot and optimize the reaction. 

While the reason is unknown, we speculate as to the possible causes: The PURE system contains 

over 80 individually prepared components that are mixed together to perform each reaction. While 

we painstakingly purify, prepare, store and ultimately mix these components together, the 

possibility certainly exists that one or more of the components are of insufficient purity or 

imbalanced in the reaction (or even inadvertently omitted as in our translation factor mix lacking 

RF-1). These problems could potentially lead to stalling, truncation or lack of fidelity that could 

adversely affect protein production and/or function.   

We were able to process through a short template in coupled reactions, using plasmid and 

linear DNA encoding MDYKMH6 in these experiments. Both yield and fidelity of the peptide 

produced in the coupled reaction compared favorably to that of the peptide produced in a 

translation reaction. We also have performed numerous translations with this and several other 

mRNA templates (shown in Chapter 2), typically with sufficient yield and fidelity.  But these 

templates are short and each contains only a small percentage of the proteinogenic amino acids 

and hence is not an accurate gauge of overall system fidelity and ribosomal processivity. That 

being the case, we still observed instances of natural amino acid misincorporation in these short 

sequences (eg. RW in MHFSW-Flag, and ED, QH in the epitope tags of the templates).  

This phenomenon observed in synthesis of short templates would be amplified in proteins that 

contain 5-fold or more amino acids, potentially leading to lack of detectable protein. 
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D4 Future Directions 

The ribosomal synthesis of proteins will require additional troubleshooting and 

optimization.  A more effective tool to monitor yield in real-time, such as the Lanthanide Binding 

Tag (Appendix A) would permit simpler, faster and more comprehensive analysis (and subsequent 

optimization) of PURE system components. 

D5 Experimental 

D5.1 Amino acids 

Only natural amino acids were used in the experiments. Preparation information can be found in 

2.5.1 

D5.2 mRNA preparation  

In vitro transcription and purification of MDYKMH6 mRNA was performed as previously 

described (2.5.2). 

D5.3 Enzymes and ribosome purification (see 2.5.3) 

D5.4 In vitro translation 

50 µL reactions were performed and peptides were purified and analyzed for yield and/or fidelity 

as described previously (2.5.4).  

D5.5 in vitro coupled transcription-translation 

50 µL reactions containing standard translation reagents (2.5.4) were supplemented with 

magnesium acetate (9 mM final concentration-unless varied), 1 µM T7 RNA polymerase (unless 

varied), 1 mM each of ATP, GTP, UTP, CTP and 12 nM plasmid or linear DNA (unless varied). 

The peptides were purified and analyzed for yield and/or fidelity as described in 2.5.4 
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Appendix E Optimization of in vitro Translation 

E1 Introduction The PURE translation system contains over 80 individual components that are 

prepared individually prior to combining them in an in vitro translation reaction to create peptides 

in the presence of the ribosomal machinery.  There is an understandably high degree of synergy 

involved among the components and even a small disparity between actual and expected activity, 

or calculated vs. effective concentration can lead to a decrease in peptide yield and/or fidelity of 

translation. The following figures represent the effects of varying the translation input of multiple 

reagents (>50), from small molecules and buffers to recombinant proteins and isolated ribozymes. 

These results were obtained during either reagent preparation or PURE system troubleshooting.  
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Figure E1 Buffers and small molecules.  Optimization of translation components in 50 µL 

translation reactions. a) Magnesium acetate titration; b) Comparative buffer test with Polymix 

(needs to be prepared fresh) against a mix of tRNA and small molecules (TS) that is prepared 

in bulk and stored in aliquots at -80 °C until ready for use (magnesium concentration is 

indicated parenthetically); c) Addition of 1 mM ATP and/or GTP to the optimum translation 

concentrations (1 mM each); d) Titration of ATP/GTP. X-axis represents mM each added to 

translation (black point represents the concentration of each of ATP/GTP in a standard 

translation). 
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Figure E2 Ribosomes and RP mix.  a) Ribosomes prepared using blender lysis and sucrose 

gradient centrifugation (2.5.3) or using a His-tagged ribosomal protein purification protocol198 

were added to translation reactions; b) Relative translation yields of two preparations of PURE 

translation factor mixes (current and new). The new mix of factors was used to make a mix 

containing all factors, energy recycling enzymes and ribsosmes (ribosomes and essential 

protein factors or RP solution).197 The RP mix was flash frozen and stored at -80 °C. The RP 

solution was then thawed and used in translation; c) Titrations of three preparations of 

ribosomes using the sucrose gradient protocol. The ‘current’ ribosomes were added at the 

standard translation concentration (1.2 µM) as a point of comparison. 
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Figure E3 PURE Translation Protein Factors.  a) Radiolabeled peptide yield as a function 

of factor concentration in translation (black point represents the concentration in standard 

translation). b) Effect of EF-Tu concentration on peptide yield relative to a previous preparation 

(current). Standard concentration of EF-Tu is 10 µM. c) Effect of individual supplementation 

at 2x concentration of each of the translation factors or subset of factors (all IF, all EF or all 

RF) on peptide yield relative to a standard reaction (translation). d) 10% SDS-PAGE of a 

typical PURE translation factor purification. Left lane is protein ladder (BioRad #1610374). 
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Figure E4 Aminoacyl-tRNA synthetases. a) Effect of the titration of a mix containing all 

synthetases on peptide yield. Black point represents standard translation concentration (or 

relative control); b) in vitro translation reaction supplementation of 2x of each of the individual 

synthetases necessary to produce the aminoacyl-tRNAs required for translation of the 

MHFSW-Flag template. This template demonstrated poor fidelity in previous translations 

(2.2.2).  Relative radiolabeled peptide yield is expressed relative to a translation reaction 

containing the standard aaRS concentrations. 
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E2 Summary 

 We have observed a synergistic effect of many of the PURE components on translation 

yield.  We have found that the purity of the components, particularly translation factors and 

ribosomes, is critical to the performance of the system.  Careful attention to detail during reagent 

preparation and mixing of components is required to maintain high levels of function.  

While it is often the case that increasing the concentration of a single component (eg. 

ribosomes or EF-Tu) results in increased yield, this effect is not generalizable (eg. NTPs or 

magnesium) and is often unpredictable, if not counterintuitive. While it may be tempting to 

increase the concentration of certain components of the system to obtain a higher yield, we have 

oftentimes observed a negative impact on fidelity via MALDI-TOF when this is attempted.  The 

PURE in vitro system was designed to essentially recreate biological translation in a test tube and 

natural selection has acted to evolve and optimize gene expression, so we recommend to ‘use as 

directed’. 
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Appendix F Peptide Binding to BRCA 1 

During our selection against BRCA1 we identified peptide 8.6 (3.2.1.2) that contained 

three arginine analogs (L-canavanine).139  This peptide was present in high abundance based on 

the Sanger sequencing results. However, we were unsuccessful in our attempts to synthesize the 

Fmoc-protected version of L-canavanine and as a result we were unable to create the version of 

the peptide selected by the BRCT domain of BRCA1 during the selection. We chose to determine 

binding affinity of peptide 8.6 using isothermal titration calorimetry (ITC) with arginine 

substituted for canavanine.  

As an alternative to testing the synthetic peptide containing a residue that was not present 

in the selection, we created in vitro translated versions of peptide 8.6, with either arginine or 

canavanine, in the presence of 35S-Met. We used these radiolabeled peptides in a scintillation-

based binding assay (4.5.8) to determine the affinity of the peptides for GST-BRCT and found that 

the binding affinity of the peptide containing canavanine was the same as for that containing 

arginine. Furthermore, the scintillation-based affinity of peptide 8.6 containing arginine agreed 

very closely with the ITC results for the synthetic peptide (1.41 ± 0.12 and 0.80 ± 0.01, 

respectively). As a result, we concluded that the arginine substitution for canavanine in the 

synthetic peptides used for our FP experiments did not affect the binding to BRCT. 
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Figure F1 BRCA1-binding peptide 8.6 with and without canavanine (arginine analog).  

MALDI-TOF spectra of in vitro translated peptide 8.6 identified in the selection against 

BRCA1. a) Peptide 8.6 containing the Phe analog p-fluoro-L-phenylalanine (F), along with a) 

wt arginines (R) or b) L-canavanine (R) substituted for arginine in translation.  
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Figure F2 Binding of peptide 8.6 to BRCA1.  Binding affinity was determined by the titration 

of GST-BRCT against peptide 8.6 with a) arginine or b) canavanine. c) Binding of an irrelevant 

peptide (model peptide OvLap). Peptides were produced by in vitro translation containing 35S-

Met and bound to immobilized GST-BRCT. The beads were washed twice and binders were 

eluted with free GSH. % bound was calculated using the equation in 4.5.8. A binding curve 

was generated by a dynamic fit four-point logistics equation using SigmaPlot 12.5. 

Experiments were performed at least in duplicate. d) EC50 values and curve fit variances 

obtained from SigmaPlot analysis. The substitution of canavanine for arginine in peptide 8.6 

had no effect on binding affinity to BRCT. 
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Appendix G Miscellaneous Experiments 
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G1 Resolving mRNA-peptide fusions 

 Resolution of mRNA-peptide fusions and free peptides via electrophoresis is challenging, 

due to both the differential monomer content (nucleic acids vs. amino acids) as well as the large 

difference in molecular weight of the fusion and the free peptide. We found 10-20% Tris-tricine 

gradient gels were ideally suited for this purpose. 

  

Figure G1 mRNA-peptide fusion formation.  10-20% gradient SDS-PAGE of translation 

reactions (with 35S-Met) to generate mRNA peptide fusions using two different mRNA display 

library templates (Conventional-lanes 1-3 and R6-lanes 4-8). Lanes 2 and 5 were fusion 

formation reactions with the addition of 550 mM NaCl and 55 mM MgCl2, following 

incubation at 37 °C for an additional 90 min. Lane 6 is elution from oligo(dT) affinity resin. 

Lanes 1 and 4 did not include the salt addition. Lane 7 reaction was initiated by linear mRNA 

and lanes 3 and 8 contained no mRNA. Black arrow indicates mRNA-peptide fusions. Red 

arrow is the peptide alone.  
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G2 mRNA-puromycin linker UV-crosslinking 

 We quantified the efficiency of formation of covalently-linked mRNA-puromycin linker 

after psoralen-mediated UV crosslinking via 8% denaturing Urea-PAGE. 

 

 

 

 

 

Figure G2 UV crosslinking of mRNA-puromycin linker.  a) 8% Urea-PAGE of the UV-

crosslinking step in mRNA display.  mRNA is from the conventional library used in our first 

streptavidin selection (4.5.3). White arrow indicates the covalently linked mRNA and 

puromycin linker. b) Analysis of the efficiency of the cross-linking reaction using the model 

peptide (OvLap) control template (Table 3.1) and the five libraries in an equimolar mix (Table 

4.1). Gel was stained with EtBr and visualized on a CHemiDoc imager (BioRad). 

Quantification was performed by densitometry.  
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G3 Characterization of cyclic peptides via SDS-PAGE 

 Peptides or proteins in different conformations have been shown to migrate at different 

rates using gel electrophoresis.32  We analyzed the same peptide in linear, mono- and bicyclic 

conformation by 16% Tris-tricine SDS-PAGE.151  We were unable to resolve the conformers using 

this method (see ‘mix’ lanes). 

