
ABSTRACT 

BOWEN, JOHN DAVID. Engineering Post-Translationally Modified Peptides by Combinatorial 
Screening. (Under the direction of Dr. Stefano Menegatti and Dr. Balaji Rao). 
 

The use of combinatorial libraries in protein and peptide engineering has been used to 

discover de novo proteins or to improve upon existing protein scaffolds.  This thesis focuses on 

the use of two peptide engineering technologies, namely mRNA display and yeast surface display, 

to create post-translationally modified peptides and peptide libraries. 

mRNA display technology was used to create a library of cyclic peptides and specific 

sequences were identified and characterized for their binding affinity for a model protein of 

interest.  Namely, the tandem WW protein domain and the Yes-Associated Protein were used as 

model targets.  A solution-phase mRNA display cyclic peptide library was incubated with the 

yeast-surface displayed target protein.  Thus, we were able to demonstrate that these two 

techniques can be combined alleviating the need for recombinant soluble protein which is often 

necessary in combinatorial screens.  The discovered peptides were then characterized on a solid-

phase resin, and an apparent on-resin affinity was determined. 

mRNA display technology was next used to identify a de novo cyclic peptide capable of 

permeating through a complex biological barrier.  Previously, cell permeating peptides have been 

discovered and engineered.  However, peptides capable of traversing through membranes of 

complex developmental biology model organisms such as the Drosophila melanogaster embryo 

have not yet been identified.  Therefore, we developed a screening method using mRNA display 

to identify a cyclic peptide capable of permeating through the developing fruit fly embryo.  This 

method demonstrates that a library of post-translationally modified cyclic peptides using mRNA 

display can be discovered upon incubation and selection.  After multiple rounds of screening and 

library synthesis, the lead peptide candidate was synthesized in both its linear and cyclic form and 



characterized for embryo permeability.  In addition to its general permeability on two model cell 

lines was also assessed and deemed as a broad membrane permeating peptide. 

Finally, yeast surface display was used to express a post-translationally modified cyclic 

peptide through an enzymatically-catalyzed reaction.  The enzyme, transglutaminase, was used to 

employ a regio-specific isopeptide bond on a yeast-surface displayed Aga2 protein fusion.  This 

was done in both an “on-surface” and “intra-cellular” context.  A model peptide sequence was 

expressed and in conjunction with single cell fluorescence epitope tag detection, an assessment of 

cyclization was determined.  Ultimately, an “on-surface library” and “intra-cellular library” were 

constructed and screened against the tandem WW domain and YAP protein to identify peptide 

binding ligands.  These binding peptides were then characterized on solid phase resin and an 

apparent affinity was determined. 

To demonstrate the broad utility of the yeast surface display post-translational modification 

system, another enzyme/substrate pair was chosen and expressed.  The epidermal growth factor 

receptor (EGFR) C terminal peptide and its Abl tyrosine kinase were co-expressed within the yeast 

cell resulting in the expression of a tyrosine-phosphorylated EGFR yeast-cell surface fusion.  This 

system was then used to screen and select a phospho-specific binding protein using a yeast surface 

displayed nanobody library. 

Collectively, these projects demonstrate the feasibility of introducing post-translational 

modifications into the context of protein engineering. 
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CHAPTER 1 – Post translationally modified peptide discovery via genetically-encoded 

combinatorial libraries 
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1.1 Introduction 

Protein engineering and the discovery of novel proteins has been of great interest in various 

applications to study and advance molecular and synthetic biology.  Different protein scaffolds 

such as antibodies and various other scaffolds have been used to engineer proteins with enhanced 

properties such as binding, thermostability, or enzymatic activity.  The use of combinatorial 

protein engineering techniques such as phage display, yeast surface play, and mRNA/ribosomal 

display is a directed evolution approach to introduce randomized or specific point mutations into 

a protein backbone and select for a specific phenotype via a combinatorial screen.  While these 

scaffolds provide a baseline to identify enhanced ligands with more desirable properties over their 

wildtype protein, limitations exist with these strategies. These larger protein scaffolds are 

advantageous due to their higher binding affinities, but they are often not as useful in specific 

contexts due to their large size.  These larger proteins are not cell permeable and their use is limited 

applications outside of a cellular membrane. 

An effort to discover alternative smaller peptide ligands, specifically macrocyclic peptides, 

to the aforementioned larger scaffold proteins is an emerging field.1–4 Peptides are typically 5-30 

amino acids in length and offer many advantages to traditional proteins.  They can retain antibody-

like binding affinities5, are easy to synthetize via solid-phase peptide synthesis chemistry 

methods6, and can either be membrane permeable due to its small size either by itself or in 

conjunction with another cell permeating peptide or intracellular delivery agent7,8.  In addition to 

the identification of protein-binding novel peptides, the identification of a membrane permeating 

peptide is also an active area of research.  Traditional ways to delivery exogenous material into a 

cell involves physical disruption techniques such as electroporation or microinjection, or chemical 

disruption techniques such as liposomal nanoparticles transfection9.  These methods can be 
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cytotoxic to the cell, disrupt the cellular membrane, have low efficiency, or lack a high throughput 

manner. Therefore, a gentler delivery agent which is not cytotoxic and can deliver a cargo of 

interest is desirable.  To this end, peptide engineering discovery methods to identify novel peptides 

capable of protein binding and/or biological membrane permeability are molecular tools of great 

interest.  Developing these tools will contribute twofold: 1) to develop a general peptide screening 

system that is applicable to any protein target or biological membrane and 2) to use these tools to 

discover specific protein binders and membrane permeable peptides. 

Tools to study and disrupt intracellular protein function exist, but these tools exist at the 

genotypic level (DNA or RNA) instead of the phenotypic level (protein).  At the DNA level, the 

use of cell lines that carry specific knock-in insertions or knock-out deletions in a particular gene 

can be used.  However, one gene may have different functions and interaction partners within the 

cell.  Therefore, the complete removal of this gene will have a pleiotropic effect.  The use of RNA 

interference also leads to complete protein removal from the cellular milieu.  On the contrary, by 

designing a specific protein-binding peptide through a combinatorial screening approach, a 

specific peptide can be identified that exhibits binding affinity to a particular domain of the protein 

while not impact the rest of the protein function.  The use of an intracellular macrocyclic peptide 

inhibitor could be useful for studying protein-protein interactions (PPI).10,11  Over 14,000 binary 

PPIs has been discovered12 and regulates developmental biology, disease progression, and 

cancer.13–15 Thus, new molecular biology tools to probe these intracellular interactions are highly 

desirable. 

From a biopharmaceutical therapeutic perspective, multiple start-up companies that have 

spun out of academic laboratories have had success in developing novel peptides in applications 

such imaging, diagnostics, improvement of oral absorption, enzyme inhibition, development of 
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receptor agonist/antagonist, and the modulation of protein-protein interaction and protein-RNA 

interaction.16 Bicycle Therapeutics uses a phage display platform to identify constrained 

multicyclic peptides that allow for high binding affinity and high selectivity.  This platform relies 

on a linear peptide expressed using phage display library and is subsequently cyclized using 

cysteine-reactive chemistry.  Their small size allows for rapid tissue distribution, and cyclic nature 

increases their resistance to proteolysis.  Other companies focusing on intracellular targets, such 

as Entrada Therapeutics, allows the introduction of biologics inside a cell through the use of the 

use of an endosomal escape peptide which opens up a great number of intracellular druggable 

targets. 

Despite these advances in discovering cell permeating peptides and macrocyclic binding 

peptide via phage display, a major limitation in the cell permeating peptide field of study is that it 

is primarily limited to model cell lines. Little effort has been given to discover peptides capable of 

permeating through other membranes used in more complex organisms such as Drosophila 

melanogaster.  Therefore, we plan to use genetically encoded peptide engineering techniques to 

identify a post-translationally modified peptide capable of Drosophila melanogaster 

embryo/larvae permeation.  Efforts to discover cell permeating peptides using genetically encoded 

mRNA display peptide libraries17 or genomic fragment phylomer peptide libraries18 have been 

documented.  However, this methodology has not been extended to more complex membranes 

such as the protective barrier of the developing fruit fly.   

Genetically encoded methods have had great success to discover novel peptides using yeast 

surface display19,20, mRNA/ribosomal display21–24, or phage display25–27. Each method shares the 

fundamental attribute of any protein engineering method there is a physical linkage of the DNA 

genotype to the peptide phenotype.  In yeast surface display and phage display, a protein fusion is 
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expressed on the cell or phage surface that corresponds to its corresponding DNA. In mRNA 

display, there is a physical linkage between the coding DNA and peptide.  However, these methods 

have traditionally been limited to identifying protein-biding peptides.  Also, the incorporation of 

post-translational modifications is limited to chemically-reactive amino acid side chains such as 

free amines or thiols which can lead to non-specific modifications.  However, we have identified 

an enzymatic approach to create macrocyclic peptide libraries.  We propose to utilize these 

methods to not only identify post-translationally modified peptides capable of protein binding, but 

also leverage these methods to identify membrane permeable peptides.  

The oncoprotein Yes-Associated Protein 65 (YAP) was chosen as a proof of concept 

protein target.  YAP is a potent oncogene, involved in developmental biology, and contains a 

known tandem WW protein motif that has a multitude of known binding peptide ligands with a 

well conserved PPxY motif.  The 35-40 amino acid WW domain is the among the smallest 

independently folding protein domains and contains two highly conserved tryptophan residues 

separated by 20-23 amino acids in the polypeptide chain28.  This ubiquitous sequence is also 

involved in multiple signaling pathways such as the Hippo signaling pathway and the WW domain 

itself is found in many human proteins and plays an integral role in diseases such as Alzheimer’s 

disease, Huntington’s disease, muscular dystrophy and cancer.29 

Therefore, it is our goal to create a library of genetically encoded cyclic peptides and 

develop a novel screening technique.  Our work has 3 main objections: 1) use the protein 

engineering technique, mRNA display, to identify peptide binding ligands to a protein of interest, 

2) use the protein engineering technique, mRNA display, to identify membrane permeating peptide 

ligands to Drosophila melanogaster and 3) to develop a enzymatic cyclization strategy to identify 
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novel cyclic peptide ligands using a modified yeast surface display technology protein engineering 

strategy. 

1.1.1 mRNA display peptide engineering overview and advantages 

mRNA display is a protein engineering method that provides large library diversities due 

to its acellular in vitro approach.  Cell-based methods are typically limited by the number of cells 

that can reasonably be handled in a laboratory, and both synthetic peptide and natural proteome 

libraries with very high diversities can be used.30 It also offers advantages to control the screening 

reaction conditions compared to other methods such as yeast two hybrid screening where the 

intracellular conditions cannot be manipulated.  It can also handle harsher screening conditions 

compared to ribosomal display where the non-covalent linkage between the ribosome, mRNA, and 

peptide requires the use of gentle conditions.   

In regard to library diversities, phage display libraries typically have diversities on the 

order of ~109 whereas cell surface display libraries are on the order of ~108.  The upper limit of 

the mRNA display library size is dictated by the initial amount of randomized genetic material one 

can order, and can easily handle from 1012-1014 mutants.  mRNA display is also compatible with 

synthetic cyclization methods and can accommodate the introduction of multiple unnatural amino 

acids during the in vitro peptide synthesis.31  Limitations of mRNA display include the possibility 

of the expressed peptide to interact with its encoding mRNA and cDNA complex which could 

make it difficult to select for oligonucleotide binding peptides. Because of the instability of RNA 

and the presence of RNases, mRNA display is not favorable for screening against the targets on 

the surface of living cells.30 Furthermore, the mRNA portion of the fusion molecules is highly 

negatively charged, so it might be problematic when applied to a selection where the target is 

highly positively charged.30  Given these advantages and despite these limitations, mRNA display 
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was chosen was the peptide engineering method as it can handle larger library diversities, will be 

integrated with a synthetic chemical cyclization strategy, and will be used for two different 

applications. In our methods, libraries ranging from 5 to 10 randomized residues were used 

yielding theoretical library diversities of ~106 to ~1013. 

mRNA display library synthesis is a multi-step procedures.  It involves an initial DNA 

amplification from a randomized DNA oligonucleotide sequence, subsequent transcription into its 

mRNA, and ultimate translation into the appropriate peptide sequence.  Multiple DNA and RNA 

precipitation procedures, DNase treatment to remove initial library DNA, reverse transcription 

PCR to stabilize the single stranded mRNA transcript, desalting/buffer exchange steps, and 

orthogonal purification techniques using both an oligo dT solid-phase adsorption and Nickel solid-

phase adsorption are utilized.   Briefly, a randomized library of DNA is constructed with a 5’ 

consensus untranslated region and a 3’ translated region consisting of a 6x histidine purification 

tag.  Upon DNA amplification and mRNA transcription, a hybridization linker comprising of a 

polyadenylated tail, psoralen intercalating agent, complementary DNA, and a puromycin 

translation inhibitor ligated onto the mRNA transcript.  The mRNA-DNA hybrid is then 

immobilized onto an oligo dT magnetic solid surface, and cyclized with disuccinimidyl glutarate, 

to form an intramolecular bond between the N terminal methionine and C terminal lysine.  Finally 

upon library synthesis, the RNA-DNA-peptide copy number was estimated by using the UV 

absorbance at 260 nm which yielded a theoretical copy number of ~1013.  Ultimately, the mRNA 

display library was then utilized in a screening procedure to either identify a protein-binding 

peptide or membrane-permeable peptide for multiple iterations. 
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1.1.2 Use of a post-translationally modified mRNA display combinatorial peptide library 

to identify protein binding ligands 

The protein engineering technique, mRNA display has been used to identify multiple novel 

linear and cyclic peptide binders. 2,31–36  This technique has been used for the identification of 

novel peptides and protein binding ligands.  The Fibronectin type III monobody domain has been 

used as a scaffold to screen for coronavirus nucleocapsid binding proteins with an affinity of 1.3 

nM37 and has also been used to identify phosphospecific binders to phospho-IκBα with an affinity 

of 18 nM and 1,000 fold specificity over its non-phosphorylated counterpart.38  The incorporation 

of unnatural amino acids into peptide libraries has also been demonstrated.34,39–42 Specifically, the 

combination of unnatural amino acids in the library preparation and exposure to a cocktail of 

proteases prior to screening has led to discovery of a 10mer cyclic peptide with two unnatural 

amino acids while increasing half life from 3 to 115 minutes.43  Others have used mRNA display 

to identify a serum resistant cyclic peptide binder through the incorporation of a protease treatment 

prior to selection. 43,44  Others have identified thrombin inhibitors through an mRNA display 

macrocyclic library using as many as 13 different unnatural amino acids while maintaining a high 

affinity.22 From a therapeutic perspective, the zika virus NS2B-NS3 protease was used as a target 

and a library of macrocyclic 11mer peptides consisting of unnatural amino acids were screened 

using mRNA display, and shown to bind and exhibit protease inhibition activity.45 

In addition to the incorporation of unnatural amino acids, there are multiple strategies to 

incorporate macrocycles into a linear peptide backbone.  General strategies include using amino 

acid side chain functionality to leverage either the free primary amine and/or a free thiol group.  A 

liquid-phase cyclization strategy using a completely randomize mRNA display library with an N 

terminal methionine and C terminal lysine has been demonstrated using a homobifunctional 
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reactive linker.23  This methodology has also been extended to a solid-phase where an mRNA 

displayed library of linear randomized pentamers was cyclized to identify a purification ligand to 