 

 

 

  

Figure G3 Tris-tricine SDS-PAGE for cyclization characterization.  16% acrylamide 

peptide gel151 of in vitro translated (with 35S-Cyc) OvLap peptide (Table 3.1) in the linear 

monocyclic (bisalkylated) and bicyclic (bisalkylated and clicked) conformations. 25k and 120k 

counts represent the scintillation-based quantity of peptide loaded in the noted wells.   
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Appendix H: Miscellaneous Tables 

Table H1a: Streptavidin (monocyclic) Top 100 DNA/peptide sequences from AptaTOOLS   

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

1 1UGtSCID ACCGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 1404 4188 0.268 1.494

2 1UGtWMH ACCGACCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 1404 3940 0.252 1.190

3 yGFICGGC ACGAACCCCGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 1402 2888 0.184 0.999

4 1hHIiJAG ACGAACCCGGACTGCTTTGCCAACCCCCTC TNPDCFANPL 1402 447 0.029 1.058

5 CHJejR ACGAACCCTGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 1402 369 0.024 1.257

6 QzUAyJ ACCAACCCCCAGTGCTTTGGCAACCCCCAG TNPQCFGNPQ 1218 210 0.013 0.673

7 DRjJuA ACCAACCCCAACTGCTTTGGCAACCCCCTG TNPNCFGNPL 1218 188 0.012 0.946

8 1IzUCiA ATTAATACGACTCACTATAGGGTTAACTTT INTTHYRVNF 221 128 0.008 1.397

9 1BXpWCf ACCGACCCCGACTGCTTTGGCAACCCCGAG TDPDCFGNPE 1402 112 0.007 0.652

10 1UGtWLA ACCGACCCGAACTGCTTTGGCAACCCCCAT TDPNCFGNPH 1404 108 0.007 1.080

11 PIxCIIk ACCAACCCCGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 1218 90 0.006 1.316

12 VfIGHHv ACCAACCCGGACTGCTTTGGCAACGCGACG TNPDCFGNAT 796 86 0.005 0.439

13 BrLAKFJ ACGAACCCGGACTGCTTTGGCAACTCGATC TNPDCFGNSI 1402 54 0.003 0.866

14 1HABjAAAH ACGAACCCCAACTGCTTTGGCAACCCGAAG TNPNCFGNPK 796 39 0.002 0.482

15 1HAsHAIj ACGATCCACCAGTGGCTTTACCATCCACAA TIHQWLYHPQ 1275 38 0.002 1.602

16 kDLzGC ACGGACCCGAACTGCTTTGGGAACCAGATG TDPNCFGNQM 796 34 0.002 0.430

17 KHGAIQy ACGAACCCGCAGTGCTTTGGCAACCCGATG TNPQCFGNPM 796 34 0.002 0.604

18 yGFIVd ACGAACCCCGACTGCTTTGGCAACCCCGCG TNPDCFGNPA 1402 32 0.002 1.058

19 RDqHGKC ACCGACCCCAACTGCTTTGGCAACACCATG TDPNCFGNTM 1218 28 0.002 0.453

20 1VAAGHWu ACTGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 1404 27 0.002 2.232

21 1TDLAIGV ACCGACACGAACTGCTTTGGCAACCCCCAC TDTNCFGNPH 1404 24 0.002 1.012

22 DRjHAGH ACCAACCCCAACTGCTTTGGCAACCCCACC TNPNCFGNPT 1402 24 0.002 0.543

23 1UGtVJj ACCGACCCGAACTGCTTTGGCAACCCCCGC TDPNCFGNPR 1404 24 0.002 1.720

24 1wiFJIC ACGGACCCCAACTGCTTTGGGAACATCTTG TDPNCFGNIL 1402 23 0.001 0.415

25 MHHACIxA ACCGATCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 1404 19 0.001 1.945

26 1UGWUHP ACCGACCCCGACTGCTTTGGGAACATGATG TDPDCFGNMM 796 19 0.001 0.530

27 PJBaBn ACGAACCCGGACTGCTTTGGGAACAACGAG TNPDCFGNNE 1402 18 0.001 0.586

28 1SHIJJJmB ACCGGCCCGAACTGCTTTGGCAACCCCGAC TGPNCFGNPD 1404 16 0.001 2.646

29 1TDLApHH ACCGACACGAACTGCTTTGGCAACCCCGAC TDTNCFGNPD 1404 15 0.001 1.112

30 1TJHWBuB GCCGACCCGAACTGCTTTGGCAACCCCGAC ADPNCFGNPD 1404 14 0.001 1.433

31 1VAAGHGAJ ACTGACCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 1404 14 0.001 1.254

32 MHHACpAG ACCGATCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 1404 13 0.001 2.540

33 1IJWJpj ACGGACCCGAACTGCTTTGACAACCCCCAG TDPNCFDNPQ 1402 13 0.001 0.998

34 1NsGGuAJ ACGGACCCGAACTGCTTTTACGACGGGTGC TDPNCFYDGC 395 13 0.001 0.621

35 1TITpAJ ACCGACCCGAACTGCTTTGGCAGCCCCCAC TDPNCFGSPH 1404 12 0.001 1.228

36 yGFICGy ACGAACCCCGACTGCTTTGGCAACCCCGTA TNPDCFGNPV 1402 11 0.001 2.149

37 1TITAIGF ACCGACCCGAACTGCTTTGGCAGCCCCGAC TDPNCFGSPD 1404 11 0.001 0.909

38 HAAFJGQI ACGAACACCGACTGCTTTGGCAACCCCGTG TNTDCFGNPV 1402 11 0.001 0.622

39 1BfWgDAE ACCGACCCGAACTGCTTCGGCAACCCCCAC TDPNCFGNPH 1404 11 0.001 2.149

40 1CXAJGDf ACCGACCCGAGCTGCTTTGGCAACCCCGAC TDPSCFGNPD 1404 10 0.001 1.433

41 BRIAHCGV ACCAACCCGGACTGCTTTGGGAACAACACG TNPDCFGNNT 857 9 0.001 0.645

42 1TCeJuGA ACCGACCCGAACTGCCTTGGCAACCCCGAC TDPNCLGNPD 1404 9 0.001 2.764

43 JIDsHAK ACCGACCCGAACTGCTTTGGCATCCCCGAC TDPNCFGIPD 1404 9 0.001 6.448

44 BkAsCgH ACCGACCCGAACTGCTTTGGCACCCCCGAC TDPNCFGTPD 1404 8 0.001 1.563

45 1UGoByIA ACCGACCCGAACTGCTTTGGCAACCCTCAC TDPNCFGNPH 1404 8 0.001 1.146

46 1CXKASB ACCGACCCGAGCTGCTTTGGCAACCCCCAC TDPSCFGNPH 1404 8 0.001 1.433

47 1BuyDjAB ACGAACCCGGAGTGCTTTCAGAACATGTAC TNPECFQNMY 49 8 0.001 0.506

48 1LzIJjHF ACGAACCCGGACTGCTTTGACAACAAGAAC TNPDCFDNKN 1402 8 0.001 0.593

49 UACsGXA ACGATCCACCAGTGGCTTACCATCCACAAG TIHQWLTIHK 887 8 0.001 1.720

50 1UGtSAJH ACCGACCCGAACTGCTTTGGCAACCCCGGC TDPNCFGNPG 1404 8 0.001 8.598
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Table H1b: Streptavidin (monocyclic) Top 100 DNA/peptide sequences from AptaTOOLS 

 

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

51 UjCJJoI ACGGACCCCGACTGCTTTGGCAACCCCGTG TDPDCFGNPV 1402 7 0.000 3.762

52 1UGtCir ACCGACCCGAACTGCTTTGGCAACCCCAAC TDPNCFGNPN 1404 7 0.000 1.368

53 1LKIImQ ACCGACCCGAACTGCTTTGGTAACCCCCAC TDPNCFGNPH 1404 7 0.000 3.762

54 1zCvVh ACGAACTCCGACTGCTTTGGCAACCCCGTG TNSDCFGNPV 1402 7 0.000 1.505

55 UVgGIAD ACCAACCCGGACTGCTTTGGCAACCACCAG TNPDCFGNHQ 1197 7 0.000 0.752

56 1HJHAMIAF ACCGACCCGGACTGCTTTGGCAACCCCGAC TDPDCFGNPD 1404 7 0.000 5.015

57 1UGtAzJA ACCGACCCGAACTGCTTTGGCAACCCCTAC TDPNCFGNPY 1404 7 0.000 0.885

58 BVAJACIb ACGGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 1402 7 0.000 2.508

59 ViGJIHu ACCGACCCGAACTGTTTTGGCAACCCCCAC TDPNCFGNPH 1404 7 0.000 1.157

60 1TWJoDAA ACGAACCACGACTGCTTTGGCAACCCCGTG TNHDCFGNPV 1402 7 0.000 2.149

61 yGzGIJG ACGAACCCCGACTGCTTTGGCAACCCCATG TNPDCFGNPM 1402 7 0.000 1.505

62 HuHABsE ACGAGCCCCGACTGCTTTGGCAACCCCGTG TSPDCFGNPV 1402 6 0.000 0.496

63 1UGtWBX ACCGACCCGAACTGCTTTGGCAACCCCCAG TDPNCFGNPQ 1218 6 0.000 2.149

64 1UGtSCGG ACCGACCCGAACTGCTTTGGCAACCCCGAT TDPNCFGNPD 1404 6 0.000 1.612

65 HAIAAyIF ACGAACCCCGACTGCCTTGGCAACCCCGTG TNPDCLGNPV 1402 6 0.000 2.149

66 1TJHWvGF GCCGACCCGAACTGCTTTGGCAACCCCCAC ADPNCFGNPH 1404 6 0.000 0.921

67 KJAHDkM ACCGACTCGAACTGCTTTGGCAACCCCGAC TDSNCFGNPD 1404 6 0.000 1.612

68 ViHAZJG ACCGACCCGAACTGTTTTGGCAACCCCGAC TDPNCFGNPD 1404 6 0.000 0.921

69 pHlGCn ACGAACCCCGACTGTTTTGGCAACCCCGTG TNPDCFGNPV 1402 6 0.000 1.612

70 BVAIJIJIJ ACGGACCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 1402 6 0.000 1.433

71 1ZJGHJJr ACCGACCAGAACTGCTTTGGCAACCCCGAC TDQNCFGNPD 1404 6 0.000 6.448

72 1UGtWAGF ACCGACCCGAACTGCTTTGGCAACCCCCCC TDPNCFGNPP 1404 6 0.000 4.299

73 1SHJAAaIF ACCGGCCCGAACTGCTTTGGCAACCCCCAC TGPNCFGNPH 1404 5 0.000 0.632

74 JIDsDQG ACCGACCCGAACTGCTTTGGCATCCCCCAC TDPNCFGIPH 1404 5 0.000 1.791

75 CJIxys ACGAACGCCGACTGCTTTGGCAACCCCGTG TNADCFGNPV 1402 5 0.000 3.582

76 BzaIqFJ ACCGACCCAAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 1404 5 0.000 2.149

77 1gGCfIAB ACGAATCCCGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 1402 5 0.000 1.535

78 1UGtVvI ACCGACCCGAACTGCTTTGGCAACCCCCTC TDPNCFGNPL 1404 5 0.000 1.791

79 1GGFJJCHH ACCGACCCGGAGTGCTTTGGGAACCCCAAC TDPECFGNPN 1404 5 0.000 0.189

80 hAAWJO ACCGACCCCAACTGCTTTGCCAACCCCTAC TDPNCFANPY 1404 5 0.000 0.896

81 1LKIIAzC ACCGACCCGAACTGCTTTGGTAACCCCGAC TDPNCFGNPD 1404 5 0.000 1.535

82 MGGtlF ACCGACCCGAACTGCTTTGACAACCCCCAC TDPNCFDNPH 1404 5 0.000 1.535

83 KJAHDAeI ACCGACTCGAACTGCTTTGGCAACCCCCAC TDSNCFGNPH 1404 5 0.000 0.597

84 1UGtRGJA ACCGACCCGAACTGCTTTGGCAACCCCGTG TDPNCFGNPV 1402 5 0.000 1.343

85 BZJoGqF ACGAACCCCGACTGCTTCGGCAACCCCGTG TNPDCFGNPV 1402 5 0.000 0.977

86 1BuJHpIGD ACGAACCCGGACTGCTTTGGGCGCCCCCAG TNPDCFGRPQ 651 5 0.000 0.827

87 1SGOzVG ACGAACCCCGACTGCTTTGGCAGCCCCGTG TNPDCFGSPV 1402 5 0.000 0.512

88 IpGHJIIC ACGAAGCCCGACTGCTTTGGCAACCCCGTG TKPDCFGNPV 1402 5 0.000 1.791

89 OuTABm TCCAACCCGGACTGCTTTGGGAACCCCGCG SNPDCFGNPA 359 5 0.000 0.256

90 MsGHaJA ACGAACCGCGACTGCTTTGGCAACCCCGTG TNRDCFGNPV 1402 4 0.000 -1.000

91 BfvIyC ACCGACCCGAACTGCTTTGGCAATCCCCAC TDPNCFGNPH 1404 4 0.000 1.433

92 CHJedJA ACGAACCCTGACTGCTTTGGCAACCCCGCG TNPDCFGNPA 1402 4 0.000 0.782

93 1PJzWHHF ACGAACCCCGACTGCTTTGACAACAACAAC TNPDCFDNNN 1402 4 0.000 0.269

94 yHAIJKJ ACGAACCCCGACTGCTTTGGCAACCCTGTG TNPDCFGNPV 1402 4 0.000 0.860

95 1HABuCIQ ACGAACCCCAACTGCTTTGGCAACCCCGTG TNPNCFGNPV 1402 4 0.000 0.860

96 HIPIJAHF TCGAACCCCGACTGCTTTGGCAACCCCGTG SNPDCFGNPV 1402 4 0.000 8.598

97 yGzICZ ACGAACCCCGACTGCTTTGGCAACCCCCAC TNPDCFGNPH 1402 4 0.000 2.866

98 BmfJrJD ACCGACCCGAACTGCTTTGGGAACCCCGAC TDPNCFGNPD 1404 4 0.000 8.598

99 1BfWcoA ACCGACCCGAACTGCTTCGGCAACCCCGAC TDPNCFGNPD 1404 4 0.000 0.955

100 MGGxCHJ ACCGACCCGAACTGCTTTGACAACCCCGAC TDPNCFDNPD 1404 4 0.000 2.866
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Figure H1: Streptavidin (monocyclic) Top 100 sequence homology (10 random AAs) 
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Table H2a: Streptavidin (bicyclic) Top 100 DNA/peptide sequences from AptaTOOLS 

 

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

1 1UGtSCID ACCGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 47984 2191 0.019605 5.3052

2 1UGtWMH ACCGACCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 47984 1586 0.014192 4.0998

3 yGFICGGC ACGAACCCCGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 49379 1074 0.00961 3.6615

4 1IzUCiA ATTAATACGACTCACTATAGGGTTAACTTT INTTHYRVNF 14268 382 0.003418 1.3813

5 CHJejR ACGAACCCTGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 49379 216 0.001933 4.9949

6 BhtCIRH CACCCGCAGAACTGCTTTCACGTGTTCTCG HPQNCFHVFS 39899 120 0.001074 2.7966

7 1HAsHAIj ACGATCCACCAGTGGCTTTACCATCCACAA TIHQWLYHPQ 42373 79 7.07E-04 33.666

8 1OpHJwJG CACCCGTACTGCTTCGGCTTTGACAACAAC HPYCFGFDNN 48929 62 5.55E-04 9.2476

9 yGFIVd ACGAACCCCGACTGCTTTGGCAACCCCGCG TNPDCFGNPA 49379 58 5.19E-04 4.0237

10 1hHIiJAG ACGAACCCGGACTGCTTTGCCAACCCCCTC TNPDCFANPL 49379 40 3.58E-04 3.9775

11 PIxCIIk ACCAACCCCGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 49379 35 3.13E-04 2.9831

12 KJQoDp CTGTACAACTGCAACCACTTTGACCACCAC LYNCNHFDHH 49426 23 2.06E-04 4.9008

13 JTkAmC CACCCGTACTGCTTCGGCTTTCAGGGCCAC HPYCFGFQGH 21647 23 2.06E-04 7.6234

14 DRjJuA ACCAACCCCAACTGCTTTGGCAACCCCCTG TNPNCFGNPL 47984 23 2.06E-04 2.5411

15 QzUAyJ ACCAACCCCCAGTGCTTTGGCAACCCCCAG TNPQCFGNPQ 49379 21 1.88E-04 2.3202

16 DpHCHJm ACGAACCCAGACTGCTTTGGCAACCCCGTG TNPDCFGNPV 49379 19 1.70E-04 4.7232

17 1UGtWLA ACCGACCCGAACTGCTTTGGCAACCCCCAT TDPNCFGNPH 47984 18 1.61E-04 2.2373

18 ViHAZJG ACCGACCCGAACTGTTTTGGCAACCCCGAC TDPNCFGNPD 47984 18 1.61E-04 4.4746

19 1JFIhCyB CACAACTACAACTGCTTTTGCGACCACCAC HNYNCFCDHH 41923 16 1.43E-04 3.6715

20 1UGtCir ACCGACCCGAACTGCTTTGGCAACCCCAAC TDPNCFGNPN 47984 15 1.34E-04 4.0678

21 1gzBsHE CACGCCCACAACTGCTTTTACGACCACCAC HAHNCFYDHH 41923 15 1.34E-04 1.8644

22 1VAAGHWu ACTGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 47984 15 1.34E-04 5.5933

23 BmUlCJH CACCACAACTGCGACAACTTTGCCCACCAC HHNCDNFAHH 37034 14 1.25E-04 2.7842

24 1UGtVJj ACCGACCCGAACTGCTTTGGCAACCCCCGC TDPNCFYXPR 47984 14 1.25E-04 10.441

25 UCIrJGGC ACGCACACCCACTACTTTGACTGCCACTTC THTHYFDCHF 43393 12 1.07E-04 5.1139

26 1VAAGHGAJ ACTGACCCGAACTGCTTTGGCAACCCCCAC TDPNCFGNPH 47984 12 1.07E-04 7.1594

27 1BxyEtJD ACAGACCCGAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 47984 11 9.84E-05 8.2035

28 UACsGXA ACGATCCACCAGTGGCTTACCATCCACAAG TIHQWLTIHK 28316 11 9.84E-05 5.469

29 1SJBuIeA CACTACACCCACTGCTTTGACGGCCACTTC HYTHCFDGHF 33393 11 9.84E-05 3.646

30 1JtAJBpB CACAACAACGACTGCTTTGGCCACTTCTTC HNNDCFGHFF 45281 11 9.84E-05 2.5242

31 BmgCGoA CACTACTACGACTGCTTTTCCACCCACCAC HYYDCFSTHH 46976 11 9.84E-05 4.6877

32 HxBaUH ACCAACCCGAACTGCTTTGGCAACCCCGAC TNPNCFGNPD 47984 11 9.84E-05 6.5628

33 KHCyJAGC TTCAACCACGGGTGCTTTCGCCACAACTAC FNHGCFRHNY 54209 10 8.95E-05 4.2616

34 1lISmM CACTACAACCCGTGCTTTAACCAGCACTTC HYNPCFNQHF 39298 10 8.95E-05 9.9436

35 1UboHR CACCCGTACTGCTTCGGCTTTACGTACCAC HPYCFGFTYH 22766 10 8.95E-05 7.4577

36 1BxJhAUE CACCACATCAACTGCTTTGGCGACCACCAC HHINCFGDHH 41923 10 8.95E-05 3.3145

37 1TDLApHH ACCGACACGAACTGCTTTGGCAACCCCGAC TDTNCFGNPD 47984 10 8.95E-05 9.9436

38 1TaDgjH CACCACTACTACCCCAAGTACTTTAACGAC HHYYPKYFND 24113 10 8.95E-05 4.9718

39 BsxIwJB CACCAGACCCACTGCTTTTTCAACCACCAC HQTHCFFNHH 30485 10 8.95E-05 3.7289

40 zJHJgGF AACAACCACGACTGCTTTGACCACCACTTC NNHDCFDHHF 54427 10 8.95E-05 3.7289

41 1IIDvJIU CACCACGAGTTCTGCTTTGGCTACCACCAC HHEFCFGYHH 22327 9 8.05E-05 2.2373

42 1TITAIGF ACCGACCCGAACTGCTTTGGCAGCCCCGAC TDPNCFGSPD 47984 9 8.05E-05 5.3696

43 1HCHHaHJD CACCACATCAACTGCTTTGACCACCACCTC HHINCFDHHL 41923 9 8.05E-05 4.4746

44 1LAgFJBZ ACCTACGCGAACTGCTTTTACGACCACCAC TYANCFYDHH 35969 9 8.05E-05 5.3696

45 LAHAlGg CACCACATCTGCGACCACTTTAACCACGAC HHICDHFNHD 37034 9 8.05E-05 2.9831

46 1BlAHAMp AACTGCGACACCCACAACTGCCACTTTTAC NCDTHNCHFY 51614 9 8.05E-05 6.7119

47 1BqpJfID CACAACACCCACTGCTTTTTGAACCACCAC HNTHCFLNHH 30485 9 8.05E-05 2.0652

48 1TJHWBuB GCCGACCCGAACTGCTTTGGCAACCCCGAC ADPNCFGNPD 47984 9 8.05E-05 13.424

49 1cqIHIH AACAACCACTACTGCTTTTACCAGCACTTC NNHYCFYQHF 54427 9 8.05E-05 2.4407

50 1PIJwRCI CACGACCTCTACTGCTTTGACCACCACTAC HDLYCFDHHY 35550 9 8.05E-05 2.4407
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Table H2b: Streptavidin (bicyclic) Top 100 DNA/peptide sequences from AptaTOOLS 

 