IgG.46 

More specific free amine approached have been used involving clickable free amine 

chemistry.  A copper-mediated azide alkyne cycloaddition with a cysteine bisalkylation to create 

an mRNA display library of bicyclic theta-bridged peptdes.21  β-azidohomoalanine is an unnatural 

amino acid with an azide side chain and p-ethynyl phenylalanine is an unnatural amino acid 

replacement for phenylalanine with an alkyne size chain.  These two residues can be used to 

replace both the methionine and phenylalanine, respectively to introduce the alkyne and azide 

reactive side chains. Upon a copper addition clickable chemistry protocol, these residues will react 

and form a rigid backbone.  A subsequent incubation with bisbromomethylbenzene introduced a 

second macrocycle through the free cysteine thiol reaction.  This method yielded a bicyclic binder 

to streptavidin showing enhanced stability to both its linear and monocyclic counterpart.21 The use 

of other stapled peptides such as alpha-methyl cysteine unnatural amino used in conjunction with 

a m-dibromoxylene linker has also yielded mRNA display discovered cyclic peptides with affinity 

as low as 5 μM to the HPV16 E2 protein.47 

The use of cysteine chemistry has also been used to select for cyclic peptides using phage 

display. A traditional phage display library with the incorporation of 3 randomly spaced cysteine 

residues was expressed on phage and subsequently incubated with tris-(bromomethyl)benzene to 

generate a display of two peptide loops anchored to a mesitylene core.48  This platform for bicyclic 

peptide discovery has since been applied to multiple targets with success.27,49–53  Others have used 

cysteine-reactive chemistry  with different phenyl derivatives with reactive bromines to identify 
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macrocyclic peptide binders.54,55  While others have combined the use of the unnatural amino acids 

and free cysteine thiols to generate phage display macrocyclic libraries.56–58 

In general after library synthesis, the solution-phase library would be incubated with a 

recombinant protein immobilized onto a solid surface.  After library incubation, positive selections 

would be recovered, and library clones that had no affinity would be removed through multiple 

washing steps.  We utilized yeast surface display to express our protein target as a fusion to the 

yeast cell surface in an effort to prevent any misfolding upon protein immobilization onto a solid 

surface.  To our knowledge, mRNA display and yeast surface display have never been used to 

identify a post-translationally modified peptide to a yeast-surface displayed protein target.  The 

combination of an mRNA display library with a yeast surface displayed target provides a new 

screening technology that does not require soluble target protein.  Furthermore, this alleviates a 

previous concern with mRNA display in that the presence of cellular RNase enzymes does not 

interfere with the mRNA library. 

1.1.3 Use of a post-translationally modified mRNA display combinatorial peptide library 

to identify Drosophila melanogaster embryo/larvae permeating peptides 

In addition to identification of a peptide binding, it is also desirable to deliver a peptide 

through a cellular or membrane protective barrier. Upon discovery of a protein binding peptide 

using mRNA display, it was sought to discover a peptide capable of penetrating into the 

Drosophila melanogaster developing embryo and larvae.  Drosophila melanogaster is a useful 

model to understand disease and development59,60, cancer61, epigenetics62, and immunity63.  Yet 

the tools to introduce foreign material into a given embryo is limited primarily to microinjection 

or liposomal techniques which lacks high throughput and reproducibility.  Liposomal-based 

plasmid DNA delivery has been achieved in the zygotes of African cat fish.9  Others have 
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introduced small molecules and fluorescent dyes into Drosophila melanogaster using chemical 

permeabilization methods.64 Heptane or octane to permeabilize the dechorionated eggshell 

however, these solvents are toxic and can result in low viability.64 Furthermore,  the developing 

embryo compromises of a multi-layer barrier consisting of a vitelline membrane (~300 nm), waxy 

layer (~5 nm), and chorionic layer (~1 um).65,66  One vitelline membrane protein, sV23 is presence 

throughout the membrane forming a heavily cross-linked disulfide network with a CX7CX8C 

motif.67  Thus, even with the chorion and waxy layer removed, the disordered proteinaceous 

vitelline membrane can still pose a difficult barrier to cross.  The delivery of small molecules and 

fluorophores up to 995 Da has been demonstrated into a permeabilized fruit fly embryo.64 

In addition to these Drosophila melanogaster chemical permeabilization techniques, others 

have tried to develop chemical carriers such as nanoparticle liposomes9 and other undisclosed 

chemicals such as Visufect.68,69  However, to our knowledge no peptide-based carriers have been 

developed.  The use of cell permeating peptides is a very active area of peptide discovery and 

intracellular delivery.70–74  The polybasic arginine peptide and the transactivating transcription 

(TAT) domain derived from the human immunodeficiency virus are two of the most well-known 

cell-permeating peptides70,75,76.  However, their extension to other organisms with more complex 

membranes has had limited success.  One example includes permeabilization of the wheat germ 

embryo to deliver a fluorophore71, but nothing as large as a peptide has yet to be delivered.  Given 

the interest of identifying de novo cell permeating peptides, we developed a screening platform to 

identify fruit fly embryo permeating peptides.  

 An abundance of cell permeating peptides exist in nature and have been used as scaffolds.  

The most well-known control peptides include the trans activator of transcription (TAT) domain 

was derived from the human immunodeficiency virus as it is integral to the viral attachment and 



   

12 
 

cellular entry.76,77 Also, the positively charge Nona-Arginine is a well adopted positive control that 

permeates into mammalian cells via pore formation.  Not only have these peptides been identified, 

but they have been leveraged to introduce other cargo into plants78, been used to deliver multiple 

different cargo to cell lines70, or even developed to permeate through the epidermis79. Others have 

incorporated a known cell-permeating peptide sequence with a known protein binding sequence 

to convert a non-permeable peptide into a permeable peptide with a cyclic heptamer peptide 

inhibitor against peptidyl isomerase.80   

From a rational design perspective, others have identified cell permeating peptide 

motifs81,82, but few have identified completely randomized de novo post-translationally modified 

peptides from a combinatorial library approach.  A phylomer peptide library expressed on the 

surface of phage was created using small protein fragments from a biodiverse genome.18,83  Also, 

mRNA display has been used to identified two peptides capable of HeLa and HEK cell 

permeation.84  It has been shown that cyclization of a known peptide sequence has led to increased 

cellular uptake.81,85,86  Therefore, we used this strategy, to synthesize a library of cyclic mRNA 

display peptide 10mers and developed a screening method against Drosophila melanogaster 

embryos to identify cyclic permeable peptides. 

1.1.4 Development of an enzymatically-mediated peptide cyclization strategy using yeast 

surface display 

The use of the mRNA display technology in the previous sections allowed for a post-

translational peptide modification by leveraging free amines in the peptide backbone.  Due to the 

cell-free approach of mRNA display, there are few protein contaminants that could also complete 

for the cyclizing homobifunctional linker. We asked the question of whether other cell-based 
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protein engineering methods could be used to develop a library of post-translationally modified 

cyclic peptides using an enzymatic approach. 

Yeast surface display is a common protein engineering technique where a protein variant 

is anchored onto the yeast cell wall19,87,88.  A combinatorial library of yeast cells expressing 

different protein targets is then incubated with a target protein.  Subsequently, yeast cells are have 

affinity for the target protein are selected, propagated, and multiple iterations of this screening 

process can be repeated.  Briefly, Saccharomyces cerevisiae EBY100, is used to endogenously 

overexpress the a-agglutinin anchorage subunit (Aga1) mating protein.  This yeast surface display 

peptide fusion is anchored to an Aga2 subunit protein of a-agglutinin which forms a disulfide bond 

with the Aga1 a-agglutinin protein on Saccharomyces cerevisiae strain EBY100.  After the cells 

are transformed with the specific pCTCON2 plasmid containing the mutant protein sequence, cells 

are grown under tryptophan auxotrophic conditions to ensure plasmid retention in standard yeast 

growth media.  Ultimately to induce protein expression, the Galactose 1/10 promoter is utilized by 

inducing protein expression in a galactose-rich media.  The Aga1 and Aga2 subunit  protein fusion 

are co-expressed in the yeast secretory pathway through the endoplasmic reticulum and secreted 

out of the cell to form a disulfide-linked dimer on the cell surface. Thus, the phenotypic cell-

surface expressed fusion protein can be linked to its intracellular corresponding pCTCON2 vector 

which allows for the linkage between the phenotypic response and its genetic composition. 

Using this technology, a linearized DNA library consisting of randomized positions, and a 

linearized pCTCON2 backbone with homologous ends can be combined, transformed into cells, 

and a pool of cells with different mutant proteins can be created89.  This has been done for multiple 

protein engineering applications to select binding proteins87,88,90.  However, the display of shorter 

5-30 amino acids peptides using yeast surface display has been less common.  However, the use 
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of phage display48, mRNA display23,46,91, and an E. coli based split intein approach92,93 have been 

more frequently used for cyclic post-translational modifications.  To our knowledge, yeast surface 

display has been used only once for the expression of a post-translationally modified peptide 

library when a lanthipeptide randomized peptide library was co-expressed with its modifying 

enzyme, ProcM20.  This system leverages the bidirectionality of the galactose 1/10 promoter where 

both the enzyme and lanthipeptide are co-expressed, delivered into the yeast secretory pathway 

through the endoplasmic reticulum, where the enzyme can act on its peptide substrate, prior to 

peptide section from the cell and ultimate expression on the surface of yeast as an Aga1-Aga2 

peptide. 

We sought to identify a de novo, enzymatically cyclized peptide capable of protein binding 

using yeast surface display.  Enzymatic cyclization employs many benefits compared to chemical-

based methods due to its -regio and -sequence specificity94,95.  Using standard solid-phase peptide 

synthesis methods, it has been shown that the enzyme, transglutaminase, can be used to cyclize 

peptides of varying lengths in the context of a specific leading and lagging sequence96.  However, 

this strategy has not been used in the context of yeast surface display.  First, we set out to develop 

a system capable of an “on-surface” cyclization strategy to express a library of linear peptides 

using yeast surface display followed by enzymatic treatment. Second, we developed an “intra-

cellular” cyclization strategy to co-express both the peptide library and the transglutaminase 

modifying enzyme within the cell.  This provides a framework to create a post-translationally 

modified peptide via yeast surface display.   
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1.1.5 Development of a yeast surface display platform to express post-translationally 

modified peptides 

Combinatorial library protein engineering methods have been used to identify post-

translational specific binding proteins through the use of panning or fluorescence activated flow 

cytometry (FACS).  Scaffold proteins such as the Forkhead-associated 1 (FHA1) protein97,98 have 

been used to find binders to phosphorylated modifications.  Antibody, antigen binding fragment 

(Fab)2, or scFv engineering using phage display has covered a multitude of post translational 

modifications such as glycosylation99, phosphorylated residues100–103,  sulfated residues104,105, and 

polyubiquitinated residues.106,107  Other methods such as the use of mRNA display have used the 

fibronectin type III domain to find phospho-specific binders5.  Finally, the use of yeast surface 

display expressing a cDNA library to probe endogenous protein-protein interactions have also 

been utilized with some success using post-translationally modified soluble targets.108,109 

In addition to the isopeptide bond formation leading to a cyclic peptide expression on the 

surface of yeast, we sought to extend this system to a different post translational modification – 

phosphorylation.  Others have demonstrated a proof of concept to express a phosphorylated 

epidermal growth factor receptor (EGFR) peptide on the surface of yeast using an Abl tyrosine 

kinase.110  We set out to extend this system to simultaneously express 3 proteins: the EGFR 

peptide, Abl tyrosine kinase, and an iron oxide binding protein.  The triple expression would use 

both the galactose 1/10 bidirectional promoter and an F2A ribosomal skipping peptide.  Previously, 

the dual expression of a target protein of interest and the iron oxide binding protein has been 

displayed on yeast and subsequently used to identify protein binders111.  However, this system has 

not been utilized to express three protein simultaneously and has not been used to screen and 

discover post-translationally modified specific binding proteins.  We therefore combined multiple 
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technologies using expression of a phosphorylated EGFR peptide, cell-cell screening, and the use 

of the ribosomal skipping peptide to develop a novel phospho-specific screening methods. 

1.2 Thesis Overview 

Our work sets out to address the limitations of studying intracellular protein interactions.  

Initially, we use a combinatorial library of cyclic peptides to identify peptide binders to the tandem 

WW protein domain.  We use a soluble mRNA cyclic peptide library in combination with the yeast 

surface displayed WW protein domain to alleviate the concern for recombinant protein expression, 

production, and purification.   We then used a similar genetically encoded mRNA display cyclic 

peptide library to develop a screening platform and successfully isolated a cyclic peptide that was 

capable of Drosophila melanogaster embryo/larvae permeation and demonstrated its utility as a 

broad embryo and cell permeating peptide. 

We then used to the genetically encoded protein engineering technique, yeast surface, and 

developed an enzymatic cyclization strategy to express semi-synthetic peptides.  A model peptide 

sequence and a combinatorial library of peptides were characterized, and binding peptides to the 

tandem WW domain and Yes-Associated Protein 65 were identified.  In this work, it was also 

necessary to develop an indirect cyclization efficiency assay in conjunction with flow cytometric 

single cell analysis and epitope tag detection.  Finally, the use of enzyme-mediated yeast surface 

display system was extended to another substrate/enzyme pair to express a phosphorylated EGFR 

peptide on the surface of yeast.  This was ultimately combined with an existing cell-cell yeast 

surface display screening system in an attempt to find phospho-specific binding proteins. 

Chapter 2 discusses the use of mRNA display in combination with yeast surface display to 

identify a cyclic and linear binding peptide to the tandem WW protein domain.  This work shows 

that yeast cells displaying the target protein of interest can be non-specifically magnetized upon 
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incubation with iron oxide nanoparticles, and can replace the need for a recombinant soluble 

protein target. 

Chapter 3 discusses the use of mRNA display peptide engineering to both develop a novel 

screening platform to find a Drosophila melanogaster permeating peptide.  Furthermore, the 

discovered peptide is also analyzed on model cell lines to demonstrate its utility as a broad 

membrane permeating peptide.  Finally, our data suggests that cyclization is not only sufficient, 

but necessary for permeability into Drosophila melanogaster embryos/larvae. 

Chapter 4 transitions from cyclic peptide engineering with mRNA display to cyclic peptide 

engineering using yeast surface display.  An enzymatically-catalyzed cyclization method was 

utilized to demonstrate a proof of concept “on-surface” and “intra-cellular” peptide cyclization.  

This degree of cyclization was assessed via an indirect flow cytometry assessment of epitope 

detection tags via a rational design of displayed peptide construct.  Finally, both the “on-surface” 

and “intra-cellular” methods were utilized to synthesize a library of enzymatically treated peptides 

to identify novel peptide binders to Yes Associated Protein 65 and the tandem WW protein domain. 