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

51 CqHFIIHI CACCACACGTACTGCTTTGACCACTTCCAG HHTYCFDHFQ 40180 9 8.05E-05 1.5793

52 1BXpWCf ACCGACCCCGACTGCTTTGGCAACCCCGAG TDPDCFGNPE 49379 9 8.05E-05 3.356

53 BgGCHuL AACACCCACTACTGCTTTTGCACCCACCAC NTHYCFCTHH 46976 9 8.05E-05 2.9831

54 hKIIJGH TTCGACCACAACTGCTTTGCGCCCCACCAC FDHNCFAPHH 54427 9 8.05E-05 4.4746

55 1BTCHGHHn CACTACAACAGCTGCTTTGCCCACCACATC HYNSCFAHHI 41923 9 8.05E-05 6.7119

56 1SCfBSo CACTACTACTACTGCTTTAGGACCGCCCAC HYYYCFRTAH 21336 9 8.05E-05 -1

57 1GFIJGJII TTCAACCACACGTGCTTTTGCCACACCCAG FNHTCFCHTQ 43290 9 8.05E-05 1.7899

58 QGExMGC CACAACACCCACTGCTTTAACGTCACGTTC HNTHCFNVTF 30756 9 8.05E-05 4.4746

59 BWACwAm CACACCCACTACTGCTTTGGCCACCACTTG HTHYCFGHHL 35550 9 8.05E-05 2.2373

60 TLmAHa CACCCGCAGAACTGCTTTGACGTGTTCAAG HPQNCFDVFK 39899 9 8.05E-05 4.4746

61 1FIHCGCHs CACTACTACGACTGCTTTACCGGCCACCTG HYYDCFTGHL 16361 9 8.05E-05 5.3696

62 LNKJAJA TTCCACAACGACTGCTTTATGAACCACCAC FHNDCFMNHH 43505 8 7.16E-05 2.9831

63 TGHFIGCID CACGCCAACTGCAACGACTTTAACCACCAC HANCNDFNHH 32428 8 7.16E-05 5.9662

64 1TITpAJ ACCGACCCGAACTGCTTTGGCAGCCCCCAC TDPNCFGSPH 47984 8 7.16E-05 11.932

65 QIlEoHD CACTACAACTACTGCTTTGTCAGCCACATC HYNYCFVSHI 46976 8 7.16E-05 5.9662

66 1IGGGDAJO TTCAACCACGTGTGCTTTTACGGCCACTAC FNHVCFYGHY 54209 8 7.16E-05 5.9662

67 BzaIqFJ ACCGACCCAAACTGCTTTGGCAACCCCGAC TDPNCFGNPD 47984 8 7.16E-05 7.9549

68 1HABuCIQ ACGAACCCCAACTGCTTTGGCAACCCCGTG TNPNCFGNPV 47984 8 7.16E-05 3.4092

69 RJJJqEs CACACCCACTGCGACGGCTTTAGCCACTAC HTHCDGFSHY 12456 8 7.16E-05 5.9662

70 MwCJDT AACATGCACTGCACCATCTTTGACCACCAC NMHCTIFDHH 41672 8 7.16E-05 4.7729

71 GkfAIL CACAACCAGTTCTGCTTTACGAGCCACCAC HNQFCFTSHH 12840 8 7.16E-05 4.7729

72 QFJHHNAJ TTCAACACCAACTGCTTTAACCACCACTTC FNTNCFNHHF 47579 8 7.16E-05 7.9549

73 1KaJhaE CACTGCGAGTACGACTACGACCACTTTATG HCEYDYDHFM 49284 8 7.16E-05 5.9662

74 JFJJHJtG CACTACACGAGCTGCTTTACCCACCACGAC HYTSCFTHHD 41923 8 7.16E-05 4.7729

75 BeIghAF CACCACAACTGCGACCGCTTTGCCACCCAC HHNCDRFATH 37034 8 7.16E-05 7.9549

76 1HGokACH ATCAACCCGTACTGCTTTACCGACCACCAC INPYCFTDHH 23570 8 7.16E-05 3.9775

77 1RIHIUAF CACTACACCAGCTGCTTTAACCACCACTAC HYTSCFNHHY 41923 7 6.26E-05 3.4803

78 VExIBiE ACGTACCACGAGTGCTTTGACCCCCACTTC TYHECFDPHF 39298 7 6.26E-05 6.9605

79 1BjCJrJe ATCCACACGGACTGCTTTAGCCACCACCAG IHTDCFSHHQ 43505 7 6.26E-05 -1

80 1NAjHkc ACGTTCTACGAGTGCTTTAACGACCACCAC TFYECFNDHH 32689 7 6.26E-05 2.6102

81 1JHHiKR CACCACATCTGCACGTACTTTAACCACCAC HHICTYFNHH 48362 7 6.26E-05 1.3921

82 JIDsDQG ACCGACCCGAACTGCTTTGGCATCCCCCAC TDPNCFGIPH 47984 7 6.26E-05 20.882

83 pAICIIHF AACCACGACGACTGCTTTGTCATCACCCAC NHDDCFVITH 34311 7 6.26E-05 2.3202

84 1HqJCGHHH CACACCAACTACTGCTTTGACCACCACTAC HTNYCFDHHY 40180 7 6.26E-05 2.6102

85 1UwCHHIa GACAACTACGACTGCTTTACCACCCACCAC DNYDCFTTHH 46976 7 6.26E-05 5.2204

86 RHJJGoID CACCACATCTGCAACTGCTTTGACGGCCAC HHICNCFDGH 32428 7 6.26E-05 1.6063

87 1IAHARJGE ACCTGCACCATGCCGGGCCACCACTTTTTC TCTMPGHHFF 54333 7 6.26E-05 -1

88 BwHVoGG ACCTGACACCACTCCATCGTCCGCTTTCAC T*HHSIVRFH 21683 7 6.26E-05 2.9831

89 HCJvbAE AACCACGAGACGTGCTTTAACCACCACTAC NHETCFNHHY 39298 7 6.26E-05 1.2283

90 1BdICIAHG ACCCACACCTGCAACGTCTTTGACCACCAC THTCNVFDHH 42907 7 6.26E-05 1.7401

91 TyIoJQ CACCACAACCAGTGCTTTAACCACCACTAC HHNQCFNHHY 30485 7 6.26E-05 2.0882

92 yGzGIJG ACGAACCCCGACTGCTTTGGCAACCCCATG TNPDCFGNPM 49379 7 6.26E-05 4.1763

93 LAQGgR CACTACATCTGCAACAACTTTGACGACCAC HYICNNFDDH 32428 7 6.26E-05 0.8031

94 1TDLAIGV ACCGACACGAACTGCTTTGGCAACCCCCAC TDTNCFGNPH 47984 7 6.26E-05 5.2204

95 1BkBVjw CACCACACCCACTGCTTTTACAGCCACCAC HHTHCFYSHH 30485 7 6.26E-05 0.9079

96 1CHHUAG AACAACCACTTGTGCTTTAACCACCACATC NNHLCFNHHI 54427 7 6.26E-05 1.8983

97 QlAeGE ACGTTCTGCGACCACCACTCGTTTGAGTTC TFCDHHSFEF 25032 7 6.26E-05 6.9605

98 1QaxxIG CACCAGCACCACTGCTTTGCCCACCACTAC HQHHCFAHHY 39298 7 6.26E-05 4.1763

99 BtAGWAHF CACAACCACTGCGAGTTCTTTCCGGGCCAC HNHCEFFPGH 35202 7 6.26E-05 0.7734

100 VCGKfCJ AACCATCACCAGTGCTTTGACCACTTCCTG NHHQCFDHFL 30498 7 6.26E-05 6.9605
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Figure H2: Streptavidin (bicyclic) Top 100 sequence homology (10 random AAs) 
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Table H3a: Streptavidin #2 Top 100 DNA/peptide sequences from AptaTOOLS 