Finally, chapter 5 leverages the system developed in Chapter 4, but uses an enzymatic 

approach to phosphorylate an epidermal growth factor receptor and express it on the surface of 

yeast.  Furthermore, the incorporation of an iron oxide binding protein is co-displayed on the 

surface of yeast to allow for immobilization onto a magnetic surface sold phase.  Finally, a 

nanobody library was screened against this construct in an attempt to find a phospho-specific 

binding protein. 
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CHAPTER 2 – Use of target-displaying magnetized yeast in screening mRNA display 

peptide libraries to identify ligands 
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2.1 Abstract 

This work presents the first use of yeast-displayed protein targets for screening mRNA 

display libraries of cyclic and linear peptides. The WW domain of Yes-Associated Protein 1 (WW-

YAP) was adopted as model targets. Target yeast were initially magnetized with iron oxide 

nanoparticles, enabling the isolation of mRNA peptide fusions with protein-binding activity. Solid 

phase equilibrium adsorption studies were used to estimate the binding affinity (KD) of two WW-

YAP-binding peptides.  The apparent binding affinity of MAFRLCK was 37 μM and 4 μM for the 

cyclic and linear conformation, respectively whereas the apparent binding affinity of 

MLDFVNHRSRGK was 40 μM and 3 μM in their cyclic and linear forms, respectively. Molecular 

docking simulations confirmed true affinity binding.  This work demonstrates that integrating 

mRNA and yeast display accelerates the discovery of biospecific peptides. 

2.2 Introduction 

When identifying affinity ligands, cell-free combinatorial libraries, such as ribosomal- and 

mRNA-display, are particularly attractive owing to their chemical diversity and ease of post-

translational modifications1. When using the mRNA-display platform, a peptide sequence is 

connected to its coding mRNA via a puromycin linkage2. The mRNA is reverse transcribed to 

form a mRNA-cDNA-peptide fusion that can be used in library screening to identify affinity 

peptides. After each selection, any positively bound fusions are amplified and sequenced for 

identification. mRNA-display technology is mostly utilized in the discovery of short peptides3,4, 

which are of great interest for use as tags5–10 or inhibitors of protein-protein interactions11–13; short 

peptides are also amenable to post-translational modifications, such as cyclization, which is 

particularly valuable as cyclization imparts higher affinity and proteolysis resistance14–17. In prior 

work, our group has developed a method to generate mRNA-display libraries of cyclic peptides 
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via head-to-side chain chemical crosslinking of peptide-mRNA fusions adsorbed on a solid 

phase18. 

The selection of mRNA-display peptide libraries is commonly performed against a target 

protein conjugated onto synthetic magnetic nanoparticles. In other screening techniques, such as 

phage- and yeast-display, the use yeast displayed targets is becoming prevalent. Target expression 

on the surface of yeast cells eliminates the need to separately produce and isolate the target protein  

and is particularly impactful when considering species prone to misfolding when recombinantly 

produced in hosts like E.coli 19,20. For example, the extracellular domain of membrane proteins, 

have been expressed using the yeast display platform in the context of structure-function studies 

and for the screening of phage- and yeast-display libraries21–28. A challenge remains to integrate 

yeast-displayed targets with mRNA-display libraries: how to separate the selected fusions from 

the unbound portion of the library. As the fusions are soluble, the use of centrifugation for 

separating yeast-bound fusions represents an option; however, carryover of unbound fusions 

during centrifugation is consistently observed, resulting in a strong contamination of false 

positives. This highlights the need for improved isolation techniques capable of reducing carryover 

and increasing selection stringency. 

To address this need, this work presents the use of magnetized yeast cells as protein-display 

particles to increase the efficiency of isolating lead mRNA-peptide fusions (Figure 2.1). Yeast are 

magnetized by adsorbing iron oxide nanoparticles (IONs) onto anionic moieties that constellate on 

the cell wall in a pH-controlled environment29. Yeast expressing proteins with varying isoelectric 

points can be magnetized by adjusting the pH of the buffer in which the IONs are adsorbed30. 

Following adsorption, the IONs are blocked with albumin to prevent non-specific adsorption of 

mRNA-peptide hybrids and other species in solution.  The selection of mRNA-display libraries 
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generally takes place at a pH of 7.4. If yeast are magnetized at a different pH, IONs can dissociate 

when the magnetic yeast cells are incubated in the selection buffer. Any mRNA-peptide hybrids 

associated with a yeast cell are lost if a cell is no longer magnetized. However, it was previously 

shown more than 50% of non-specifically magnetized cells maintain their magnetized state over 

the course of a selection28.  The size of mRNA-display libraries (~1012 hybrids, corresponding to 

~1000 copies per peptide in case of 7-mers) and the number of target proteins expressed on yeast 

(~50,000 per cell) ensure ample contact between the library and the target proteins. Because there 

are multiple copies of each peptide in the library, it is likely that any peptide with affinity for the 

target can be isolated even if some fusions are lost due to ION desorption. 

In this work, a combinatorial library of cyclic peptides generated using mRNA-display was 

screened against magnetized target yeast to identify affinity peptides to the WW domain of Yes-

Associated Protein 1 (WW-YAP). YAP is an effector protein of the Hippo Signaling pathway 

regulating cellular amplification and survival31,32. Peptides capable of inhibiting the binding of 

cytoplasmic proteins to the WW domains of YAP can provide mechanistic insight into the Hippo-

YAP pathway and a means to regulate cell proliferation. WW-YAP was expressed on EBY100 

yeast cells using the yeast surface display platform33. The cells were magnetized with IONs and 

utilized as targets during subsequent selections of the mRNA-display peptide libraries. 

2.3 Results and Discussion 

2.3.1 Identification of candidate WW-YAP binding peptides via screening of mRNA display 

cyclic peptide libraries with a yeast surface displayed target 

A mRNA-display library of cyclic peptides was first constructed following the method 

developed by Menegatti et al.18 via head-to-tail cyclization using a glutarate crosslinker that links 

the amine groups on the methionine and lysine residues flanking the variable peptide segment34. 
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Prior to selecting against target yeast cells, the library was negatively screened against magnetized 

yeast displaying the Fc portion of human IgG (hFc) to remove fusions that bound to other proteins 

on the yeast surface. Throughout the library selection process, the stringency of the elution 

conditions was increased to ensure the isolation of the high-affinity binders. Initially, the mRNA-

peptide fusions were eluted from the target cells using 0.15 M potassium hydroxide; in later 

rounds, the yeast-bound peptides were washed with a mild acidic buffer (50 mM NaCl in 50 mM 

sodium acetate at pH 5) prior to alkaline elution to remove weakly bound peptides and increase 

the probability of isolating true affinity binders. Following elution, the isolated mRNA-peptide 

fusions were reverse transcribed and amplified to generate a focused sub-library for the subsequent 

screening rounds. We noted that, during the generation of the sub-libraries, the original pentamer 

peptide library became contaminated with heptamer and decamer sequences. These outcompeted 

the original pentamers, owing to their higher length-driven enthalpic contribution to the binding 

energy, and were identified by sequencing the lead fusions obtained from four or five rounds of 

selection. 
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Figure 2.1. Non-specific yeast cell magnetization and mRNA-display-peptide library screening 
against magnetic yeast targets. Yeast cells expressing WW-YAP were incubated with iron oxide 
magnetic nanoparticles. Magnetic yeast cells were separated from non-magnetized yeast cells 
using a magnet. The mRNA-display-peptide library was then incubated with the magnetized 
target cells. Any mRNA-display peptide fusions bound to the target cells were isolated using a 
magnet. The positively bound mRNA-display peptide fusions were eluted from the target cells. 
The DNA of the eluted clones was amplified, and a new library was synthesized using this DNA 
as the template for the next round of screening. The selection process was repeated multiple 
rounds against the target cells. The stringency of elution increased for each selection round. 
 

Sequencing returned 10 candidate WW-binding peptides: 3 pentamers, 2 heptamers, and 5 

decamers (Figure 2.2A). Two pentamer sequences were discarded due to a lack of chemical 

diversity (i.e., predominance of aliphatic residues combined with a lack of ionic, hydrogen-

binding, and aromatic residues). Both heptameric sequences were discarded one for containing 

cysteine, which can lead to covalent peptide-protein disulfide bonds, and the other due to an excess 

of aliphatic residues. Of the decameric sequences, two were undetermined (i.e., Sanger sequencing 

returned unassigned residues “X”), and one featured poor chemical diversity (i.e., predominance 

of aliphatic residues). 
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2.3.2 Characterization of the lead candidate WW domain binding peptides 

We therefore characterized 4 sequences, MAFRLCK, MLDFVNHRSRGK, 

MDGNLSGIMPVK, and MYRGDPETCVDK by equilibrium binding tests. These peptides were 

initially synthesized on solid phase (Toyopearl amino AF-650M) in both cyclic and linear form. 

Recombinant human WW-YAP (1 mg/mL) was incubated with the peptide-Toyopearl resins. 

Toyopearl resin functionalized with the known WW-binding peptide PTCH 

(RYSPPPPYSSHS)35,36 and hydroxyl Toyopearl HW-65F were adopted as positive and negative 

controls, respectively.  Sequences MAFRLCK and MLDFVNHRSRGK showed significant WW-

YAP binding, capturing 60% and 44% of the protein in solution in their cyclic form, and 68% and 

60% in their linear form, respectively (Figure 2.2B); similarly PTCH-Toyopearl resin bound > 

73% of the incubated WW-YAP (Figure 2.2C). In contrast, sequences MDGNLSGIMPVK and 

MYRGDPETCVDK showed poor WW-YAP binding compared to negative control resins. 
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Figure 2.2. Isolated WW-YAP binding cyclic peptide and lead candidate screening.  (A) Amino 
acid sequences of peptides isolated from the selection of a cyclic peptide mRNA-display library 
against yeast cells displaying WW-YAP. (B) Soluble WW-YAP protein (1 mg/mL) was incubated 
with toyopearl amino resin functionalized with four lead candidate peptides in either their 
linear or cyclic forms. The amount of unbound protein was evaluated via an A280 absorbance 
measurement of the supernatant, and a mass balance was used to calculate the amount of 
protein bound to the resin. (C) Non-functionalized Toyopearl amino resin or resin functionalized 
with the positive control PTCH-RYSPPPPYSSHS peptide was also incubated WW-YAP protein (1 
mg/mL) as positive and negative controls.  For (B) and (C), the mass of WW-YAP protein bound 
by each resin was normalized to the mass of WW-YAP protein bound by a resin functionalized 
with a positive control peptide, RYSPPPPYSSHS. 
 

We then characterized the affinity of MAFRLCK and MLDFVNHRSRGK for WW-YAP 

via adsorption isotherm studies by incubating WW-YAP at varying concentration (0.02 – 12.5 

mg/mL) with PTCH-Toyopearl, MAFRCLK-Toyopearl, cyclo[MAFRLC]-K-Toyopearl, 

MLDFVNHRSRGK-Toyopearl, and cyclo[MLDFVNHRSRG]-K-Toyopearl resin. The values of 
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bound (Q, mass of WW-YAP bound per mL of resin) vs. in solution (C*) WW-YAP at equilibrium 

were fit against a Langmuir isotherm equation (Figure 2.3). The resulting values of binding 

capacity (Qmax) and affinity (KD) are collated as well in Figure 2.3. In all cases, a Langmuir-

Freundlich behavior was observed, wherein a Langmuir-only profile is observed at C* < 2 mg/mL, 

while the Freundlich profile is dominant at C* > 2 mg/mL (Figure 2.4).  It was noted that the 

linear form of the selected sequences possess a higher affinity for WW-YAP than their 

corresponding cyclic forms; while cyclic peptides generally feature higher affinity compared to 

their linear counterparts, a number of instances have been reported where linear peptides exhibit 

better protein-targeting activity37. 

 
Figure 2.3. WW-YAP binding isotherms for multiple functionalized Toyopearl resins fit with a 
Langmuir isotherm model: (A) M-cyclo[AFRLC]-K-Toyopearl,  (B) MAFRCLK-Toyopearl, (C) M-
cyclo[LDFVNHRSRG]-K-Toyopearl, (D) MLDFVNHRSRGK-Toyopearl, and (E) RYSPPPPYSSHS-
Toyopearl. The binding isotherms were generated by comparing the amount of protein bound 
to the resin (q) as function of the unbound concentration of protein at equilibrium (C). The 
Langmuir isotherm model was fit across WW-YAP concentrations ranging from 20 μg/mL to 2 
mg/mL. (E) Values of affinity (KD) and maximum protein binding capacity (qmax) derived from the 
fit of a Langumir isotherm model to the WW-YAP binding data for a loading capacity between 0-
2 mg/mL. 
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Asymptotic Langmuir behavior plateauing above C* of 2 mg/mL was replaced by linear 

increasing Freundlich behavior which can be imputed to the aggregation of WW-YAP proteins. 

WW domains are structured as a bundle of 3 antiparallel β-sheets38–40. As the concentration in 

solution increases, free WW-YAP can self-assemble onto the initial cohort of peptide-bound WW, 

thereby promoting the formation of an aggregated layer. As the WW-YAP:WW-YAP interaction 

is likely weaker than the WW-YAP:peptide affinity bond, the binding isotherms exhibit a 

Freundlich profile at higher concentrations, where significant WW-YAP adsorption occurs by 

aggregation. Figure 2.4 showcases the binding isotherms combining Langmuir and Freundlich 

profiles.  Finally, the use of cyclo[MAFRLC]-K-Toyopearl, and cyclo[MLDFVNHRSRG]-K-

Toyopearl functionalized resin as protein purification ligands in a bind and elute mode was 

evaluated (Table 2.1).  Importantly, the bound protein was also able to be eluted and recovered in 

a low pH glycine buffer.  This implies that the peptide is non-covalently binding to the WW domain 

and not non-specifically binding to the resin.  This demonstrates it utility as a potential purification 

ligand. 

 

Table 2.1.  WW-YAP protein recovery in bind and elute mode using cyclic peptide functionalized 
resin.  

 
 

 



   

34 
 

 
Figure 2.4  WW-YAP binding isotherms for multiple Toyopearl resins fit with a combination 
Langmuir and Freundlich isotherm model. (A) M-cyclo[AFRLC]-K-Toyopearl,  (B) MAFRCLK-
Toyopearl, (C) M-cyclo[LDFVNHRSRG]-K-Toyopearl, (D) MLDFVNHRSRGK-Toyopearl, and (E) 
RYSPPPPYSSHS-Toyopearl. The binding isotherms were generated by comparing the amount of 
protein bound to the resin (q) as function of the unbound concentration of protein at 
equilibrium (C). The combined model was fit across WW-YAP concentrations ranging from 20 
μg/mL to 10 mg/mL. 
 
2.3.3 In-silico molecular docking analysis of the lead cyclic and linear WW domain binding 

peptides 

We also investigated the binding strength and orientation of peptides MAFRCLK-GSG, 

cyclo[MAFRLC]-K-GSG, MLDFVNHRSRGK-GSG, cyclo[MLDFVNHRSRG]-K-GSG, and the 

PTCH peptide (RYSPPPPYSSHS) in silico via molecular docking. The crystal structures of the 

peptides, initially generated by molecular dynamics (MD), were docked against the WW-YAP 

(PDB ID: 2LTW) using HADDOCK (High Ambiguity Driven Protein-Protein Docking, v.2.2)41,42. 

The GSG (Gly-Ser-Gly) spacer located on the C-terminus of the peptides was marked as “inactive” 

to ensure its outward orientation in the WW:peptide complexes; the GSG spacer is utilized to link 

the peptides on the Toyopearl resin and is not be involved in binding. The resulting clusters for 
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every WW:peptide complex were ranked using the scoring functions FireDock and XScore43 and 

the top binding poses were finally evaluated by atomistic MD simulations to evaluate the free 

energy of binding (ΔGb). Representative examples of modeled WW:peptide complexes are 

reported in Figure 2.5, and the values of KD calculated from the averaged values of binding energy 

(ΔGB) are listed in Figure 2.5. The docking results indicate that all selected peptides share the 

WW binding domain of Smad7 (GESPPPPYSRYPMD, PDB ID: 2LTW)44 and PTCH peptide35, 

both of which feature the WW-binding PPXY motif (X: any guest amino acid). The calculated 

values of KD are in good agreement with those determined through binding isotherms, especially 

in that the linear peptides bind WW-YAP stronger than their cyclic counterparts. The slightly 

higher affinity predicted by the MD simulations compared to the results of the binding isotherms 

can be attributed to the non-ideality of the binding events on the chromatographic resin. While in 

silico, the WW-YAP target and the peptide ligand enjoy complete rotational freedom and lack of 

topological constrains, except for defining GSG as a passive linker. In contrast, the binding on the 

chromatographic resin is influenced by the roughness of the surface and the orientation of the 

peptides conjugated on it. 
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Figure 2.5. In silico WW:peptide complexes obtained by molecular docking and refined by 
molecular dynamics simulations. (A) MAFRLCK-GSG, (B) MLDFVNHRSRGK, (C) cyclo[MAFRLC]-K-
GSG, (D) cyclo[MLDFVNHRSRG]-K-GSG, and (E) PTCH peptide. WW-YAP is in cyan while the 
peptides discovered in this work are in green with their GSG segment in grey and the Smad7 
peptide in magenta. Values of binding energy (ΔGB) and corresponding affinity (KD) of the 
WW:peptide complexes derived from the docking and MD simulations are noted. The binding 
energy and affinity of the WW-PTCH peptide as estimated by the molecular simulations are 
similar to values previously predicted using Isothermal Titration Calorimetry, -6.24 kcal/mol and 
27.6 µM respectively. The interaction of another WW binding peptide, SMAD7, was also 
evaluated using molecular docking and MD simulation (In silico complex not shown). The 
binding energy and binding affinity of the WW:SMAD7 complex was estimated as -8.2 kcal/mol 
and 0.99 µM.  
 

While beyond the context of this work, the discovered WW-YAP binders show potential 

as inhibitors of ERRB4 binding to YAP. Modulation of this interaction is of interest as the binding 

of ERRB4 to the WW domains of YAP results in the translocation of YAP to the nucleus, thereby 

inhibiting the Hippo signaling pathway45,46. Additional in vitro binding studies would be required 

to confirm if the identified peptides have inhibitory effect on the YAP-ERRB4 interaction. Should 
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the peptides appear to be inhibitory, they could be fused to a cell penetrating sequence for delivery 

into cells to further study the effects of the Hippo-YAP pathway. 

Values of protein-binding affinity in the μM range, as those measured in this work, are 

typical for linear and cyclic peptides of 6-to-10 amino acids in length47. It is however possible to 

enhance the affinity of peptide ligands discovered combinatorically to reach a low-μM/high-nM 

range by increasing the length or refining the sequence of the protein-binding segment47, which 

promotes the enthalpic component of binding. Care should be taken in adjusting the protein-

binding segment of cyclic peptide ligands to prevent excessive flexibility of the peptide backbone, 

which would unfavorably affect the entropic component of the binding energy. The library 

screening process can also be revisited to improve the binding affinity of isolated mutants by 

increasing the stringency of the selections. In this work, the selection conditions were maintained 

for through the successive screening rounds, and only the elution conditions were adjusted; 

alternatively, competitive conditions can be adopted during library incubation with the target yeast 

cells by adding a mixture of soluble competitors, or by adjusting the composition, concentration, 

and pH of the selection buffer; additionally, additional washing steps can be performed to eliminate 

weak-affinity binders48. Further, while held constant in this work, the number of protein-displaying 

cells could be reduced through the successive screening rounds to bias the isolation of higher 

affinity mutants. Finally, a higher number of selection rounds, beyond the four or five employed 

here, up to ten, can be performed to attain strong sequence homology among the identified 

peptides48–50; nonetheless, this work has shown that specific binding peptides can be identified 

using fewer rounds of screening. 
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2.4 Conclusions 

Collectively, our results show that the use of magnetic yeast displaying the tandem WW 

domain of YAP proves an ideal tool to increase the throughput of library screening, specifically 

for mRNA display libraries.  It limits the need for recombinant soluble protein and provides an 

alternative screening format in the presence of a complex yeast surface.  In particular, significant 

stringency is however required to isolate high affinity binders from a mRNA-display library due 

to the number of randomized amino acids included in the library backbone.  Despite this limitation, 

these peptide affinities are comparable to other well-known WW binding domains.  Also of interest 

is that the lead candidate peptides performed better in their linear conformation as opposed to in 

their cyclic conformation which could be attributed to incomplete cyclization activity during the 

library synthesis.  The experimental observation was also confirmed via molecular docking 

simulations.  Development of this method and the successful identification of a WW domain 

binding peptide indicates that this platform could be used as to an alternative approach to screen 

for mRNA display libraries using yeast surface displayed protein targets.    

 
2.5 Materials and Methods 

2.5.1 Plasmids and yeast culture 

The pCTCON vector containing TRP selectable marker was used in conjugation with 

Sacchromyces cerevisiae strain EBY100. Specifically, the Frozen-EZ yeast transformation Kit II 

(Zymo Research) was used to transform plasmid DNA into chemically competent EBY100. Trp-

deficient SDCAA and SGCAA media was used, respectively, for culturing and inducing cells 

harboring the pCTCON plasmid as previously described51. When culturing, yeast cells were grown 

in SDCAA media at 30°C with shaking at 250 RPM. To induce protein expression, yeast cells 
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were transferred into SGCAA medium at OD600 of 1 and incubated overnight at 20 °C with shaking 

at 250 rpm. 

2.5.2 Plasmid construction for display of proteins as yeast surface fusions and recombinant 

WW-YAP production 

Plasmids were constructed that afford the expression of the proteins used for positive and 

negative selections of the mRNA display libraries. These proteins were encoded as fusions to Aga2 

to allow for display on the yeast surface. Finally, pCTCON-YAP-WW, affording the expression 

of the WW domain was constructed by amplifying gene block 1 with primers Pf1 and Pr1. The 

amplified DNA encoding these proteins was inserted between the NheI and XhoI sites of 

pCTCON.  The plasmid, pET22b(+) was utilized for recombinant WW-YAP protein expression.  

Gene block 1 was amplified with Pf2 and Pr2 and inserted between the NdeI and XhoI sites of 

pET22b(+), affording the expression of soluble WW-YAP protein by creation of plasmid 

pET22b(+)-WW-YAP.  

Double stranded gene fragments were purchased from Integrated DNA technologies (IDT). 

Primer oligonucleotides were bought from IDT or Eton Biosciences. Gene fragment and primer 

sequences can be found in Tables AS1-AS2. Phusion Polymerase (Thermo Fisher Scientific) was 

used for PCR reactions that took place in a 50 μL volume reaction following the manufacturer’s 

protocols. Restriction digests of plasmid backbones and PCR products were executed at 37°C for 

2 hours in a 50 μL volume using a 5-times excess of each restriction enzyme. Digested plasmid 

backbones were incubated with Antarctic phosphatase (New England Biolabs) for 1 hour at 37°C. 

Digested plasmids and PCR products were purified using a 9K series gel and PCR extraction kit 

(BioBasic). Overnight ligations using T4 DNA ligase (Promega) were performed with the digested 

plasmid backbones and PCR product inserts. Ligations were transformed into chemically 
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competent Novablue E.coli cells. The cells were made chemically competent using Mix&Go! 

E.coli transformation buffers (Zymo Research). The GeneJETTM plasmid miniprep kit (Thermo 

Fisher Scientific) was used to harvest plasmids from overnight E.coli cultures.  

2.5.3 Construction of the mRNA-display library of cyclic peptides 

mRNA display libraries of randomized peptides were constructed using previously 

described protocols for guidance. Oligonucleotides 1-3 (Table S3) encoding either a pentapeptide 

(MX1 X1 X2X3 X4 X5K), heptapeptide (MX1 X1 X2X3 X4 X5 X6 X7 K), or decapeptide (MX1 X1 

X2X3 X4 X5 X6 X7 X8 X9 X10K) library were PCR-amplified using primers Pf3 and Pr3 (Table 

AS2). X represents any of the 20 amino acids. All oligonucleotides and primers were purchased 

from Integrated DNA Technologies. These primers add a 5’ consensus sequence containing a T7 

RNA polymerase promoter, a TMV translation enhancer, and a sequence coding the FLAG epitope 

tag. Also added is a 3’ consensus sequence including a 6xHis tag followed by a sequence that 

affords conjugation of a puromycin linker. 25 PCR reactions were performed in a volume of 50 

μL that contained 1 U of Phusion HF DNA polymerase (Thermo Fisher Scientific), 1X Phusion 

Buffer, 0.2 mM deoxynucleotide triphosphate (dNTPs) (Thermo Fisher Scientific), 0.1 uM of the 

forward and reverse primers, 1 M betaine, 3% dimethyl sulfoxide (DMSO), and 20 ng of the 

template DNA.  The PCR was performed using the following conditions: Initial denaturation at 

98°C for 2 minutes, followed by 30 cycles of denaturation at 98°C for 1 minute, annealing at 66°C 

for 1 minute, extension at 72°C for 15 seconds, and a final extension at 72°C for 10 minutes.  

After, EDTA was added to the pooled PCR reactions at a final concentration of 5.5 mM. 

The amplified DNA was purified using phenol: chloroform: isoamyl alcohol precipitation followed 

by ethanol precipitation. Briefly, the DNA was extracted 2X with 1 volume of phenol: chloroform: 

isoamyl alcohol followed by an extraction with 1 volume of chloroform. After, 0.1 volumes of 3M 
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potassium acetate, 2 volumes of ethanol, and 10 μL of linear acrylamide (Invitrogen) were added 

to the extracted DNA prior to overnight incubation at -20°C. The following day, the precipitated 

DNA was pelleted and washed 1X with 75% ethanol followed by a wash with 100% ethanol. After, 

the pellet was air dried prior to resuspension in 0.1% DEPC water.  

The purified DNA was then used in an in vitro transcription reaction. The 300 μL reaction 

contained 12 μg of DNA, 5 mM ribonucleotide triphosphate (rNTPs) (Promega), 19 mM MgCl2, 

1X transcription buffer, 45 μL of T7 RNA polymerase (Thermo Fisher Scientific), and  0.1% 

DEPC water to reach the final volume. The reaction was incubated for 8 hours at 37°C. EDTA 

was added to a final concentration of 50 mM. After, the mRNA was purified by acidic phenol 

chloroform extraction (2X, 1 volume) followed by an extraction with chloroform (1X, 1 volume). 

The extracted mRNA was further purified using a Nap 5 column (GE Healthcare Life Sciences) 

by eluting in 0.1% DEPC water. Subsequently, the template DNA was digested in an 850 μL 

reaction for 4 hours at 37°C with 42.5 μL of RNase-free Turbo DNASE (1 U/μL, Thermo Fisher 

Scientific) and 1X DNase buffer. After, EDTA was added to a final concentration of 20 mM. The 

reaction mixture was purified using acidic phenol chloroform extraction followed by ethanol 

precipitation as previously described. This ethanol precipitation used lithium chloride instead of 

potassium acetate.  

A puromycin linker ([psoralen-(ATAGCCGGTG)2-OMe-dA15-C9C9-Acc-puromycin]; 

Keck Oligo Synthesis Lab, Yale University) was conjugated to the purified mRNA. The 

conjugation reaction contained 200 μg of purified mRNA, 20 mM HEPES, 100 mM KCl, and the 

puromycin linker at 2.5 times the total molar concentration of mRNA.  The total reaction volume 

was 250 μL. Conjugation took place in a thermocycler using the following conditions: 85°C for 8 

minutes, then 60 cycles with a 1°C decrease in each cycle from 85°C to 25°C, followed by 25°C 
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for 25 minutes, and a 4°C hold. Next, the puromycin linker was crosslinked to the mRNA using 

ultraviolet light (360 nm) for 20 minutes. The crosslinked mRNA was precipitated overnight using 

lithium acetate and ethanol. Prior to in vitro translation, the precipitated crosslinked mRNA was 

recovered via centrifugation and washed as previously described.  

After, a 500 μL translation reaction was set up containing the crosslinked mRNA, 340 μL 

of rabbit reticulocyte lysate (Invitrogen), 50 μM methionine, 1X buffer without methionine, and 

nuclease free water to reach the final volume. The reaction mixture was incubated at 30°C for 1.5 

hour prior to the addition of 1 M MgCl2 and 1 M KCl to final concentrations of 76 mM and 880 

mM, respectively. After, this mixture was held at room temperature for 1 hour and then stored 

overnight at -20°C.  

The puromycin linker contains a poly(dA) sequence allowing for purification of mRNA-

puromycin and mRNA-puromycin-peptide fusions using oligo dT beads. The translation mix was 

added to 1 mL of magnetic oligo-dT beads (New England BioLabs) that had been washed prior 

3X with 0.1% DEPC water and 3X with 10 mM Tris pH 7.5, 1 mM EDTA, and 0.05% SDS. The 

translation mix and washed beads were incubated in 9 mL of fresh binding buffer (0.5 M NaCl, 10 

mM Tris pH 7.5, 1 mM EDTA, 0.05% SDS, and 1 mM DTT) for 2 hours at 4°C. Next, the beads 

were washed 3x10 minute with wash buffer (0.2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 

0.05% SDS, 1 mM DTT) followed by washes 3x10 minutes with crosslinking buffer (0.2 M NaCl, 

1 mM EDTA, 0.05% SDS, 1 mM DTT). Subsequently, cyclization was performed by resuspending 

the beads in 800 μL of crosslinking buffer and 50 μL of a 3 mg/mL solution of a disuccinimidyl 

glutarate crosslinker (Thermo Fisher Scientific) dissolved in dimethylformamide. The cyclization 

reaction took place for two hours at 4°C. After, the beads were washed 3x10 minute with 

crosslinking buffer. The cyclization reaction was repeated a second time. Lastly, the beads were 
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washed 3x10 minute with wash buffer and then eluted in 600 μL of 0.1% DEPC water with 1 mM 

dTT overnight at 4°C.  

The cyclized oligo(dT) purified product underwent a reverse transcription reaction the 

following day. Initially, 25 μL of 100 μM of a reverse transcription primer (5’- TTT TTT TTT 

TNN CCA GAT CCA GAC ATT CCC AT-3’) was incubated with the oligo(dT) purified product 

for 15 minutes at room temperature. Next, 200 μL of 5X first strand buffer, 50 μL of 10 mM 

dNTPs, 100 μL of 0.1 M DTT, and 20 μL of 0.1% DEPC water was added to the reaction mixture. 

The reaction mixture was then incubated at 42°C for 2 minutes prior to the addition of 5 μL of 

SuperscriptTM II reverse transcriptase (Invitrogen). Subsequently, the reaction was held for 50 

minutes at 42°C. After, EDTA was added to the reaction at a final concentration of 6 mM. The 

reaction mixture was then passed through a Nap-10 column (GE Healthcare Life Sciences) using 

20 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween 20 as the equilibration and elution buffers. 

Magnetic Ni-NTA agarose beads (Thermo Fisher Scientific, Pierce) were used to isolate 

the mRNA-cDNA-peptide fusions by taking advantage of the 6xHis tag on the translated peptide. 

1 mL of beads was washed with binding buffer (50 mM Sodium Phosphate pH 8, 300 mM NaCl). 