 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

1 1QZIBeAJ AACTACAAGAACTGGGTGAACCACCCCCAGAACTAC NYKNWVNHPQNY 15801 40156 0.173332 1.3079

2 JJFJAGJK AACTTGTCGAACTGGCTGAACCACCCCCAGAACAGG NLSNWLNHPQNR 16012 29961 0.129326 1.2481

3 1PzJQIp AACTACGAGAACTGGGTGAACCACCCCCAGAACTAC NYENWVNHPQNY 15801 12612 0.054439 1.5134

4 BQJIIIAAE ACGCGGTACCAGTGGAACACCCACCCCCAGAACGTC TRYQWNTHPQNV 15817 10301 0.044464 0.6892

5 NqAAHIIH AAGTTCAACGACTGGAAGCACCACCCCCAGAACATC KFNDWKHHPQNI 15872 9661 0.041701 0.8941

6 1zeyGm CCGTTCAACACCTGGCAGGACCACCCCCAGAACGCC PFNTWQDHPQNA 15057 6613 0.028545 0.7561

7 RGHHHAIi AACTTGTCGAACTGGCTAAACCACCCCCAGAACAGG NLSNWLNHPQNR 16012 4274 0.018449 1.3668

8 1QZIBdJC AACTACAAGAACTGGGTGAACCACCCCCAGAACTAT NYKNWVNHPQNY 15801 3500 0.015108 1.6685

9 1BSFJBwHD ACGGTCAACAACTGGAGGACCCACCCGCAGAACGCC TVNNWRTHPQNA 14953 3349 0.014456 1.1847

10 JJFJAGJX AACTTGTCGAACTGGCTGAACCACCCCCAGAACAGT NLSNWLNHPQNS 16012 2950 0.012734 1.5906

11 KAMGGHGJ CACTACGAGTACGAGCTCTTGCCCTCGCACCCGCAG HYEYELLPSHPQ 15706 2652 0.011447 0.4815

12 1GhFyGIA CACGACACCTACACGCCCTTGCCGGAGCACCCGCAG HDTYTPLPEHPQ 14413 2549 0.011003 0.539

13 JJFJAGJAG AACTTGTCGAACTGGCTGAACCACCCCCAGAACAGC NLSNWLNHPQNS 16012 2320 0.010014 1.2765

14 1rFJkGAE ACGTTCGACAACTGGAGCAGGCACCCCCAGAACCAC TFDNWSRHPQNH 15743 2135 0.009216 0.6873

15 BQJIIIAV ACGCGGTACCAGTGGAACACCCACCCCCAGAACGTT TRYQWNTHPQNV 15817 1605 0.006928 0.9271

16 1LAIIJCHM AACTTATCGAACTGGCTGAACCACCCCCAGAACAGG NLSNWLNHPQNR 16012 1378 0.005948 1.1599

17 MIlIsCI ACGTACGACGAGTGGAAGTCGCACCCCCAGAACACG TYDEWKSHPQNT 14860 1229 0.005305 0.6633

18 1PzJQIDA AACTACGAGAACTGGGTGAACCACCCCCAGAACTAT NYENWVNHPQNY 15801 1171 0.005055 1.8033

19 BRCGIJACJ ACGTTTGACAACTGGAGCAGGCACCCCCAGAACCAC TFDNWSRHPQNH 15743 1118 0.004826 1.2895

20 1VAAIIaB CACGACACCTACCGCCCGCCGAAGTCCCACCCCCAG HDTYRPPKSHPQ 16176 1021 0.004407 0.3815

21 BqGAvaJ GACTACAAGAACTGGGTGAACCACCCCCAGAACTAC DYKNWVNHPQNY 15801 986 0.004256 1.4287

22 cyAJQC ACGCAGTACCAGTGGAACACCCACCCCCAGAACGTC TQYQWNTHPQNV 15817 970 0.004187 1.4242

23 NqAAHJAE AAGTTCAACGACTGGAAGCACCACCCCCAGAACATT KFNDWKHHPQNI 15872 969 0.004183 1.1489

24 KjAGqh CTGTTCGAGCAGTGGCGGACCCACCCGCAGAACACG LFEQWRTHPQNT 15233 929 0.00401 0.5369

25 BsJEqzD ACGTACGACAGGTGGATCGTGCACCCCCAGAACAAC TYDRWIVHPQNN 15743 807 0.003483 0.5816

26 1JCxJJGAF CTGTTCGAGATCTGGCGCGCGCACCCGCAGAACATC LFEIWRAHPQNI 14503 786 0.003393 0.586

27 DtCHfd AAGTTCAAGTTGATCAACTGGTTCACGCACCCGCAG KFKLINWFTHPQ 15377 771 0.003328 0.8666

28 TAAGUHAF CACGACACCTACAAGGTCTGCGAGTACCACCCCCAG HDTYKVCEYHPQ 15823 729 0.003147 0.4184

29 1zeyGCH CCGTTCAACACCTGGCAGGACCACCCCCAGAACGCT PFNTWQDHPQNA 15057 710 0.003065 0.9309

30 KCJXAJU AACTACAAGAACTGGGCGAACCACCCCCAGAACTAC NYKNWANHPQNY 15801 681 0.00294 1.6467

31 1UJFIJAAT AACTACAAGAACTGGGTGAGCCACCCCCAGAACTAC NYKNWVSHPQNY 15801 679 0.002931 1.3788

32 JJFJAGJAE AACTTGTCGAACTGGCTGAACCACCCCCAGAACAGA NLSNWLNHPQNR 16012 624 0.002693 1.5393

33 1RHAGjBQ AACTTGTCAAACTGGCTGAACCACCCCCAGAACAGG NLSNWLNHPQNR 16012 592 0.002555 1.7595

34 UwRJQE ACGAAGGCGAACTGGGCGACGCACCCCCAGAACACC TKANWATHPQNT 15696 554 0.002391 0.8102

35 uFIDAsA AACTTGTCGAACTGGCTGAGCCACCCCCAGAACAGG NLSNWLSHPQNR 16012 553 0.002387 1.3703

36 1UJIAVGIB ACGCGCACGTCGTGGTTGAACCACCCCCAGAACCGG TRTSWLNHPQNR 15566 519 0.00224 0.581

37 1BvGKJFJG AGCTTGTCGAACTGGCTGAACCACCCCCAGAACAGG SLSNWLNHPQNR 16012 501 0.002163 1.3507

38 1HFJNji ACGTACACGACGTGGCGGAACCACCCCCAGAACTCG TYTTWRNHPQNS 11957 487 0.002102 0.6208

39 JIQIGIGF AACTACAAGAACTGGGTGGACCACCCCCAGAACTAC NYKNWVDHPQNY 15801 398 0.001718 1.5843

40 1SHsGIFJH ACGTACGAGGCGTGGCTCACGCACCCCCAGAACTGG TYEAWLTHPQNW 11588 386 0.001666 0.4434

41 1rFJkFIH ACGTTCGACAACTGGAGCAGGCACCCCCAGAACCAT TFDNWSRHPQNH 15743 381 0.001645 0.8789

42 1SCllFIA AACTTGTCGGACTGGCTGAACCACCCCCAGAACAGG NLSDWLNHPQNR 16012 374 0.001614 1.1988

43 1IvJrGHJ AACTACAAGAACTGGGTAAACCACCCCCAGAACTAC NYKNWVNHPQNY 15801 372 0.001606 1.695

44 1BlJGJpGH AACTACAAGAGCTGGGTGAACCACCCCCAGAACTAC NYKSWVNHPQNY 15801 368 0.001588 1.2841

45 1RGVHAHX AACTACAGGAACTGGGTGAACCACCCCCAGAACTAC NYRNWVNHPQNY 15801 363 0.001567 1.0561

46 kISAY AACTATAAGAACTGGGTGAACCACCCCCAGAACTAC NYKNWVNHPQNY 15801 350 0.001511 1.9105

47 1BtAJGIAD AACTACAAGGACTGGGTGAACCACCCCCAGAACTAC NYKDWVNHPQNY 15801 349 0.001506 1.0902

48 1JJAGADxE TCGTACGACACGTGGCAGAACCACCCGCAGAACTTG SYDTWQNHPQNL 11957 337 0.001455 0.4048

49 1JHhlh AACTACAAAAACTGGGTGAACCACCCCCAGAACTAC NYKNWVNHPQNY 15801 331 0.001429 1.4426

50 1QZINkD AACTACAAGAACTGGGTGAACCACCCCCAGAACTGC NYKNWVNHPQNC 15801 314 0.001355 1.3115
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Table H3b: Streptavidin #2 Top 100 DNA/peptide sequences from AptaTOOLS 

 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

51 BQJIIIAAC ACGCGGTACCAGTGGAACACCCACCCCCAGAACGTA TRYQWNTHPQNV 15817 311 0.001342 0.7706

52 BxhsAJB GACTACGAGAACTGGGTGAACCACCCCCAGAACTAC DYENWVNHPQNY 15801 308 0.001329 1.3062

53 JJFJMGHG AACTTGTCGAACTGGCTGAACCACCCCCAGAACGGG NLSNWLNHPQNG 16012 308 0.001329 1.2129

54 1MaHIGFJJ AACTACAAGAACTGGGTGAACCACCCACAGAACTAC NYKNWVNHPQNY 15801 290 0.001252 1.6483

55 VrQGV AAGTTCAGGTTGATCAACTGGTTCACGCACCCGCAG KFRLINWFTHPQ 15377 290 0.001252 0.9461

56 1SHTcq GACTTGTCGAACTGGCTGAACCACCCCCAGAACAGG DLSNWLNHPQNR 16012 286 0.001235 1.2319

57 1BSFJBwy ACGGTCAACAACTGGAGGACCCACCCGCAGAACGCT TVNNWRTHPQNA 14953 279 0.001204 1.594

58 1JLBuIJJ CACGACACCTACCGCCCGCCGAAGTACCACCCCCAG HDTYRPPKYHPQ 16176 271 0.00117 0.7183

59 BSfAoDA AAGTTCAAGCTGATCAACTGGTTCACGCACCCGCAG KFKLINWFTHPQ 15377 268 0.001157 1.9441

60 1QZICJJo AACTACAAGAACTGGGTGAACCACCCCCAGAACCAC NYKNWVNHPQNH 15801 268 0.001157 1.4207

61 1GJBxJJM AACTTGTCGAACTGGCTGGACCACCCCCAGAACAGG NLSNWLDHPQNR 16012 241 0.00104 1.3913

62 BSUCzu AACTTGTCGAGCTGGCTGAACCACCCCCAGAACAGG NLSSWLNHPQNR 16012 241 0.00104 1.2654

63 JHHtgn ACGCGGCACCAGTGGAACACCCACCCCCAGAACGTC TRHQWNTHPQNV 15817 236 0.001019 1.0125

64 BfBfSB AGCTACAAGAACTGGGTGAACCACCCCCAGAACTAC SYKNWVNHPQNY 15801 234 0.00101 1.0618

65 1HHIaCHDB AACTGGTACAACTGGGCCATCCACCCCCAGAACACG NWYNWAIHPQNT 15291 229 9.88E-04 0.7629

66 CjLgAJ AACTACAAGAACTGGGTGAACCACCCCCGGAACTAC NYKNWVNHPRNY 15801 227 9.80E-04 1.4385

67 IADvCHt AACTTGCCGAACTGGCTGAACCACCCCCAGAACAGG NLPNWLNHPQNR 16012 224 9.67E-04 1.4034

68 BgIJDhU AACTTGTCGAACTGGCTGAACCACCCACAGAACAGG NLSNWLNHPQNR 16012 215 9.28E-04 1.4544

69 1QUCHCqD AACTACAAGAACTGGGTGAACCACCCCCAGAGCTAC NYKNWVNHPQSY 15801 212 9.15E-04 1.2568

70 BQJIIHpH ACGCGGTACCAGTGGAACACCCACCCCCAGAACGCC TRYQWNTHPQNA 15817 211 9.11E-04 0.8163

71 1ejJIAGD AACTACAAGAACTGGGTGAACCGCCCCCAGAACTAC NYKNWVNRPQNY 15801 210 9.06E-04 1.4472

72 1GHBzFIJI AACTACAAGAACTGGGTGAACCACCCTCAGAACTAC NYKNWVNHPQNY 15801 208 8.98E-04 1.9772

73 BiKqUJ AACTACAAGAACTGGATGAACCACCCCCAGAACTAC NYKNWMNHPQNY 15801 203 8.76E-04 1.4441

74 LBgKRI CCGTTCAACACCTGGCAGAACCACCCCCAGAACGCC PFNTWQNHPQNA 15057 201 8.68E-04 0.9764

75 LeJFzIC AACCACAAGAACTGGGTGAACCACCCCCAGAACTAC NHKNWVNHPQNY 15801 198 8.55E-04 1.4085

76 RGHHHAIv AACTTGTCGAACTGGCTAAACCACCCCCAGAACAGT NLSNWLNHPQNS 16012 197 8.50E-04 1.8889

77 1BvCHItc ACGCTCAGCGACTGGGAGACGCACCCCCAGAACCTG TLSDWETHPQNL 15278 193 8.33E-04 0.8616

78 NqABev AAGTTCAACGACTGGAAGCACCACCCCCAGAACGTC KFNDWKHHPQNV 15872 191 8.24E-04 1.1832

79 BRCGIJAo ACGTTTGACAACTGGAGCAGGCACCCCCAGAACCAT TFDNWSRHPQNH 15743 187 8.07E-04 1.574

80 1OwAgHAD AACTACAAGAACTGGGTGAACCACCCCCAGGACTAC NYKNWVNHPQDY 15801 186 8.03E-04 1.4243

81 BjFJAor AAGTTCGACGACTGGAAGCACCACCCCCAGAACATC KFDDWKHHPQNI 15872 177 7.64E-04 1.0724

82 GixTA AAGTTCAAGTTGATTAACTGGTTCACGCACCCGCAG KFKLINWFTHPQ 15377 175 7.55E-04 1.7384

83 1RHofpC AACTTGAACAGCTGGCTGACCCACCCGCAGAACCTG NLNSWLTHPQNL 12473 175 7.55E-04 0.8576

84 SGbZJw CCATTCAACACCTGGCAGGACCACCCCCAGAACGCC PFNTWQDHPQNA 15057 174 7.51E-04 0.6526

85 1BkjHrFJ AGCTACGAGAACTGGACCATGCACCCCCAGAACGTG SYENWTMHPQNV 10746 172 7.42E-04 0.6079

86 RGHHHAIe AACTTGTCGAACTGGCTAAACCACCCCCAGAACAGC NLSNWLNHPQNS 16012 171 7.38E-04 2.1426

87 1JDrBQS ACGCGATACCAGTGGAACACCCACCCCCAGAACGTC TRYQWNTHPQNV 15817 170 7.34E-04 1.2414

88 1vGCJAJJF AACCTGTCGAACTGGCTGAACCACCCCCAGAACAGG NLSNWLNHPQNR 16012 169 7.29E-04 0.9965

89 IHHJDBpH AAGTTCAACGACTGGAAGCGCCACCCCCAGAACATC KFNDWKRHPQNI 15872 158 6.82E-04 1.1462

90 1IABvpGH AACTGCAAGAACTGGGTGAACCACCCCCAGAACTAC NCKNWVNHPQNY 15801 158 6.82E-04 1.3299

91 1UCHJJaz AACTACGAGAACTGGGTGAGCCACCCCCAGAACTAC NYENWVSHPQNY 15801 157 6.78E-04 1.4426

92 KJHMHGIC AACTACGAGAACTGGGCGAACCACCCCCAGAACTAC NYENWANHPQNY 15801 157 6.78E-04 1.6646

93 KAOqAe AACTTGTCGAACTGGCTGAACCACCCCCAGAGCAGG NLSNWLNHPQSR 16012 156 6.73E-04 1.2199

94 1MIDAzDo ACGCGGTACCAGTGGAGCACCCACCCCCAGAACGTC TRYQWSTHPQNV 15817 155 6.69E-04 0.6018

95 NqAAHIIF AAGTTCAACGACTGGAAGCACCACCCCCAGAACATA KFNDWKHHPQNI 15872 149 6.43E-04 1.1489

96 1BfXSIK AATTACAAGAACTGGGTGAACCACCCCCAGAACTAC NYKNWVNHPQNY 15801 149 6.43E-04 1.5499

97 1GmAPIz AACTTGTCGAACTGGCCGAACCACCCCCAGAACAGG NLSNWPNHPQNR 16012 148 6.39E-04 1.3714

98 IAHJDgh AACTCGTCGAACTGGCTGAACCACCCCCAGAACAGG NSSNWLNHPQNR 16012 147 6.35E-04 1.3854

99 1tRBav ACGCAGCGGGACTGGCTGGTCCACCCGCAGAACGTG TQRDWLVHPQNV 12507 147 6.35E-04 0.4942

100 1QZIDSGI AACTACAAGAACTGGGTGAACCACCCCCAGAACAAC NYKNWVNHPQNN 15801 146 6.30E-04 1.731
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Table H4a: Streptavidin #2-chymotrypsin Top 100 DNA/peptide(enrich) from AptaTOOLS 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