After, the Nap-10 column eluate was incubated with the beads at room temperature for 1 hour. The 

beads were washed 3X with binding buffer and eluted with 500 μL of 50 mM sodium phosphate 

pH 8, 300 mM NaCl, 300 mM imidazole. Subsequently, the eluted mRNA-cDNA-peptide fusions 

were desalted using a Nap-5 column by eluting with 0.1% DEPC water. Library diversity was 

estimated using a A260 measurement. 

 

 

 



   

44 
 

2.5.4 Magnetization of yeast cells 

5x107 yeast cells expressing each selection protein were incubated in 2 mL of their 

respective magnetization buffer with 0.4 mg iron oxide (4 mg/mL) for 30 minutes at room 

temperature. Yeast cells displaying WW-YAP and were magnetized in 50 mM Tris-HCl pH 7.4, 

300 mM NaCl buffer. Different buffers were used as it appeared iron oxide binding was dependent 

on the isoelectric point of the yeast displayed target protein. Any cells bound to the iron oxide 

were isolated from the unbound cells using a magnet. The OD600 of the solution prior to the 

addition of the iron oxide (ODI) and after the removal of the yeast bound to the iron oxide (ODf) 

was measured. Yeast recovery was calculated as (ODI-Odf)/Odf. ~2x107 cells were magnetized 

and used in each screen.   

After the initial magnetization, the yeast-iron oxide conjugates were washed three times to 

remove any unbound or weakly bound cells using the appropriate magnetization buffer. 

Subsequently, the yeast-iron oxide conjugates were incubated with PBS pH 7.4, 1% BSA, 0.1% 

salmon sperm DNA (1% PBSASD) for 1 hour at room temperature to block any unbound iron 

oxide. After blocking, the yeast-iron oxide conjugates were washed two more times with 1% 

PBSASD to remove any yeast cells that may have dissociated from the iron oxide. After these 

steps, the magnetic yeast can be used as targets in the selection of mRNA display libraries. 

2.5.5 mRNA-display screening to identify affinity peptides using magnetic yeast targets 

A cyclic peptide library with five randomized amino acid positions was used to screen for 

peptide binders to WW-YAP. Four rounds of screening were performed when identifying ligands 

to WW-YAP. During each round, a negative selection was initially performed against yeast cells 

expressing hFc. The mRNA-cDNA-peptide fusions were incubated with the magnetic yeast cells 

displaying hFc in 1 mL of PBS pH 7.4, 0.1% BSA, 0.1% salmon sperm DNA for 1 hour at room 
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temperature. Subsequently, the incubation mixture was placed on a magnet and the supernatant 

containing unbound mRNA-cDNA-peptide fusions was removed and incubated with magnetic 

yeast cells displaying either WW-YAP. After an additional 1-hour incubation, the selection 

mixture was placed on a magnet and the supernatant was removed to isolate any mRNA-cDNA-

peptide fusions positively bound to the target displaying cells.  

The selection stringency was increased for each round of screening. For round one, peptide-

yeast-iron oxide conjugates were not washed after separation using a magnet. The bound peptide 

fusions were eluted twice in 200 μL of 0.15 M potassium hydroxide for 1 hour. The eluted fractions 

were combined, and the associated cDNA was used as a template to generate the library for the 

next screening round. For round two, the elution steps were similar, but the bound peptides fusions 

were washed 3 times with gentle pipetting using 0.1% BSA PBS (0.1% PBSA) prior to elution. 

For round three, the same wash steps were carried out, but the peptides fusions were first incubated 

in 200 μL of a weak, low pH buffer (50 mM sodium acetate, 50 mM NaCl pH 5) for 1 hour at 

room temperature, followed 2X elution in 0.15 M potassium hydroxide elution for 1 hour at room 

temperature. The library was remade for the next screening round using only cDNA obtained from 

mutants eluted using the potassium hydroxide elution to bias the isolation of the higher affinity 

binders. For rounds four and five, the same washing and elution steps were carried out as in round 

three, but an additional hour of elution in the weak, low pH 5 buffer was performed. The eluates 

were neutralized using 5N HCl. 

2.5.6 Library reconstruction for subsequent screening rounds 

For each elution condition, the eluted mRNA-cDNA-peptide fusions were pooled together. 

For rounds three through five, only the fusions eluted using the harsher potassium hydroxide buffer 

were precipitated for DNA amplification. cDNA was precipitated using ethanol precipitation and 
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linear acrylamide as previously described. The precipitated cDNA was used to generate a new 

mRNA display library for the subsequent screening round. The precipitated cDNA was amplified 

using primers Pf5 and Pr5. A 50 μL PCR reaction was performed containing 1 U Phusion HF DNA 

polymerase, 1X HF Phusion buffer, 0.2 mM dNTPS, 0.2 uM of each primer, 1 M betaine, 3% 

DMSO, and the precipitated cDNA template. The PCR was performed using the following 

conditions: Initial denaturation at 98°C for 2 minutes, followed by 30 cycles of denaturation at 

98°C for 1 minute, annealing at 66°C for 1 minute, extension at 72°C for 15 seconds, and a final 

extension at 72°C for 10 minutes. The PCR product was ethanol precipitated using linear 

acrylamide as previously described and used as the template for additional PCRs. A visible product 

band was not observed on a gel until the second round of PCR. Additional PCR reactions were 

performed to obtain enough DNA for library generation. Similar steps as described were carried 

out using this DNA to generate mRNA-cDNA-peptide fusions for the next round of screening.  

After the final round of screening, the fusions eluted using potassium hydroxide were 

precipitated and amplified using similar conditions. The amplified DNA was inserted into the 

pJet2.1 vector via blunt-end ligation using the CloneJET kit (Thermo Fisher Scientific). The 

ligation mixture was transformed into chemically competent Novablue E. coli cells. DNA from 10 

individual colonies was extracted using the GeneJETTM plasmid miniprep kit and sent for 

sequencing. Some isolated clones contained premature stop codons and were not considered. 

 
2.5.7 Synthesis of WW domain-binding linear and cyclic peptides 

The linear peptides MAFRLCK, MLDFVNHRSRGK, MDGNLSGIMPVK, and 

MYRGDPETCVDK were synthesized on 0.6 mL of Toyopearl AF-Amino-650 M (corresponding 

to 0.1 g of dry resin) (Tosoh) following conventional Fmoc/tBu peptide synthesis52. All amino acid 

conjugations were performed using 2 equivalents (compared to the Toyopearl amine density of 0.2 
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meq/g) of Fmoc-protected amino acids (ChemImpex), Hexafluorophosphate Azabenzotriazole 

Tetramethyl Uronium (HATU, 2 eq.), and diisopropylethylamine (DIPEA, 2 eq.) in anhydrous 

N,N’-dimethylformamide (DMF); 2 conjugations per amino acid were performed at 75oC for 15 

minutes under sonication using a Syro I automated peptide synthesizer (Biotage). Completion of 

the amino acid conjugation was qualitatively confirmed by Kaiser test (Millipore Sigma). Fmoc 

deprotection was performed by incubating the resin with 2 mL of 20%v/v piperidine (Millipore 

Sigma) in DMF. Following chain elongation, the peptides were deprotected by acidolysis using a 

90:5:3:2 trifluoroacetic acid:thioanisole:ethane dithiol:anisole (Millipore Sigma) cocktail for 2 

hours at room temperature under mild agitation.  

The cyclic peptides M-cyclo[AFRLC]-K, M-cyclo[LDFVNHRSRG]-K, M-

cyclo[DGNLSGIMPV]-K, and M-cyclo[YRGDPETCVD]-K were synthesized on Toyopearl AF-

Amino-650 M as follows. First, Fmoc-Lys(Mtt)-OH (2 eq.) was conjugated on Toyopearl resin 

using HATU (2 eq.) and DIPEA (2 eq.) in anhydrous DMF. The linear sequences MAFRLC, 

MLDFVNHRSRG, MDGNLSGIMPV, and MYRGDPETCVD were then synthesized as 

described above. Following Fmoc deprotection of methionine, the N-terminal amine was 

succinylated by reaction with succinic anhydride (6 eq.) and dimethylaminopyridine (DMAP, 3 

eq.) in anhydrous DMF for 24 hours at room temperature under mild agitation. The Mtt protecting 

group was removed from the C-terminal lysine by incubation with a cocktail of 96:6:2 

dichloromethane:trifluoroacetic acid:triisopropyl silane for 10 minutes at room temperature under 

mild agitation. The carboxyl group of the succinyl-peptide was activated with HATU (2.98 eq.) 

and DIPEA (6 eq.) in anhydrous DMF and incubated for 15 minutes at 75oC to enable peptide 

cyclization by forming an amide bond with the ε-amine of C-terminal lysine. The carboxyl 

activation and cyclization reactions were repeated in order to ensure a high yield of cyclized 
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peptide. Following peptide cyclization, the peptides were deprotected by acidolysis as described 

above. All resins were sequentially washed with dichloromethane (DCM), DMF, and DCM, then 

dried under air flow, and finally stored at -20o following deprotection. 

2.5.8 Recombinant YAP-WW protein expression and purification 

Plasmid pET22b(+)-WW-YAP was transformed into chemically competent Rosetta E. coli 

cells. A 5 mL culture was grown in LB media (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) 

overnight at 37o C. Expression was carried out in 2XYT media (16 g/L tryptone, 10 g/L yeast 

extract, and 5 g/L NaCl). The 5 mL overnight culture was to inoculate a 1 L culture of 2XYT. The 

cells were induced at a concentration of 0.5 mM IPTG when the OD reached between 0.8 and 1.0. 

Induction occurred for 20 hours at 20o C.   

The YAP-WW protein was purified by metal affinity chromatography as follows. Briefly, 

cells were pelleted via centrifugation for 12 minutes at 3500 xg, and resuspended in 35 mL of 

resuspension buffer (20 mM HEPES, 150 mM NaCl, pH 7.8, phenylmethylsulfonyl).  The cell 

slurry was sonicated and the unlysed cells and cell debris was pelleted for 22 minutes at 15,000  

xg.  The supernatant was then syringe filtered (Becton Dickinson) using a 0.45 μm PVDF (Genesee 

Scientific) filter. Filtered cell lysate was loaded onto a 5 mL Bio-Rad Nuvia IMAC column at 2 

mL/min, washed with 50 mL of Buffer C-IMAC (20 mM HEPES, 800 mM NaCl, pH 7.8) at 5 

mL/min, flushed with 50 mL of Buffer A-IMAC (20 mM HEPES, 137 mM NaCl , pH 7.8 at 5 

mL/min), and eluted with a X mL linear gradient of 0-100% Buffer B-IMAC (20 mM HEPES, 137 

mM NaCl, 500 mM Imidazole, pH 7.8) at 5 mL/min. Chromatographic fractions were analyzed 

via SDS-PAGE and fractions containing the protein of interested were pooled. Pure fractions were 

subsequently dialyzed into 20 mM HEPES, 150 mM NaCl, pH 7.8 (HEP) using SnakeSkinTM 
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Dialysis Tubing (MWCO 3.5 kDa) (Thermo Fisher Scientific). The protein was held at -80oC in 

HEP plus 10% glycerol for long-term storage. 

2.5.9 Binding and elution of WW-YAP on peptide-Toyopearl resins 

30 mg of functionalized Toyopearl Amino resin was swelled overnight in 20% methanol 

at 4oC. Each swelled resin was washed 3X with PBS the following day prior to incubation with 

WW-YAP. Frozen aliquots of recombinant WW-YAP protein were thawed at room temperature 

prior to dilution in PBS. 0.4 mg of WW-YAP (1 mg/mL) was incubated with 15 mg of resin for 1 

hour at room temperature. After, the supernatant was isolated/. The amount of protein present in 

the supernatant was quantified via an A280 absorbance measurement. The amount of protein bound 

by the resin was calculated via mass balance, and the amount of bound protein was recorded as a 

percentage of initial total protein.  

Subsequently, a bind and elute study was executed to evaluate the top two binding 

candidates. 100 mg of Toyopearl amino resin functionalized with each peptide candidate was 

swelled overnight in 20% methanol at 4oC. Prior to incubation with WW-YAP, each swelled resin 

was washed 3X with HEP. 0.2 mg of WW-YAP (1 mg/mL) was incubated with 5 mg of resin for 

1 hour at room temperature. After, the supernatant was removed, and the resin was with washed 

1X with HEP.  The resin was incubated with 200 μL of 100 mM glycine pH 2.0 for 5 minutes at 

room temperature to elute the bound protein. The unbound, wash, and eluted fractions were 

analyzed via A280 absorbance measurements to determine the protein content.  
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2.5.10 Determination of binding capacity and affinity of WW-YAP on peptide-Toyopearl 

resins via isotherm adsorption study 

WW-YAP binding isotherms were constructed for the top two lead peptides as follows. A 

frozen stock of WW-YAP protein was diluted with HEP as appropriate. 30 mg of functionalized 

Toyopearl Amino resin was swelled overnight in 20% methanol at 4oC. The resin was washed 3X 

with HEP prior to incubation with WW-YAP. WW-YAP at varying concentrations (20 μg/mL to 

12.5 mg/mL) in a volume of 400 μL was incubated with 1 mg of functionalized resin for 1 hour at 

room temperature. The supernatant was removed and an A280 absorbance measurement of the 

supernatant was performed for protein quantification. The amount of protein bound to the resin 

was calculated via mass balance.  The KD of the binding interaction between the peptide-

functionalized Toyopearl resin with the soluble WW-YAP protein was determined using the 

relationship:  

𝑞 = !!"#[#]
%$&[#]

  (Eq. 1) 

where q is the amount of protein bound to the resin (mg protein/mL resin), qmax is the 

maximum protein binding capacity (mg protein/mL resin), [C] is the unbound concentration of 

protein at equilibrium (mg protein/mL solution), and KD is the binding affinity constant (mg 

protein / mL solution).  A global non-linear least squares regression was used to fit the data to Eq. 

1. A single KD and qmax value were fit to the binding data across 3 repeats where the soluble protein 

concentration ranged from 0-2 mg/mL.   

A combination of a Langmuir isotherm and a Freundlich isotherm was also used to fit the 

entire soluble protein concentration range from 0-12.5 mg/mL using the relationship 

𝑞 = !!"#[#]
%$&[#]

		+ 		𝐾[𝐶]
%
& (Eq. 2) 
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where K is a dimensionless distribution coefficient and n is a dimensionless correction 

factor.  A global non-linear least squares regression was used to fit the data to Eq. 2. A single KD, 

qmax, K, and n value were fit to the binding data across 3 repeats where the soluble protein 

concentration ranged from 0-12.5 mg/mL. 

 
2.5.11 In silico modeling of WW:peptide interactions 

The crystal structures of the WW domain of human YAP (PDB: 2LTW44) was subjected 

to standard protein preparation using Schrӧdinger’s ProteinPrep Wizard53 to search for and correct 

missing atoms and/or entire side chains (with the PRIME software), remove extra salts and non-

binding ligands, add explicit hydrogens, assigns tautomeric states with EPIK, optimize hydrogen 

bonding networks, and minimize the protein’s energy with the OPLS3e force field. 

Peptides MAFRLCK-GSG, MLDFVNHRSRGK-GSG, Cyclo[MAFRLCK]-GSG, and 

Cyclo[MLDFVNHRSRGK]-GSG were initially designed using the molecular editor Avogadro, 

and equilibrated by molecular dynamics in the GROMACS simulation package54–56 using the 

OPLS all‐atom force field57,58 and periodic boundary conditions59–61. The peptide was individually 

placed in a simulation box with periodic boundary conditions containing 800 water molecules 

(TIP3P water model). The solvated system was initially minimized by running 10,000 steps of 

steepest gradient descent, heated to 300 K in an NVT ensemble for 250 ps with 1 fs time steps, 

and equilibrated to 1 atm by running a 500-ps NPT simulation with 2 fs time steps. The production 

run for every peptide was performed in the NPT ensemble, at constant T = 300 K using the Nosé-

Hoover thermostat62–64 and constant P = 1 atm using the Parrinello-Rahman barostat65,66. The 

coordinates of atoms were saved every 2ps. The leap-frog algorithm was used to integrate the 

equations of motion, with integration steps of 2 fs, and all of the covalent bonds were constrained 

by means of the LINCS algorithm67. The short‐range electrostatic and Lennard-Jones interactions 
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were calculated within a cutoff of 1.0 nm and 1.4 nm, respectively, whereas the particle-mesh 

Ewald method was utilized to treat the long-range electrostatic interactions68,69. The non-bonded 

interaction pair-list was updated every 5 fs, using a cutoff of 1.4 nm. 

The peptides were then docked in silico against the putative binding sites on WW domain 

of human YAP using the docking software HADDOCK (High Ambiguity Driven Protein-Protein 

Docking, v.2.2) as done in prior work70,71. Default HADDOCK parameters (e.g., temperatures for 

heating/cooling steps, and number of molecular dynamics sets per stage) were used. All the 

residues on each binding site (solvent accessibility of 50% or greater) were defined as “active”, 

whereas the residues surrounding the binding sites were defined as “passive”. All variable amino 

acid positions on the peptide ligands were also denoted as ‘active’, while the GSG tripeptide spacer 

was defined as not being involved in the interaction to account for the directionality of binding. 

Docking proceeded through a 3-stage protocol: (1) rigid, (2) semi-flexible, and (3) water refined 

fully flexible docking. A total of 1000, 200, and 200 structures were calculated at each stage, 

respectively. Final structures were grouped using a minimum cluster-size of 20 (10% of the total 

water refined calculated structures) with a Cα RMSD < 7.5 Å using ProFit. Once the clusters were 

identified for each WW:peptide complex pair, FireDock and XScore were used to score the 

complexes43,72; FireDock is an efficient method re-scoring of protein-protein docking solutions, 

whole Xscore computes the dissociation of a protein-ligand complex using an empirical equation 

that considers energetic factors in a protein-ligand binding process. The selected binding poses 

were then refined via 100-ns atomistic molecular dynamics (MD) simulations using the Gromacs 

simulation package. The WW:peptide complexes were embedded in a cubic periodic box of 9.7 

nm side lengths and solvated with 30,000 TIP3P water molecules. The MD simulations were 

performed at 300 K and 1 atm using the Amber99SB force field. The MM/GBSA method was 
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used for post-processing of the WW:peptide complexes derived from MD simulations73,74; if poses 

had conflicting docking score or MM-GB/SA ranks, then the pose was discarded. 
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CHAPTER 3 – Discovery of membrane-permeating cyclic peptides via mRNA display 
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3.1 Abstract 

Small synthetic peptides capable of crossing biological membranes represent valuable tools 

in cell biology and drug delivery. While several cell-penetrating peptides (CPPs) of natural or 

synthetic origin have been reported, no peptide is currently known to cross both cytoplasmic and 

outer embryonic membranes. Here we describe a method to engineer membrane-permeating cyclic 

peptides (MPPs) with broad permeation activity by screening mRNA display libraries of cyclic 

peptides against embryos at different developmental stages. The proposed method was 

demonstrated by identifying peptides capable of permeating Drosophila melanogaster (fruit fly) 

embryos and mammalian cells. The selected peptide cyclo[Glut-MRKRHASRRE-K*] showed a 

strong permeation activity of embryos exposed to minimal permeabilization pretreatment, as well 

as human embryonic stem cells and a murine fibroblast cell line. Notably, in both embryos and 

mammalian cells, the cyclic peptide outperformed its linear counterpart and the control MPPs. 

Confocal microscopy and single cell flow cytometry analysis were utilized to assess the degree of 

permeation both qualitatively and quantitatively. These MPPs have potential application in 

studying and non-disruptively controlling intracellular or intraembryonic processes. 

 
3.2 Introduction 

Cell- and embryo-permeating technologies are valuable tools in the study of intracellular 

processes in biology.1,2 A number of chemical and physical methods are available for introducing 

molecular probes into single cells and embryos to investigate intracellular metabolic and signaling 

pathways.2–8 Among physical tools, microinjection is widely employed to access the complex 

architecture of embryos.1,2 Among chemical tools, peptides have received considerable attention. 

A large number of cell-permeating peptides (CPPs) with either broad or cell-specific permeating 

activity have been previously described.4,9–12 Peptides have several characteristics that make them 
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preferred delivery vectors compared to physical tools. In particular, they provide excellent delivery 

rates while causing minimal or no disruption of the cell membrane and intracellular structures.13 

While largely available for intracellular delivery, however, peptide vectors capable of accessing 

embryos are not known. To overcome this limitation, we sought to develop membrane-permeating 

peptides (MPPs) that enable access to both embryos and cells, using a combinatorial screening 

approach. 

The development of CPPs follows two routes, namely rational design or combinatorial 

screening. In the context of embryo permeation, rational design is not a viable route, given the lack 

of detailed information on the biomolecular requirements (e.g., molecular weight cut-off, charge 

and amphiphilicity) needed to overcome the complex, multilayer barrier of embryos. Therefore, 

we undertook the route of screening combinatorial libraries of cyclic peptides, constructed via 

mRNA display technology. In mRNA display, a peptide is covalently linked to its corresponding 

mRNA transcript via a puromycin translation inhibitor and psoralen DNA intercalating agent.14 

The mRNA is stabilized by its complementary DNA and purified via orthogonal purification 

techniques that leverage the poly adenylated tail and the oligo-histidine tag integrated in the 

mRNA-peptide hybrid. Previous studies have reported the use of mRNA display to identify linear 

cell-permeating peptides.10 Cyclic peptides, however, are particularly attractive as cell permeating 

peptides (CPPs) due to their conformational-induced resistance to proteolytic enzymes, which 

prolongs their activity in the peri-/intra-cellular milieu,15 and their ability to hybridize with 

medicinal peptides and shuttle them into target organisms.16 Several strategies have been 

developed for the cyclization of mRNA-displayed peptides, in either the head-to-side-chain or 

side-chain-to-side-chain format,17 and more recently for poly-cyclization using orthogonal 

chemistries or hybrid chemical/biochemical approaches.18 Recent efforts on the discovery of novel 
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permeating peptides include the use of a phylomer peptide library;19 others have identified short 

peptide motif sequences as a general vehicle of intracellular delivery of cyclic peptides,20 and 

subsequently modified the sequence and/or stereochemistry to enhance its activity.21 Pei and other 

researchers have discovered that cyclization of arginine rich sequences increases cellular uptake 

and efficiency.20–25 Nevertheless, collectively the discovery and characterization of cyclic CPPs 

represents only 5% of all the experimentally derived sequences published on the CPP site 2.0 

database.11 

Our group has developed a method to conduct peptide cyclization upon adsorbing the 

hybrids onto an oligo dT solid phase, which employs amine-reactive crosslinkers to tether the 

peptide N-terminus with the C-terminal side chain ε-amino group of lysine.26 To identify cyclic 

MPPs, we screened mRNA display libraries of cyclic peptides against D. melanogaster embryos 

and identified candidate embryo-permeating sequences. We then evaluated a selected candidate 

sequence in both its linear and cyclic forms, to penetrate D. melanogaster embryos as well as NIH 

3T3 cells and H9 human embryonic stem cells (hESCs). Cationic (i.e., the known cell-permeating 

peptide poly-arginine) and anionic peptides were employed as positive and negative controls, 

respectively. The broad membrane-permeating activity of the selected peptide was confirmed by 

imaging the embryos and cells via laser-scanning confocal fluorescence microscopy, and by 

analyzing the cells via flow cytometry. Notably, the selected cyclic peptide cyclo[Glut-

MRKRHASRRE-K*] was found to permeate both embryos and cells more efficiently compared 

to both its linear counterpart and the control sequences, indicating that both amino acid sequence 

and cyclization are key to endow membrane-permeating activity. 
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3.3 Results and Discussion 

3.3.1 Identification of candidate D. melanogaster embryo-permeating peptides via screening 

of mRNA display cyclic peptide libraries 

The complex barrier that envelops developing fruit fly embryos comprises an exochorion 

(300-350 nm), an endochorion (500-700 nm), an innermost chorion (40-50 nm), a thin waxy layer 

(~5 nm)44, and a vitelline membrane (300 nm).45 The delivery of bioactive compounds such as 

DNA-nanoparticle complexes1, Cas9-RNA complexes46, or double stranded RNA47 into 

developing fruit fly embryos is commonly performed using microinjection. While effective, this 

technology is limited by its inherently low throughput, which poses the need for liquid-phase 

delivery vectors that can reliably deliver a payload into a large number of embryos. Organic 

solvents such as heptane, octane, toluene, ethanol, or monoterpenes such as D-limonene have been 

shown to permeabilize developing fruit fly embryo27,44,48 and developing wheat germ embryos.49 

These solvents, however, are toxic and can cause irreparable damage to the embryo membrane. 

VisuFect, a proprietary organic compound, has been recently developed to permeate into the 

embryos of multiple organisms and deliver cargo;6,50 currently, however, no data on the 

composition of VisuFect, its mechanism of permeation, and potential adverse effect on embryos 

are available.  

Advanced molecular delivery vectors51 (e.g., small organic molecules, peptides, and 

proteins) are not available for embryos, despite their success with single cells.5,8,52–58 Peptides are 

particularly attractive for this application: they can be produced at large volumes affordably, are 

safe and biocompatible, and can act as both penetrating agents and probes for manipulating PPIs 

and NPIs.59 Among the most well-known cell-permeating peptides are poly-arginine (Arg9, 

RRRRRRRRR),60 the “transactivator of transcription” peptide (Tat, YGRKKRRQRRR),61and the 
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Antennapedia peptide (RQIKIWFQNRRMKWKK).62 These peptides feature the strong α-helical 

structure characteristic of arginine-rich cell-permeating peptides,63 where the radial display of R 

and K residues intercalated with aliphatic (G and A), non-cationic polar (Q and S), and aromatic 

(Y and W) residues is key to their membrane-permeation activity. 

The screening of peptide libraries has also been shown to be a powerful tool for the 

identification of cell- and tissue-permeating peptides.64 The underlying premise of combinatorial 

screening is that a peptide sequence possessing any desired bioactivity can be identified, provided 

that the library has high diversity, and the screening process is appropriately designed and 

conducted through a sufficient number of iterations. 

Accordingly, we constructed an mRNA display library of cyclic 10-mer peptides and 

developed a method of screening against dechorionated D. melanogaster embryos to identify 

embryo-permeating peptides. The embryo manipulation and screening procedure is shown in 

Figure BS1: (i) following an initial growth on yeast extract-supplemented agar plates, the embryos 

are collected, washed, and dechorionated/dewaxed; (ii) the prepared embryos are incubated with 

the library; (iii) following incubation, the embryos are lysed, and the library-associated cDNA is 

amplified via PCR and utilized to construct subsequent libraries; starting at the second round of 

screening, a membrane/organelle centrifugation step is added after the lysis of the embryos to 

avoid the selection of peptide sequences that are either adsorbed to the vitelline membrane or 

absorbed within the embryo vitelline membrane but do not possess a true permeation activity (i.e., 

false positives); with this, we also aimed to avoid the identification of peptides that access embryos 

and cells through the lysosomal route, where the low pH can compromise the bioactivity of labile 

therapeutic payloads.65 Four rounds of screening were performed in this study to ensure the 

selection of peptides with high permeation activity, resulting in the sequences listed in Table 3.1. 
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Of the 17 identified sequences, one 9-mer (Sequence 11) and six 10-mer (Sequences 12-17) 

peptides were considered as leads owing to their high chemical diversity. The presence of 

contaminant pentameric and heptameric sequences resulting from mRNA splicing and 

degradation, and truncated sequences resulting from sequencing errors (nonamers) may be due to 

contamination in the oligonucleotide pool used to generate the initial library. 

 

Table 3.1. Sequences identified by screening mRNA display libraries of cyclic peptides against 
dechorionated D. melanogaster embryos. 
 

 M X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 K 
EPP.1  C T C F T       
EPP.2  Y K C N L       
EPP.3  A A N C S       
EPP.4  G L R T P       
EPP.5  S K E R S F V     
EPP.6  S K E T S F V     
EPP.7  L R N L Q S K     
EPP.8  L V W Q G F R     
EPP.9  S K E T S F V     

EPP.10  S K E T S F V     
EPP.11  R K R H A S R R E   
EPP.12  S V N L L R C E A R  
EPP.13  C I Y L K I M S L I  
EPP.14  W N V G L D H V R G  
EPP.15  G E V M G M S L L I  
EPP.16  W S R S V R E A V S  
EPP.17  D T P E R R S A R G  

 

Sequence analysis shows a clear enrichment in positively charged amino acids, especially 

arginine (R), against a rather marginal enrichment of negatively charged amino acids. A mild 

enrichment in hydrophobic, non-aromatic amino acids (leucine, isoleucine, valine, alanine, and 

methionine), and the accumulation of aromatic amino acids (tryptophan and tyrosine) on the 

sequence N-terminus is also observed. The enrichment of cationic, specifically arginine residues, 

and aliphatic/aromatic amino acids is known to endow peptides with the ability to cross biological 
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barriers.21,25,66 At the same time, the presence of hydrogen-binding amino acids (serine), together 

with the cationic residues, endows the selected peptides with a multipolar character and good water 

solubility. We notice that the sequence convergence obtained from mRNA display screening 

against embryos is less pronounced than that typically observed when selecting peptides against 

protein targets. In the latter case, where peptides target one - or few - epitopes on the protein 

surface, an evident and well-defined sequence homology is bound to emerge. In screening for 

peptides that permeate complex and multilayered membranes, like those of D. 

melanogaster embryos, the diversity routes and mechanisms of permeation can result in a less 

evident sequence homology. 

Several pentamer (sequences 1-3) and decamer sequences (sequences 12 and 13) feature 

the presence of cysteine residues, which can form disulfide bonds with free cysteines present on 

the surface of proteins. Relevantly, the vitelline membrane in D. melanogaster embryos is rich in 

cysteine and features a dense disulfide-crosslinked network, particularly in the later stages of 

development.67 We therefore speculate that the selection of cysteine-containing sequences, 

especially among pentamers, was driven by the formation of disulfide bonds between the library 

peptides and the vitelline membrane of the embryos during screening. On the other hand, the 

presence of sulfur-containing amino acids in bioactive peptides is not desired, due to their tendency 

to form undesired disulfide bonds (cysteine) or be oxidized to their sulfone derivatives 

(methionine), which alters irreversibly their biochemical activity. Accordingly, these sequences 

were not considered for experimental evaluation. Further, decamer sequence 14 was predicted to 

have poor water solubility and was also discarded. Of particular interest is the nonamer sequence 

11, which features a calculated isoelectric point of 12.6 and a net charge of +5.1 at pH 7, high 

water solubility, and multipolar character. Notably, peptide RRRRRRRRR (poly-arginine), a 
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known cell- and tissue-permeating peptide, is also a nonamer. Based on these considerations, 

sequence 11 was selected for characterization via embryo- and cell-permeating tests. 