1 1NqDBSHG AGGTTCAAGCTGATCAACTGGTTCACGCACCCGCAG RFKLINWFTHPQ 15377 14 6.12E-05 15.638

2 BhhJHGt AAGTTCAGGTTGATCAACTGGTTCACACACCCGCAG KFRLINWFTHPQ 15377 11 4.81E-05 12.287

3 1QZIDQGF AACTACAAGAACTGGGTGAACCACCCCCAGAACAGT NYKNWVNHPQNS 15801 11 4.81E-05 12.287

4 1PzJQHIF AACTACGAGAACTGGGTGAACCACCCCCAGAACTCC NYENWVNHPQNS 15801 22 9.62E-05 12.287

5 1TRJDiC CTAGCTGCACTGCATGATAGCATCCTCCTTCTTAAA LAALHDSILLLK 7657 10 4.37E-05 11.17

6 GJGFJCGp GAGTTCAAATTGATCAACTGGTTCACGCACCCGCAG EFKLINWFTHPQ 15377 10 4.37E-05 11.17

7 VATqAH CACGACACCTACCACCCGCCGAAGTACCACCCCCAG HDTYHPPKYHPQ 16176 10 4.37E-05 11.17

8 1JLVCqB CACGACACCTACCGCCCGCCGAAGTACCACCCACAG HDTYRPPKYHPQ 16176 10 4.37E-05 11.17

9 BrHwrb AAGTTCAAGCTGACCAACTGGTTCACGCACCCGCAG KFKLTNWFTHPQ 15377 9 3.94E-05 10.053

10 UuJFJIV AACTACGAGAACTCGGTGAACCACCCCCAGAACTAC NYENSVNHPQNY 15801 9 3.94E-05 10.053

11 HIQGjM AAGTTCAAGCTGGTCAACTGGTTCACGCACCCGCAG KFKLVNWFTHPQ 15377 9 3.94E-05 10.053

12 UISmAh AAGTTCAGGTTGATCAACTGGTTCACGCGCCCGCAG KFRLINWFTRPQ 15377 8 3.50E-05 8.9363

13 DxIDzGI AAGTTCAAGTTGATCAACTGGTCCACGCACCCGCAG KFKLINWSTHPQ 15377 15 6.56E-05 8.3777

14 1QGAHAuHD CACGACACCTACCGACCGCCAAAGTCCCACCCCCAG HDTYRPPKSHPQ 16176 7 3.06E-05 7.8192

15 JHIHHlII ACGTTCGACGACTGGAGCAGGCACCCCCAGAACCGC TFDDWSRHPQNR 15743 7 3.06E-05 7.8192

16 LAHBqAD AACTATGAGAACTGGGTGAACCACCCCCAGAACTAT NYENWVNHPQNY 15801 7 3.06E-05 7.8192

17 1IJvAfA CACTACGAGAACGAGCTCTTGCCCTCGCACCCGCAG HYENELLPSHPQ 15706 7 3.06E-05 7.8192

18 NrUoGG AAGTTCAAGTTGAGCAACTGGTTCACGCACCCGCAG KFKLSNWFTHPQ 15377 34 1.49E-04 7.5958

19 GAkHC GAGTTCAAGCTGATCAACTGGTTCACGCACCCGCAG EFKLINWFTHPQ 15377 20 8.75E-05 7.4469

20 RlDdIJB AAGTTCAGATTGATCAACTGGTTCACGCACCCGCAG KFRLINWFTHPQ 15377 53 2.32E-04 7.4003

21 1BMxKHz ACGCAGTACCAGTGGAATACCCACCCCCAGAACGTC TQYQWNTHPQNV 15817 6 2.62E-05 6.7022

22 1JGIjBUB CACGACACCTACCGCCCGCCGAAGTACCACACCCAG HDTYRPPKYHTQ -1 6 2.62E-05 6.7022

23 1DKJwJJC ACGCAGTACCAGTGAAACACCCACCCCCAGAACGTC TQYQ*NTHPQNV 15817 6 2.62E-05 6.7022

24 DyDhGm AAGTTCAGGTTGATCAACTGGCTCACGCACCCGCAG KFRLINWLTHPQ 15377 6 2.62E-05 6.7022

25 1yHpAHr AACTACAAAAACTGGGTGAGCCACCCCCAGAACTAC NYKNWVSHPQNY 15801 6 2.62E-05 6.7022

26 BQFIIQw CACGACACCTACAAGCCCTTGCCGGAGCACCCGCAG HDTYKPLPEHPQ 14413 6 2.62E-05 6.7022

27 1rAiBoB ACGTTCGACAACTGGAGCAGGCACCCCCAGAGCCAT TFDNWSRHPQSH 15743 6 2.62E-05 6.7022

28 soHDn ACGTACGACGATTGGAAGTCGCACCCCCAGAACACG TYDDWKSHPQNT 14860 6 2.62E-05 6.7022

29 1jIIAUCJ AACTACGAGAACCGGGTGAACCACCCCCAGAACTAT NYENRVNHPQNY 15801 6 2.62E-05 6.7022

30 1HCsDiz CACGACACCTGCCGCCCGCCGAAGTACCACCCCCAG HDTCRPPKYHPQ 16176 6 2.62E-05 6.7022

31 1SQAIWGI AACTACGAGAACTGGGTGAACCACACCCAGAACTAT NYENWVNHTQNY 15801 6 2.62E-05 6.7022

32 1JKGoEu CACGACACCTACCGCCCGCCGAAGTACCACCCTCAG HDTYRPPKYHPQ -1 6 2.62E-05 6.7022

33 1QZINjJ AACTACAAGAACTGGGTGAACCACCCCCAGAACTGG NYKNWVNHPQNW 15801 6 2.62E-05 6.7022

34 1UCIBirC ACGCTCGACAACTGGAGCAGGCACCCCCAGAACCAT TLDNWSRHPQNH 15743 6 2.62E-05 6.7022

35 SJjACxJ AGATTCGTCAACGAGAACTGGTTCGAGCACCCCCAG RFVNENWFEHPQ -1 6 2.62E-05 6.7022

36 1SmTAHN TACGACACCTACACGCCCTTGCCGGAGCACCCGCAG YDTYTPLPEHPQ 14413 6 2.62E-05 6.7022

37 SJvGJIAH AGGTTCAAGTTGATAAACTGGTTCACGCACCCGCAG RFKLINWFTHPQ 15377 6 2.62E-05 6.7022

38 CwbACg ACGTACGACGAGTGGAAGTCGCACCCCCAAAACACG TYDEWKSHPQNT 14860 6 2.62E-05 6.7022

39 1BVGgJKF AAGTTCAGCGACTGGAAGCACCACCCCCGGAACATC KFSDWKHHPRNI -1 6 2.62E-05 6.7022

40 BoIJErII AACTACGAGAACTGGATGAACCACCCCCAGAACTAT NYENWMNHPQNY 15801 6 2.62E-05 6.7022

41 1KupJGf AACTTGTCGGACTGGCTAAACCACCCCCAGAACAGT NLSDWLNHPQNS 16012 6 2.62E-05 6.7022

42 1BTIfBmE CACGACACCTACCGTCCGCCGAAGTACCACCCCCAG HDTYRPPKYHPQ 16176 6 2.62E-05 6.7022

43 1QADSNg AACTACCAGAACTGGGTGAACCACCCCCAGAACTAT NYQNWVNHPQNY 15801 6 2.62E-05 6.7022

44 1HpGHCHAI CACGACACGTACGTGACCAGCAACTGGCACCCGCAG HDTYVTSNWHPQ -1 6 2.62E-05 6.7022

45 1PzJCJCHI AACTACGAGAACTGGGTGAACCACCCCCAGAACGCC NYENWVNHPQNA 15801 24 1.05E-04 6.7022

46 KpDptG AAGTTCAGGCTGATCAACTGGTTCACGCACCCGCAG KFRLINWFTHPQ 15377 30 1.31E-04 6.7022

47 VpfIHF AAGTTCAGGTTGATCAACTGGTTCACGCACCCACAG KFRLINWFTHPQ 15377 11 4.81E-05 6.1437

48 BSDuFIIE AAGTTCAAGCTGATCAACTGGTTCACGCACCCACAG KFKLINWFTHPQ 15377 11 4.81E-05 6.1437

49 1BtCfxe ACACAGTACCAGTGGAACACCCACCCCCAGAACGTC TQYQWNTHPQNV 15817 11 4.81E-05 6.1437

50 DhDkHu AACTTGTCGAACTGACTGAACCACCCCCAGAACAGC NLSN*LNHPQNS 16012 11 4.81E-05 6.1437
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Table H4b: Streptavidin #2-chymotrypsin Top 100 DNA/peptide(enrich) from AptaTOOLS 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

51 SHJGJDAAF AAGTTCAAATTGATCAACTGGTTCACGCACCCGCAG KFKLINWFTHPQ 15377 363 0.001587 6.052

52 1PzJDrAD AACTACGAGAACTGGGTGAACCACCCCCAGAACAGT NYENWVNHPQNS 15801 5 2.19E-05 5.5852

53 BqGxJHHG GACTACAAGAACTGGGTGAACCACCCCCAGAATTAC DYKNWVNHPQNY 15801 5 2.19E-05 5.5852

54 1QIaJpAI AACCACAAGGACTGGGTGAACCACCCCCAGAACTAC NHKDWVNHPQNY 15801 5 2.19E-05 5.5852

55 JIQHAuI AACTACAAGAACTGGGTGGACCACCCCCAGAACCAC NYKNWVDHPQNH 15801 5 2.19E-05 5.5852

56 GgHGmE AAGTTCAAGTTGATTAACTGGTTCACGCACCCACAG KFKLINWFTHPQ 15377 5 2.19E-05 5.5852

57 JJFJCrJG AACTTGTCGAACTGGCTGAACCACCCCCAGAACTAT NLSNWLNHPQNY 16012 5 2.19E-05 5.5852

58 BwCtDBX AACTACAAGAACTGAGTGAGCCACCCCCAGAACTAC NYKN*VSHPQNY 15801 5 2.19E-05 5.5852

59 1GuaDsB AGGTTCAAATTGATCAACTGGTTCACGCACCCGCAG RFKLINWFTHPQ 15377 5 2.19E-05 5.5852

60 1HGaBep ACGGTCAACAACTGGCGGACCCACCCGCAGAACGCC TVNNWRTHPQNA 14953 5 2.19E-05 5.5852

61 RGGGAHTJ CACGACACCTACCAGGTCTGCGAGTACCACCCCCAG HDTYQVCEYHPQ -1 5 2.19E-05 5.5852

62 SIkxAg AAGTTCAAATTGATCAACTGGTCCACGCACCCGCAG KFKLINWSTHPQ 15377 5 2.19E-05 5.5852

63 1LTIoSE AAGTTCAAGTTGATCAATTGGTTCACGCACCCGCAG KFKLINWFTHPQ -1 5 2.19E-05 5.5852

64 1TCjBtN AACTACAAGAACTGGGTGAGCCACCCCCAGGACTAC NYKNWVSHPQDY 15801 5 2.19E-05 5.5852

65 HCfCJvB AAGTTCAAGTTGGTCAACTGGTTCGCGCACCCGCAG KFKLVNWFAHPQ -1 5 2.19E-05 5.5852

66 BQAADqb AAGTCCAACGACTGGAAGCACCACCCCCAGAACATT KSNDWKHHPQNI 15872 5 2.19E-05 5.5852

67 BzvJGGJE AACTTGCCGAACTGGCTAAACCACCCCCAGAACAGT NLPNWLNHPQNS 16012 5 2.19E-05 5.5852

68 JJFJAIICI AACTTGTCGAACTGGCTGAACCACCCCCAGAACCGC NLSNWLNHPQNR 16012 5 2.19E-05 5.5852

69 oIIXmD ACGCGGTACCAGTGGAACACCCACCACCAGAACGTT TRYQWNTHHQNV 15817 5 2.19E-05 5.5852

70 1BjAIAHRJ AACTACTAGAACTGGGTGAACCACCCCCAGAACTAT NY*NWVNHPQNY 15801 5 2.19E-05 5.5852

71 1oErHAAI CACGACACTTACCGACCGCCGAAGTCCCACCCCCAG HDTYRPPKSHPQ -1 5 2.19E-05 5.5852

72 QzICICd GACTACAAGAACTGGGTGAACCACCCCCAGGACTAC DYKNWVNHPQDY 15801 5 2.19E-05 5.5852

73 1tGHIGBN AACGACACCTACCGCCCGCCGAAGTACCACCCCCAG NDTYRPPKYHPQ -1 5 2.19E-05 5.5852

74 bhuKH AACTTGTCGAACTGGCTGAACCACCCCTAGAACAGC NLSNWLNHP*NS 16012 5 2.19E-05 5.5852

75 1KupJGw AACTTGTCGGACTGGCTAAACCACCCCCAGAACAGC NLSDWLNHPQNS -1 5 2.19E-05 5.5852

76 IeIFJdI AACTTGTCAAACTGGCTGGACCACCCCCAGAACAGG NLSNWLDHPQNR 16012 5 2.19E-05 5.5852

77 1NRCIMIE AAGCTCAGGTTGATCAACTGGTTCACGCACCCGCAG KLRLINWFTHPQ 15377 5 2.19E-05 5.5852

78 GBsHIJI CACGACACCTACACGCCCTTGCCGGCGCACCCGCAG HDTYTPLPAHPQ 14413 5 2.19E-05 5.5852

79 1MxDsIa ACGTTTGACAACTGGAGCAGGCACCCCCGGAACCAT TFDNWSRHPRNH 15743 5 2.19E-05 5.5852

80 1CJCxJkE CCGTTCAACACGTGGCAGGACCACCCCCAGAACGCC PFNTWQDHPQNA 15057 5 2.19E-05 5.5852

81 JKCJIEt AAGTTCAACGACTGCAAGCACCACCCCCAGAACATC KFNDCKHHPQNI 15872 5 2.19E-05 5.5852

82 1GhxIGAC CACGACACCTACACGCCCTTGCCGGAGCACCCGAAG HDTYTPLPEHPK -1 5 2.19E-05 5.5852

83 1PzIHGJB AACTACGAGAACTGGGTGAACCACCGCCAGAACTAC NYENWVNHRQNY 15801 5 2.19E-05 5.5852

84 GUHGHMH AACTACAAGGACTGGGTAAACCACCCCCAGAACTAC NYKDWVNHPQNY 15801 5 2.19E-05 5.5852

85 JAHJJIT AACGTGTCGAACTGGCTAAACCACCCCCAGAACAGG NVSNWLNHPQNR 16012 5 2.19E-05 5.5852

86 1kGJIJJGD AACTTGTCGAATTGGCTGAGCCACCCCCAGAACAGG NLSNWLSHPQNR 16012 5 2.19E-05 5.5852

87 IIrjkC CACGACACCTACAAGGTCTGCGTGTACCACCCCCAG HDTYKVCVYHPQ 15823 5 2.19E-05 5.5852

88 SIDwICw AAGTTTAGGTTGATCAACTGGTTCACGCACCCGCAG KFRLINWFTHPQ 15377 5 2.19E-05 5.5852

89 1LiCIXc GACTATAAGAACTGGGTGAACCACCCCCAGAACTAC DYKNWVNHPQNY 15801 5 2.19E-05 5.5852

90 lAIGoA AACTTGTCGAATTGGCTGAACCACCCCCAGAACAGT NLSNWLNHPQNS 16012 10 4.37E-05 5.5852

91 1QZINAAD AACTACAAGAACTGGGTGAACCACCCCCAGAACTTT NYKNWVNHPQNF 15801 10 4.37E-05 5.5852

92 JJFJAGHIC AACTTGTCGAACTGGCTGAACCACCCCCAGAACACC NLSNWLNHPQNT 16012 10 4.37E-05 5.5852

93 1rpIDyE CACCACACCTACACGCCCTTGCCGGAGCACCCGCAG HHTYTPLPEHPQ -1 10 4.37E-05 5.5852

94 GixTA AAGTTCAAGTTGATTAACTGGTTCACGCACCCGCAG KFKLINWFTHPQ 15377 543 0.002374 5.4644

95 1SCmBrY AAGTTCAAGTTGAACAACTGGTTCACGCACCCGCAG KFKLNNWFTHPQ 15377 80 3.50E-04 5.2566

96 1PzJbQH AACTACGAGAACTGGGTGAACCACCCCCAGAACCAT NYENWVNHPQNH 15801 14 6.12E-05 5.2128

97 1BNAAAHGR CACGACACCTACCGACCGCCGAAGTACCACCCCCAG HDTYRPPKYHPQ 16176 55 2.41E-04 5.1197

98 1BMrHJGW CACCACCAGTACGTCATCATCGGGTACCACCCCCAG HHQYVIIGYHPQ 8225 9 3.94E-05 5.0266

99 DtAJrIJ AAGTTCAAGTTGATCAACTGGTTCACGCACCCACAG KFKLINWFTHPQ 15377 27 1.18E-04 5.0266

100 1hACJGpB AACTTGTAGAACTGGCTGAACCACCCCCAGAACAGT NL*NWLNHPQNS 16012 9 3.94E-05 5.0266



 