 
3.3.2 Qualitative assessment and ranking of Drosophila melanogaster permeability, viability,  

and developmental stage 

The permeation of the selected cyclic peptide cyclo[Glut-MRKRHASRRE-K*] and its 

linear counterpart MRKRHASRREK in D. melanogaster was evaluated via fluorescence confocal 

microscopy; since peptides known to permeate D. melanogaster embryos are not available, poly-

Arg, a known cationic cell-permeating peptide, was adopted as positive control, while anionic 

peptide GEGEGEG was designed as a negative control. All peptides were labeled with a 

rhodamine-derived fluorophore TAMRA (the cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) is 

reported in Figure BS2). 

Previous studies have demonstrated that successful embryo permeation requires the 

removal of the chorionic barrier.27 The contiguous vitelline membrane and wax layer, underlying 

the chorionic barrier, also pose a challenging barrier due to their connected, dense, and irregular 

structures.44,45 To parse the resistance to peptide permeation opposed by the chorionic barrier and 

the vitelline/wax barrier, we resolved to test both dechorionated-only and dechorionated-and-

dewaxed embryos. The pretreated embryos were incubated with 20 μM of either the test or control 

TAMRA-labeled peptides overnight at room temperature, and subsequently imaged by confocal 

fluorescence microscopy (note: Tween-20, a mild surfactant, and DTT were added to the peptide 

solutions to avoid non-specific hydrophobic adsorption and entrapment of the peptides on the 

highly disulfide-crosslinked vitelline membrane).67 To account for the differential permeability of 

the various layers, peptide adsorption onto the membrane and permeation in the interior of the D. 
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melanogaster were evaluated separately, the former as a thin, outer layer of red fluorescence, and 

the latter as diffuse/punctate red fluorescence. 

Furthermore, we evaluated both the viability and developmental stage (i.e., embryo vs. 

larva) of the embryos used in this study, together with the peptide-induced fluorescence on their 

surface and interior. Specifically, we adopted two criteria, namely the auto-fluorescence of the 

developing yolk in the blue channel, which has been associated with the health of the embryos,27 

and the expression of green fluorescent protein (GFP), which reveals whether the host is at the 

embryonal or larval state based on the location of the nuclei and the structure of the membrane. 

While collected as embryos, in fact, the hosts were at different stages of early development when 

incubated with the peptides. Due to the long incubation time needed for the peptides to permeate 

the hosts effectively (12 hrs), several embryos transitioned to larvae or showed a loss in viability. 

To account for such variability and ensure statistical significance of our observations we performed 

a total of 96 peptide incubations across dechorionated-only and dechorionated-and-dewaxed hosts. 

The results of the qualitative assessment of the collected images are summarized in Figures 3.1 

for the dechorionated-only hosts, and in Figures 3.3 for the dechorionated-and-dewaxed hosts. 

Representative images of the D. melanogaster embryos/larvae are reported in Figure BS3. 
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Figure 3.1. Qualitative assessment of peptide (A) adsorption on the outer membrane and (B) permeation 
in the interior, together with (C) viability and (D) developmental stage of dechorionated Drosophila 
melanogaster hosts incubated with either (i) no peptide (PBS, pH 7.4), (ii) GEGEGEG, (iii) RRRRRRRRR, (iv) 
MRKRHASRREK, or (v) cyclo[Glut-MRKRHASRRE-K*] peptides. Peptide adsorption onto the membrane was 
assessed as a thin layer of red fluorescence, while peptide permeation in the interior was assessed as 
diffuse or punctate red fluorescence within the developing embryo or larva. The level of superficial and 
inner fluorescence (A and B), as well as host viability (C) were qualitatively categorized as either “high”, 
“medium”, or “poor”. Accordingly, the axis “fraction (%)” indicates the fraction of the hosts tested under 
conditions (i) – (v) that belonged to either the “high”, “medium”, or “poor” categories. Representative 
images of the D. melanogaster embryos/larvae referred to in panels (A) – (D) are reported in Figure BS3. 
 

Peptide cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) was found to adsorb onto and 

permeates into dechorionated-only hosts (Figure 3.1A and 3.1B) to a greater extent than all the 

other peptides. As anticipated, negative control GEGEGEG and the linear cognate 

MRKRHASRREK featured poor or no permeation on all tested embryos/larvae. Somewhat 

unexpected was the behavior of RRRRRRRRR, a prominent cell-permeating peptide, which was 

found not to adsorb or permeate the hosts. These results suggest that the physicochemical 

properties that make a peptide capable of permeating cells differ from those required to endow a 
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peptide with embryo-permeating activity, and highlight the effectiveness of cyclo[Glut-

MRKRHASRRE-K*] as an embryo-permeating vector. 

A partial loss of viability and a transition to larval state were observed across all the tested 

embryos, with the sole exception of those treated with RRRRRRRRR. On the other hand, loss of 

viability (Figure 3.1C) and conversion to larvae (Figure 3.1C) occurred respectively in 50% and 

25% of the embryos treated with no peptide (PBS, pH 7.4); similarly, a loss of viability of 60% 

and 30% conversion to larvae was observed with the linear cognate MRKRHASRREK, which 

showed completely null adsorption onto and permeation into the hosts. We therefore assume this 

to be an inherent behavior of the hosts and not a result of the contact with the peptides. At the same 

time, neither the viability level nor the developmental status seemed to impact peptide permeation, 

since comparable levels of superficial and inner fluorescence were observed in embryos and larvae 

alike. 
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Figure 3.2. Confocal fluorescence microscopy images of dechorionated D. melanogaster embryos or 
larvae incubated with TAMRA-labeled peptides (A) cyclo[Glut-MRKRHASRRE-K*], (B) MRKRHASRREK, (C) 
RRRRRRRRR, and (D) GEGEGEG at 20 μM, overnight at room temperature (note: the scalebar is reported 
separately from the microscopy images to improve its legibility). Nuclear GFP expression is shown in the 
green channel, and distribution of permeated peptides in the hosts is shown in the red channel. 

 
Confocal microscopy images exemplifying these results are reported in Figure 3.2: 

specifically, Figure 3.2A shows the permeation of the lead cyclic peptide cyclo[Glut-

MRKRHASRRE-K*]-K(5-TAMRA) in a dechorionated D. melanogaster embryo; together with 

permeation, a considerable localization of the peptide can be observed on the barrier formed by 

the vitelline membrane coated by the wax layer. The latter is a likely substrate for hydrophobically 

driven adsorption of small organic molecules like peptides. On the other hand, the linear precursor 

TAMRA-MRKRHASRREK (Figure 3.2B) did not show any accumulation at this layer, and 
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neither did the control peptides TAMRA-RRRRRRRRR (Figure 3.2C) and TAMRA-GEGEGEG 

(Figure 3.2D). The lack of interaction between MRKRHASRREK and the vitelline/wax barrier 

suggests that cyclo[Glut-MRKRHASRRE-K*] does not adsorb irreversibly on the wax layer, but 

it rather permeates through it to reach the underlying vitelline membrane, through which it 

permeates, ultimately accessing the embryo’s interior. At the same time, the poor permeability of 

MRKRHASRREK speaks to the importance of peptide cyclization towards permeation activity; 

as indicated in Figure 3.1D, upon incubation with MRKRHASRREK, a substantial fraction of the 

embryos (30%) transitioned to larvae, of which one specimen is shown in Figure 3.2B. Finally, a 

representative three dimensional z-stack analysis of a cyclo[Glut-MRKRHASRRE-K*]-K(5-

TAMRA) incubation, shown in Figure BS4, demonstrates the permeation of the cyclic peptide 

through the interior of the embryo. Most importantly, the diffuse fluorescence around the perimeter 

of the embryo diffusing toward the interior confirms that the cyclic peptides are not blocked by 

adsorption on the peripheral vitelline membrane and permeate through the entirety of the embryo. 
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Figure 3.3. Qualitative assessment of peptide (A) adsorption on the outer membrane and (B) permeation 
in the interior, together with (C) viability and (D) developmental stage of dechorionated and dewaxed 
Drosophila melanogaster hosts incubated with either (i) no peptide (PBS, pH 7.4), (ii) GEGEGEG, (iii) 
RRRRRRRRR, (iv) MRKRHASRREK, or (v) cyclo[Glut-MRKRHASRRE-K*] peptides. Peptide adsorption onto 
the membrane was assessed as a thin layer of red fluorescence, while peptide permeation in the interior 
was assessed as diffuse or punctate red fluorescence within the developing embryo or larva. The level of 
superficial and inner fluorescence (A and B), as well as host viability (C) were qualitatively categorized as 
either “high”, “medium”, or “poor”. Accordingly, the axis “fraction (%)” indicates the fraction of the hosts 
tested under conditions (i) – (v) that belonged to either the “high”, “medium”, or “poor” categories. 
 

We then sought to investigate peptide permeation in dechorionated-and-dewaxed D. 

melanogaster hosts (Figure 3.3). As the screening was conducted on embryos carrying an intact 

wax layer, we hypothesized that its removal would enhance the peptide permeation flux. The wax 

layer consists of unsaturated fatty acids and paraffins, and acts as a “water-proofing” layer 

preventing the inner layers from desiccation.27 The removal of the wax layer using organic solvents 

(“dewaxing”) has been shown to promote permeation of small organic compounds such as 

cycloheximide, methylmercury chloride, cytochalasin D, cyclophosphamide, and Nocodazole.27,48 

The combination of dechorionation and dewaxing maintains the vitelline membrane, a largely 

proteinaceous membrane mostly comprising serine, proline, glycine, and alanine residues, as the 
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only layer enveloping the embryo and yolk.68 Following dechorionation, the embryos were 

dewaxed using 10%v/v Citrasolv in MBIM buffer, washed, and incubated with the fluorescently 

labeled peptides (note: another dewaxing solvent has also been described for permeabilizing D. 

melanogaster embryos to small molecules and fluorescent dyes48, which comprises a combination 

of limonene, heptane, monoterpene oil, and surfactants). 

As anticipated, peptide permeation increased as a result of the loss of the wax layer, whose 

molecular density and strong hydrophobic character oppose a strong barrier to foreign compounds. 

The selected cyclic peptide cyclo[Glut-MRKRHASRRE-K*], in fact, was found to permeate 

efficiently all the hosts; likewise, a notable increase in permeation was observed with both 

RRRRRRRRR and MRKRHASRREK (Figure 3.3A and 3.3B). 

A loss of viability was observed among the dechorionated-and-dewaxed embryos treated 

with these two peptides. However, as noted above, this cannot be directly imputed to an inherent 

toxicity of these peptides, since RRRRRRRRR is known to be cyto-compatible69 and a loss of 

viability was observed in 40% of the embryos treated with no peptide (Figure 3.3C); the absence 

of a causal connection between peptide permeation and toxicity is corroborated by cyclo[Glut-

MRKRHASRRE-K*], which was shown to permeate all the tested hosts without affecting their 

viability. Somewhat unexpectedly, all the dechorionated-and-dewaxed embryos incubated with the 

cyclic peptide transitioned to the larval state within 12 hours (Figure 3.3D). This, however, should 

not prompt the conclusion that cyclo[Glut-MRKRHASRRE-K*] accelerates embryos 

development, since the dechorionated-only embryos that were permeated by the peptides did not 

transition to larvae (Figure 3.1D); furthermore, 70% of the embryos incubated with GEGEGEG, 

despite being only poorly permeated, transitioned to the larval state. 
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Confocal fluorescence microscopy images of dechorionated-and-dewaxed embryos and 

larvae confirmed the superior permeating activity and nuclear co-localization of the lead peptide 

cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) (Figure 3.4A). As noted above, all the hosts 

incubated with MRKRHASRREK or RRRRRRRRR remained at the embryo stage, whereas those 

exposed to cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) progressed to the larval stage, as 

evident in Figure 3.4A. The permeation of the linear precursor TAMRA-MRKRHASRREK and 

the positive control TAMRA-RRRRRRRRR is exemplified in Figure 3.4B and 3.4C, respectively: 

the former produced a diffused fluorescence throughout the embryos, with no defined overlap with 

the nuclear staining, whereas the latter featured a lesser permeation activity, producing a halo-like 

pattern around the periphery of the embryo. Finally, the poor permeation of GEGEGEG (Figure 

3.4D) is evidenced by the comparison with the embryos that were not exposed to any peptide 

(Figure 3.4E). Collectively, these results suggest that, while upon removal of the wax layer the 

embryos become more permeable, a peptide that is specifically designed as an embryo-permeating 

vector is needed to achieve efficient access to the hosts. 
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Figure 3.4. Confocal fluorescence microscopy images of dechorionated and dewaxed D. melanogaster 
embryos incubated with TRITC-labeled peptides (A) cyclo[Glut-MRKRHASRRE-K*], (B) MRKRHASRREK, (C) 
RRRRRRRRR, (D) GEGEGEG at 20 μM, or (E) no peptide (PBS, pH 7.4), overnight at room temperature (note: 
the scalebar is reported separately from the microscopy images to improve its legibility). Nuclear GFP 
expression is shown in the green channel, and distribution of permeated peptides in the hosts is shown in 
the red channel. 
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3.3.3 Permeability of cyclo[Glut-MRKRHASRRE-K*] in NIH 3T3 mouse embryonic 

fibroblast cells 

Having demonstrated the permeation of cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) 

in fruit fly embryos, we sought to determine its ability to permeate cell lines that are relevant 

models in developmental biology. While rich in cationic residues, like many well-known CPPs, 

the peptide lacks the amphiphilic character (i.e., the combination of polar and hydrophobic 

residues) typical of the pore-forming CPPs, which can cause severe cell damage.70 We therefore 

evaluated the permeability of cyclo[Glut-MRKRHASRRE-K*], its linear cognate 

MRKRHASRREK, and the positive and negative controls RRRRRRRRR and GEGEGEG into 

NIH 3T3 mouse embryonic fibroblast cell line. 
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Figure 3.5. NIH 3T3 peptide permeation comparison with flow cytometry. (A) Mean fluorescence intensity 
(MFI) data for unlabeled cells, cells incubated with TAMRA-labeled peptides: (i) no peptide, (ii) 
RRRRRRRRR, (iii) GEGEGEG, (iv) MRKRHASRREK, or (v) cyclo[Glut-MRKRHASRRE-K*]; the values of MFI are 
normalized against those obtained with TAMRA-RRRRRRRRR at the corresponding temperature (i.e., 4oC 
or 37oC). (B) Representative flow cytometry histogram at 37oC of unlabeled cells (red), cells incubated 
with TAMRA-labeled peptides: 2 μM RRRRRRRRR (cyan), 2 μM GEGEGEG (orange), 2 μM MRKRHASRREK 
(light green), or 2 μM cyclo[Glut-MRKRHASRRE-K*] (dark green). (C) Representative flow cytometry 
histogram at 4oC of unlabeled cells (red), cells incubated with TAMRA-labeled peptides: 2 μM RRRRRRRRR 
(cyan), 2 μM GEGEGEG (orange), 2 μM MRKRHASRREK (light green), or 2 μM cyclo[Glut-MRKRHASRRE-K*] 
(dark green). (D) Representative flow cytometry analysis of NIH 3T3 cells incubated with 1 μM (blue) or 5 
μM (red) of cyclo[Glut-MRKRHASRRE-K*]in DMEM, 10% FBS overnight at 37oC. Cells alone are shown in 
black. (E) Percentage of viable cells after 24 or 48 hour incubation with (i) PBS or (ii) - (v) 10 μM of each 
peptide. Data analysis using a two-tailed t-test assuming unequal variances indicates a statistical higher 
permeation of M-cyclo[Glut-MRKRHASRRE-K*] compared to the linear precursor and the control peptides 
at 37oC (p<0.05). Error bars correspond to the standard error from 3 independent repeats. 
 