252 
 

Table H5a: XRCC4 Top 100 DNA/peptide sequences from AptaTOOLS 

 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

1 1QZIBeAJ AACTACAAGAACTGGGTGAACCACCCCCAGAACTAC NYKNWVNHPQNY 335020 167 3.28E-04 1.213

2 1UJRysF AAGAAGAACAAGTGGAGGAAGGACACGTACAAGAAC KKNKWRKDTYKN 259439 99 1.95E-04 1.9128

3 JJFJAGJK AACTTGTCGAACTGGCTGAACCACCCCCAGAACAGG NLSNWLNHPQNR 281403 94 1.85E-04 1.7463

4 1MfKBWC ATGAAGAACCACAAGAACAAGCACAAGAAGCACGAC MKNHKNKHKKHD 227030 88 1.73E-04 3.1486

5 CIACHOs AACAAGAAGCACAAGAACAAGAAGACGAAGATGAAG NKKHKNKKTKMK 227815 73 1.43E-04 5.0373

6 BTDvHAIE ACCAAGTTCAAGAAGCACAAGAACATCAAGAAGACC TKFKKHKNIKKT 155350 60 1.18E-04 3.2202

7 1TRJDiC CTAGCTGCACTGCATGATAGCATCCTCCTTCTTAAA LAALHDSILLLK 319348 56 1.10E-04 1.2581

8 1MJCHFIIR AACAACCACATCAACCGGAAGGACAAGTACAACCGC NNHINRKDKYNR 264058 52 1.02E-04 3.349

9 1PzJQIp AACTACGAGAACTGGGTGAACCACCCCCAGAACTAC NYENWVNHPQNY 335020 50 9.83E-05 1.2076

10 NqAAHIIH AAGTTCAACGACTGGAAGCACCACCCCCAGAACATC KFNDWKHHPQNI 207462 46 9.04E-05 1.1395

11 JVeiw TTCAACCACAAGAACAACACCAAGCAGCACTACATT FNHKNNTKQHYI 146442 46 9.04E-05 1.6459

12 1IeCJfAD CACAAGAAGCACGCCAAGTTCAGGTTGAGGAAGACC HKKHAKFRLRKT 319946 45 8.84E-05 2.0701

13 1DAAJAGY CACAAGAGGAAGCCGAGGAAGTACTTCGACCGCAAA HKRKPRKYFDRK 277250 43 8.45E-05 2.7694

14 1QVByGAB ACGTTCAAGATCTACTCGATCAAGCCCTTGCACACC TFKIYSIKPLHT 322381 43 8.45E-05 1.2588

15 xAyJHHD AATTATAACCACACTCACGGCCGTTACAACCGTTTT NYNHTHGRYNRF 300760 41 8.06E-05 1.6503

16 1JABlpAC AACAACCATTTTCACAATCGTAACTTCCGCCACTTT NNHFHNRNFRHF 258767 41 8.06E-05 2.3299

17 1KJDAwGGH ATGCTAGCTGCACTGCATGATAGCATCTCCTTCTTA MLAALHDSISFL 202533 41 8.06E-05 0.9002

18 1JEpnJY AAGAAGAAGCACAGCAAGCACAAGACGTTCCGGATC KKKHSKHKTFRI 198613 40 7.86E-05 2.7602

19 1JCJIfyJ CACAACAATAACTATAATCATAGTGGTCATCGTTTT HNNNYNHSGHRF 169045 40 7.86E-05 2.4151

20 EzAHuH CACAACCATCGTTTCAATAATAATCGTAACCGTTTT HNHRFNNNRNRF 231827 39 7.66E-05 3.1397

21 1zeyGm CCGTTCAACACCTGGCAGGACCACCCCCAGAACGCC PFNTWQDHPQNA 326287 38 7.47E-05 2.8239

22 BQJIIIAAE ACGCGGTACCAGTGGAACACCCACCCCCAGAACGTC TRYQWNTHPQNV 146842 36 7.08E-05 2.3185

23 VLtdJC AAGAAGACGAAGCACAAGATGATCAAGCGGAGCCTC KKTKHKMIKRSL 219347 35 6.88E-05 3.0738

24 ViHws CACAACAACAAGAACTTCAAGGTGAGGCACAAGACC HNNKNFKVRHKT 188225 34 6.68E-05 1.5641

25 KAJIjDc CATCATAATTTTCGTAATTTTCGTGGCAACCACTTT HHNFRNFRGNHF 345413 33 6.49E-05 1.6779

26 1FIEoLg CACATGAAGAAGAAGAAGATCGGGGACCGCTCGAAC HMKKKKIGDRSN 271463 33 6.49E-05 2.6567

27 1tzpBO CACGTTAACTACTTTAACAATCTTAGCTGTGACTGT HVNYFNNLSCDC 326460 32 6.29E-05 1.9321

28 HyHCGJJE AAGATGAAGAAGCGGACCACCAAGACGACGAAGACC KMKKRTTKTTKT 288015 31 6.09E-05 1.4974

29 BtHVGSA ACTCACAACAACAATAATCACAATTACCGCCGCTGT THNNNNHNYRRC 212953 29 5.70E-05 2.0011

30 1IJGJjQB CACAACAACAGGACGCAGCACAGCATGCGCTACAAC HNNRTQHSMRYN 321150 29 5.70E-05 4.0022

31 1RHJQlT CAGGACAAGAAGAAGAAGCCGCACACCATCAAGAAT QDKKKKPHTIKN 312054 28 5.50E-05 2.4591

32 1HJGGAJGD AAGAAGCAGAAGAAGAGCAACCACCGCCGCTACTAC KKQKKSNHRRYY 51753 28 5.50E-05 2.705

33 GAIAhBj AAGCACATGAAGCACAAGACCACCAAGATGCGGACC KHMKHKTTKMRT 270738 27 5.31E-05 1.4491

34 QHHIyAGE AAGAAGTCCAAGCACAAGAACAAGTACAAGAAGTAC KKSKHKNKYKKY 344039 27 5.31E-05 1.7389

35 1BzCHnJAF AACAAGAGCAAGCACTTGAAGAGGCTGAACTGCAAA NKSKHLKRLNCK 200258 27 5.31E-05 6.5209

36 1MHHJGSAA CACAATTTTAACAGCAATAACAACTACTGTCGTTGT HNFNSNNNYCRC 320317 27 5.31E-05 2.0064

37 1sTGtHC AAGAGCAACAAGGACAAGATGGCGAAGAGGAACCGC KSNKDKMAKRNR 327025 27 5.31E-05 2.6084

38 1QAjADAG TACACTAATGACAATCACTATGCTCGCACTAACTTT YTNDNHYARTNF 279312 26 5.11E-05 2.5117

39 1rJCGoJD AACAAGAAGAACACCACGCACAAGCGGCACGACCAC NKKNTTHKRHDH 77837 26 5.11E-05 3.1397

40 HHykJHH GACACGAAGAAGAACTACAAGGTGAAGAACACGACC DTKKNYKVKNTT 256892 26 5.11E-05 2.2834

41 KtCjbB AACAACATTAATAACAATCACGATGGTAACCGTTTT NNINNNHDGNRF 337933 26 5.11E-05 2.5117

42 1RAJGCJTB CACATGAAGTTGAGGAAGAGGAAGTGGGACTCCGTC HMKLRKRKWDSV 83622 26 5.11E-05 2.7908

43 1IHDBkGJI CACAAGAACAAGAACAAGTGGACGAAGCGCCACACC HKNKNKWTKRHT 239406 25 4.91E-05 2.6835

44 IKAHHJV AACAAGAAGAACCAGAAGCTCAACAAGCAGTACCGC NKKNQKLNKQYR 337971 24 4.72E-05 2.1078

45 BVXuIK AACAAGTACAGGCACAAGTCGTGGAAGAACAAGACC NKYRHKSWKNKT 229975 24 4.72E-05 1.0081

46 IApsxC CACCACAACAAGAACAAGAAGATGAAGCTGTACTTC HHNKNKKMKLYF 295939 24 4.72E-05 2.1078

47 GDfefE ACGTACAAGAAGAACCACAAGACGGTGCTGAACCAC TYKKNHKTVLNH 221631 24 4.72E-05 1.2881

48 1QICGWJIC ATTCATCGTTTTCACAATTTTCGTCACCCCAACTTT IHRFHNFRHPNF 273073 24 4.72E-05 1.9321

49 IBWHDuG CACAGGAAGTTCAAGTTGATCATGCACTGGAACAAG HRKFKLIMHWNK 271622 24 4.72E-05 2.8982

50 RByJCzC AAGCACCAGAAGTACAAGACCAAGACCAAGAAGAAC KHQKYKTKTKKN 163614 24 4.72E-05 2.8982
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Table H5b: XRCC4 Top 100 DNA/peptide sequences from AptaTOOLS 

 

  

Rank ID Aptamer sequence Peptide Cluster ID Count Frequency Enrich

51 1KGDAByAH AACAAGAAGAACAAGTCCTTCGACAAGAAGTCGAAG NKKNKSFDKKSK 295772 24 4.72E-05 2.1078

52 1BXAICHW CACGACAACTACAATCGTAATAACGGCTTCCGCTTT HDNYNRNNGFRF 316990 23 4.52E-05 2.7774

53 BVCGCJHA AAGCACAAGAAGAACTACTACAAGCCCCGGATCACC KHKKNYYKPRIT 273329 23 4.52E-05 1.7092

54 KAHvmX AAGAAGAAGATCAAGCACAAGGCGAAGATGCACAGC KKKIKHKAKMHS 347291 23 4.52E-05 11.11

55 VzwrJ AACGACAAGCACAAGAAGTACCGCTTCTACAAGCCC NDKHKKYRFYKP 345697 23 4.52E-05 1.01

56 BVGRJvB CACATGAACAACAACAAGAACCGGTTCTACCGGACC HMNNNKNRFYRT 296551 22 4.32E-05 1.7711

57 KEyjGJG AACAAGCACAAGCACAAGAAGAGGCTGAAGACCGCC NKHKHKKRLKTA 274484 22 4.32E-05 2.6567

58 1BsJQSCH CACAATTTCAATCGCACTTTCCGTGATCGTAATTTT HNFNRTFRDRNF 291879 22 4.32E-05 0.9661

59 1XApJGFJ CACAATCGTCATTACAATAACAATGGTGATCGTTTT HNRHYNNNGDRF 134023 22 4.32E-05 2.1253

60 1QZIBdJC AACTACAAGAACTGGGTGAACCACCCCCAGAACTAT NYKNWVNHPQNY 335020 22 4.32E-05 1.1186

61 vJJGJGE AACTTTACTTTCAATCACAATCGTCGTGACCGCTTT NFTFNHNRRDRF 287145 22 4.32E-05 1.5181

62 HzJCJGHC CACAACATCCACAACAAGCGGGTGAAGACCAGCTAC HNIHNKRVKTSY 249100 21 4.13E-05 2.8982

63 1SoTyII AGGCACATGACCAAGCACAAGGCGATGGTTTACACC RHMTKHKAMVYT 312148 21 4.13E-05 2.0287

64 BlGTuIE CGGACCAACACCACCAACAACAAGATCAGGAAGACC RTNTTNNKIRKT 330581 21 4.13E-05 2.5359

65 1BUGIrH AACATCAACCACACCAATGACTACCGCAACCGCTTT NINHTNDYRNRF 151666 21 4.13E-05 6.7624

66 1GCgGFIO AAGCACAAGAAGCACAACGCGTTGAAGAACCTGCAC KHKKHNALKNLH 318796 21 4.13E-05 2.0287

67 KHuIJAI CTAGCTGCACTGCATGATAGCATCTCCTTCTTAAAG LAALHDSISFLK 319348 21 4.13E-05 0.9221

68 THhCgc AGGAAGCACAAGAAGAACAGGTTCATGGACGCCCGC RKHKKNRFMDAR 202081 20 3.93E-05 1.6101

69 1CJkDpAJ CACAAAAATTACAATCGTCGTCGCACTCATAGCTTT HKNYNRRRTHSF 254837 20 3.93E-05 1.2881

70 SAGGwJHA CACAACAACTTTAATAATCGTGGTCACCATCACTTT HNNFNNRGHHHF 285204 20 3.93E-05 1.9321

71 1HTxqt AAGAAGCAGCACAGGAAGAAGATCAAGACCAACATG KKQHRKKIKTNM 290153 20 3.93E-05 1.3801

72 1VAczCHA TTCAAGAGGCACAACAAGCAGAAGCGGGTGAGCCGC FKRHNKQKRVSR 259800 20 3.93E-05 1.7565

73 BjBOyAD CACAAGTTGAAGTTCAAGAAGGTTATGAGGAAGATC HKLKFKKVMRKI 284400 20 3.93E-05 1.4862

74 1BbhJiJC CGCAAGAAGCTCAAGAAGAAGAACTTCAAGGTGTCC RKKLKKKNFKVS 172843 20 3.93E-05 2.1468

75 KAMGGHGJ CACTACGAGTACGAGCTCTTGCCCTCGCACCCGCAG HYEYELLPSHPQ 320399 20 3.93E-05 1.2076

76 uroHJJ AAGCACAAGAAGAAGACCATGCTGCGCAAGACCGCC KHKKKTMLRKTA 107467 20 3.93E-05 2.7602

77 1CGHsJAo AACAGCAACAACAAGCACAAGAGGATGACGTTCTTC NSNNKHKRMTFF 199972 19 3.73E-05 3.0592

78 1ICJCGEnI AAGAACCACAAGAACATCACCAAGAAGGTGGCGTAC KNHKNITKKVAY 223512 19 3.73E-05 2.6222

79 1lAIFIIk TTGAAGAACAAGAGCAACACGCAGCGCGTGGTGATC LKNKSNTQRVVI 147450 19 3.73E-05 1.6686

80 HGHAbCX AAGTTCACGAAGATCTACTACCTGATCCCCCTGCGC KFTKIYYLIPLR 170990 19 3.73E-05 4.5888

81 QHCrwJA AAGAAGAACATGCACAAGCGGATGATCAAGGCCAAG KKNMHKRMIKAK 234131 19 3.73E-05 2.2944

82 1GhFyGIA CACGACACCTACACGCCCTTGCCGGAGCACCCGCAG HDTYTPLPEHPQ 197211 19 3.73E-05 2.2944

83 1BpIHGIHH CACAAGAAGAGGCTGTTGAGGTTCCGCAAGGTCCTC HKKRLLRFRKVL 236380 19 3.73E-05 1.4119

84 hHAFzJ CACAAGTACAAGAAGACGACGACGCGCCCCATGAAC HKYKKTTTRPMN 164449 19 3.73E-05 2.2944

85 1KVQuHF CACAATTCCCACAATCGTCGTAACGTCAATCCCTTT HNSHNRRNVNPF 214543 19 3.73E-05 1.0197

86 1BTJBgIU AACAAGAACCACAGCTACAACAGGTTGAGCCGCAAA NKNHSYNRLSRK 228498 19 3.73E-05 1.6686

87 IvfFJIF AGCAAGAAGAAGCACAAGAGGACCCGGTTGAAGACC SKKKHKRTRLKT 331334 19 3.73E-05 1.5296

88 1gLmAC AAGAACAGCACGCACCAGAAGAAGATCAACGGCCGC KNSTHQKKINGR 192901 19 3.73E-05 2.6222

89 CIGHHCGS CACAAGAACACCAAGAAGAAGCGGTGGAACCACAGC HKNTKKKRWNHS 347310 19 3.73E-05 1.8355

90 1TCtJUAJ ACTACTAATCATAACTACAGCTTTACTCACCGCCGT TTNHNYSFTHRR 341000 19 3.73E-05 3.671

91 1JAJJHMq AATAACAATTTTAATCGCGATTGTGGCCATCGCTTT NNNFNRDCGHRF 275843 19 3.73E-05 1.8355

92 IioCtJ CACAATCATTACACTAGTTTCAGCAATCGCAATTTT HNHYTSFSNRNF 319587 18 3.54E-05 2.1736

93 1KxJGBM CATTACAACCACAACTACGGTCGTGCCATTGTCTTT HYNHNYGRAIVF 320359 18 3.54E-05 2.1736

94 1GmhGHIG ACACATAACGATAACCATTTCAATCGTATCCGCTTT THNDNHFNRIRF 324211 18 3.54E-05 1.9321

95 1QrKqX CACAATAATTTCAACCATTCTACTAACAACCGTTTT HNNFNHSTNNRF 259955 18 3.54E-05 3.4778

96 hXADxD AGCACTCACATTAACAATCATCGTGGTTACGCTTTT STHINNHRGYAF 260613 18 3.54E-05 1.1593

97 1IJfDTFI CACAACAGTTACAACTCTAGCGTTAGTCGCAATTTT HNSYNSSVSRNF 291169 18 3.54E-05 1.7389

98 TABqAGi AAGAAGATCAAGAAGCCGAAGTCCCACCGGATCAAG KKIKKPKSHRIK 262186 18 3.54E-05 5.7963

99 1MHJKHFIF AGCAACAAGATCAACCACAAGAGGCGGTACCAGTTC SNKINHKRRYQF 318588 18 3.54E-05 2.1736

100 1RJHxJUC AAGACGAACAAGACGCAGATGTTGATGAGGCACTAC KTNKTQMLMRHY 213334 18 3.54E-05 2.8982
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Table H6 Fixed-cysteine monocyclic libraries used in our previous selection 

against XRCC4 (unpublished results). 
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Table H7 DNA mixing ratios for sequencing. a) DNA from scaffold-based selection against 

streptavidin (Chapter 4). Title represents each of the selections (A=bicyclic, B=monocyclic), 

followed by the round the specified DNA was used as the template (eg.  A-4 represents the 

bicyclic selection, round 4 template = round 3 results). B) Ratios for the streptavidin # 2 (SA), 

streptavidin #2-chymotrypsin (SA-C), from Chapter 5.  XRCC4 (X4) selection (Chapter 6) was 

sequenced concurrently. 
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Table H8 Streptavidin # 2 and XRCC4 libraries: Cyclizable codon probability calcu-

lations. a) Calculations of the probability that the indicated cyclizable residues will appear in 

the random region of the libraries. b) Formulas with coinciding cell references (column-row) 

used to calculate probabilities reported in a). Data was generated using Microsoft Excel 2016. 
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