The extent of cell penetration of each peptide was measured by flow cytometry single cell 

analysis of NIH 3T3 cells following incubation with the fluorescently labeled peptides under 

physiology cell culture conditions. The mean fluorescence intensity (MFI) values of the cells 

incubated with the various peptides (Figure 3.5A), derived by averaging the flow cytometry 

fluorescence data (Figure 3.5B and 3.5C), demonstrate that cyclo[Glut-MRKRHASRRE-K*] 

possesses a superior cell penetration power compared to its linear precursor and the control 
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peptides. The effect of incubation temperature and peptide dose on the resulting cell fluorescence 

was also evaluated to gain insight into to the mechanism of penetration (active endocytosis vs. 

passive diffusion). A statistically significant difference in cell permeation was observed with 

cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) by increasing the incubation temperature from 

4oC, where the peptides access the cells solely by passive diffusion, to physiological conditions 

(37oC), where the mechanism of active endocytosis become relevant (Figure 3.5A). On the other 

hand, no statistically significant difference in cell penetration with incubation temperature was 

observed between the linear precursor and the control peptides. Therefore, as observed with 

embryo permeation, peptide cyclization appears to play a critical role in endowing the selected 

sequence with cell-penetrating activity. Furthermore, Figure 3.5D shows an increase in cell 

permeation with peptide concentration in solution (from 1 to 5 μM). We finally evaluated the safety 

of cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) by measuring the viability of NIH 3T3 cells 

incubated with the peptide at high concentration (10 μM) for 24 and 48 hrs. The percentage of 

viable cells shown in Figure 3.5E demonstrates that there is no significant difference on cell 

viability after incubation with the cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) peptide 

compared to the other control peptides. 
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Figure 3.6. Confocal microscopy images of NIH 3T3 cells incubated with 5 μM TAMRA-labeled peptide in 
Opti-mem media supplemented with 2% Fetal Bovine Serum for 3 hours at 37oC: (A) of cyclo[Glut-
MRKRHASRRE-K*]; (B) 5 μM of MRKRHASRREK; (C) 5 μM of RRRRRRRRR; or (D) 5 μM of GEGEGEG. Blue 
channel indicates nuclei staining with Hoecht and red channel indicates the peptide. Note: the scalebar is 
reported separately from the microscopy images to improve its legibility. 
 

The intracellular trafficking of the peptide in NIH 3T3 cells was tracked via laser-scanning 

confocal fluorescence microscopy (Figure 3.6); because cell fixation can cause an artificial 

increase in fluorescence71–73, live cell images were obtained. Cell imaging confirms that 

cyclo[Glut-MRKRHASRRE-K*] affords a substantially greater permeation than its linear cognate 

MRKRHASRREK and the positive control RRRRRRRRR, as indicated by the diffuse and 

punctate fluorescence in Figure 3.6A in contrast with the spare punctuate fluorescence in Figures 

3.6B and 3.6C; as anticipated, no permeation was detected with the negative control peptide 

GEGEGEG (Figure 3.6D). 
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3.3.4 Permeability of cyclo[Glut-MRKRHASRRE-K*] in H9 human embryonic stem cells 

(hESCs) 

The cell permeation assays outlined above were repeated with H9 human embryonic stem 

cells (hESCs). Unlike NIH 3T3 cells, H9 cells grow in colonies and require a different basal growth 

media. Notably, penetration of other pluripotent stem cells using RRRRRRRRR and the HIV cell-

penetrating peptide TAT (GRKKRRQRRRPQ) has been demonstrated in the literature.52,53 To our 

knowledge, however, no stem cell-penetrating peptides have been discovered using a de novo 

combinatorial approach like the one presented here.  
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Figure 3.7. H9 human embryonic stem cell peptide permeation comparison with flow cytometry. (A) Mean 
fluorescence intensity (MFI) data for unlabeled cells, cells incubated with TAMRA-labeled peptides: (i) no 
peptide, (ii) RRRRRRRRR, (iii) GEGEGEG, (iv) MRKRHASRREK, or (v) cyclo[Glut-MRKRHASRRE-K*]; the 
values of MFI are normalized against those obtained with TAMRA-RRRRRRRRR at the corresponding 
temperature (i.e., 4oC or 37oC). (B) Representative flow cytometry histogram at 37oC of unlabeled cells 
(red), cells incubated with TAMRA-labeled peptides: 2 μM RRRRRRRRR (cyan), 2 μM GEGEGEG (orange), 
2 μM MRKRHASRREK (light green), or 2 μM cyclo[Glut-MRKRHASRRE-K*] (dark green). (C) Representative 
flow cytometry histogram at 4oC of unlabeled cells (red), cells incubated with TAMRA-labeled peptides: 2 
μM RRRRRRRRR (cyan), 2 μM GEGEGEG (orange), 2 μM MRKRHASRREK (light green), or 2 μM cyclo[Glut-
MRKRHASRRE-K*] (dark green). (D) Representative flow cytometry analysis of H9 hESCs incubated with 1 
μM (blue) or 5 μM (red) of cyclo[Glut-MRKRHASRRE-K*] in E8 media overnight at 37oC. Cells alone are 
shown in black. (E) Percentage of viable cells after 24 or 48 hour incubation with (i) PBS or (ii) - (v) 10 μM 
of each peptide. Data analysis using a two-tailed t-test assuming unequal variances indicates a statistical 
higher permeation of RRRRRRRRR compared to all other peptides at 37oC (p<0.05). No statistically 
significant differences in viability were observed. Error bars correspond to the standard error from 3 
independent repeats. 
 

Cyclo[Glut-MRKRHASRRE-K*] clearly outperformed both its linear counterpart and the 

positive control peptide RRRRRRRRR (Figure 3.7A). The comparison with the control peptides 

at different temperatures (4oC vs. 37oC), obtained by averaging the flow cytometry histograms 

(Figure 3.7B and 3.7C), shows a slightly different peptide permeation behavior compared to that 

observed with 3T3 cells. Interestingly, a bimodal histogram was observed with RRRRRRRRR 
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incubated hESC cells (Figure 3.7B), which could be attributed to differences in either colony or 

single cell permeation (this phenomenon was not explored further). However, it must be 

emphasized that data from these flow cytometry studies need to be interpreted with caution, and 

in conjunction with microscopy studies (Figure 3.8), since non-specific binding of peptides to the 

cell surface may occur. Finally, the biocompatibility of cyclo[Glut-MRKRHASRRE-K*]-K(5-

TAMRA) on H9 cells was evaluated, indicating no significant impact on cell viability after 

incubation with the cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) peptide (Figure 3.7E). 

 

Figure 3.8. Confocal microscopy images of H9 human embryonic stem cells incubated with 1 μM TAMRA-
labeled peptide in E8 media for 3 hours at 37oC: (A) of cyclo[Glut-MRKRHASRRE-K*]; (B) 5 μM of 
MRKRHASRREK; (C) 5 μM of RRRRRRRRR; or (D) 5 μM of GEGEGEG. Blue channel indicates nuclei staining 
with Hoecht and red channel indicates the peptide. Note: the scalebar is reported separately from the 
microscopy images to improve its legibility. 
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Confocal fluorescence microscopy images of hESC colonies incubated with labeled 

peptides indicate that cyclo[Glut-MRKRHASRRE-K*] (Figure 3.8A) produced a slightly higher 

fluorescence than RRRRRRRRR (Figure 3.8C). It is also noted that cyclo[Glut-MRKRHASRRE-

K*] penetration resulted in a punctuate-only fluorescence in hESC colonies, in contrast with what 

observed with 3T3 cells, where a diffuse and punctuate fluorescence was obtained. This suggests 

a potential sequestration of the cyclic peptides within endosomes or lysosomes upon access into 

hESC colony. As anticipated, neither the linear cognate MRKRHASRREK nor the negative 

control GEGEGEG afforded any significant penetration (Figure 3.8B and 3.8D) with a weak 

punctate fluorescence occurring for the linear peptide only. These data indicate that cyclo[Glut-

MRKRHASRRE-K*] can penetrate H9 hESCs. Collectively, these data demonstrate that 

cyclo[Glut-MRKRHASRRE-K*] is capable of permeating mammalian stem cells rapidly and 

efficiency. 

3.3.5 Structural study of cyclo[Glut-MRKRHASRRE-K*] and MRKRHASRREK via 

atomistic molecular dynamics (MD) simulations 

We finally conducted an evaluation of the structure of the proposed peptide cyclo[Glut-

MRKRHASRRE-K*] and its linear precursor MRKRHASRREK via molecular dynamics (MD) 

simulations. Our results indicate that both MRKRHASRREK and cyclo[Glut-MRKRHASRRE-

K*] present the strong α-helical structure typical of cell-penetrating peptides, featuring cationic 

residues (R, K, and H) displayed in a radial fashion and intercalated with aliphatic (A) and polar 

non-cationic (S and E) residues (Figure 3.9). We hypothesize that the slight deformation of the 

helix, caused by end-to-side-chain cyclization, endows the peptide with permeation activity. Our 

results demonstrate in fact that, despite the structural similarity, cyclo[Glut-MRKRHASRRE-K*] 

clearly outperforms its linear cognate in terms of both adsorbance onto and permeation into 



   

86 
 

dechorionated (Figures 3.1 and 3.2) and dechorionated-and-dewaxed embryos (Figures 

3.3 and 3.4), as well as permeation of NIH 3T3 (Figures 3.5 and 3.6) and H9 human embryonic 

stem cells (Figure 3.7 and 3.8). 

 
Figure 3.9. Snapshots of the structures of peptides (A) MRKRHASRREK and (B) cyclo[Glut-MRKRHASRRE-
K*] obtained from atomistic MD simulations. 
 

This comparison also provides an interesting perspective into the chemical and structural 

roots of peptide permeation across biological barriers. The linear peptide MRKRHASRREK, 

despite its resemblance with Tat47-57 (YGRKKRRQRRR) and the Antennapedia peptide 

(RQIKIWFQNRRMKWKK) in terms of both secondary structure and amino acid composition, 

shows poor permeation. On the other hand, cyclo[Glut-MRKRHASRRE-K*] is capable of 

accessing dechorionated-only embryos and larvae, despite the complexity of their multilayered 

barrier. This suggests that every peptide possesses a chemical and structural uniqueness that limits 

a direct comparison with other peptides despite formal resemblance.  
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3.4 Conclusions 

We have successfully developed a novel screening technique that uses mRNA display 

libraries of cyclic peptides to identify de novo peptide capable of Drosophila melanogaster 

permeation. To our knowledge, this is the first peptide identified to permeate into Drosophila 

melanogaster. We further characterized cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) on two 

other cell types to show its utility as a general membrane-permeating peptide. In all cases, the 

peptide was able to penetrate into the cell or organism of interest. Also in all cases, the cyclization 

of the peptide was necessary to enhance its permeability. Membrane-penetrating peptides 

developed using this approach may have application as a delivery agents, which can supplement 

or displace traditional delivery methods such as microinjections or liposomal-based delivery 

methods. Our results demonstrate the usefulness of our approach for rapid identification of cyclic 

MPPs. 

 
3.5 Materials and Methods 

3.5.1 Production of mRNA display libraries of cyclic 10-mer peptides 

An mRNA-display library of cyclic 10-mer peptides was initially produced following the 

method described by Menegatti et al.26 All oligonucleotides were obtained from Integrated DNA 

Technologies (IDT). First, the oligonucleotide sequence 5’-GGA CAA TTA CTA TTT ACA ATT 

ACA ATG NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN AAA GGC GGC AGC GGC 

GGC AGC CAT CAC CAC CAT CAC CAT ATG GGA ATG-3’ encoding the 10-mer 

(MX1X2X3X4X5X6X7X8X9X10K) library (where X is one of the 20 natural amino acids) was PCR-

amplified with Phusion DNA polymerase (Fisher Scientific), using the forward primer 5’-GCA 

AAT TTC TAA TAC GAC TCA CTA TAG GGA CAA TTA CTA TTT ACA ATT AC-3’ and 

the reverse primer 5’- ATA GCC GGT GCC AGA TCC AGA CAT TCC CAT ATG GTG ATG 
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GT-3’. The amplified DNA was used to generate mRNA-peptide fusions using in vitro 

transcription using retic lysate IVT Kit (Fisher Scientific), ligation of a puromycin hybridization 

and intercalation linker (Keck Oligo Synthesis Lab, Yale University), and in vitro translation. The 

resulting mRNA-peptide libraries (~1013 hybrids) were adsorbed onto 200 μL of Oligo-dT 

cellulose (Fisher Scientific), washed with dT washing buffer (0.2 M NaCl, 10 mM Tris pH 7.5, 

1 mM EDTA, 0.05% SDS, 1 mM DTT (Fisher Scientific) 3 × 10 min) and crosslinking buffer 

(0.2 M NaCl, 1 mM EDTA, 0.05% SDS, 1 mM DTT; 3 × 10 min), and finally cyclized by 

incubation with 50 μL of 2.3 mg/mL solution of disuccinimidyl glutarate (DSG) (Fisher Scientific) 

in DMF (Fisher Scientific) for 2 hrs at 4°C. The mRNA-cyclic peptide libraries were eluted with 

600 μL of 0.1% DEPC (Millipore Sigma) water containing 1 mM DTT. Next, the libraries were 

incubated with 25 μL of 100 µM reverse transcription primer (5’-TTT TTT TTT TNN CCA GAT 

CCA GAC ATT CCC AT-3’) for 15 min at room temperature, 200 μL of 5x first strand buffer 

(250 mM Tris–HCl pH 8.3, 375 mM KCl, 15 mM MgCl2), and 50 μL of 10 mM dNTPs (New 

England BioLabs), 100 µL 0.1 M DTT, and 0.1% DEPC water to adjust the solution to a total 

volume to 995 μL. Reverse transcription was initiated by incubating with 5 μL Superscript™ 

reverse transcriptase (200 U/µL) (Fisher Scientific) for 50 min at 42°C; EDTA was added to the 

reaction mixture to reach a final concentration of 6mM and incubated for 5 min at room 

temperature. The resulting libraries of cDNA-mRNA-cyclic peptides were desalted using a Nap-

10 desalting column and purified using Ni-NTA agarose beads. The purified libraries were finally 

desalted using a Nap-5 column. The estimated number of mRNA-cDNA-cyclic peptide fusions, 

determined by A260 measurement, was ~1013 variants. 

 

 



   

89 
 

3.5.2 Screening of mRNA cyclic peptide libraries against D. melanogaster embryos 

Adult Drosophila melanogaster flies (~100 units) were incubated for 2-4 hrs in a cage with 

an agar plate containing grape juice and yeast extract (3% w/v agar, 25% grape juice concentrate, 

0.03% methyl paraben (p-hydroxymethylbenzoate), and 0.3% w/v sucrose) (Genesee Scientific). 

The flies were anesthetized with CO2 for 3 – 5 sec, after which the existing agar plate was replaced 

with a fresh plate, and flies were allowed to deposit embryos. The plate was removed from the 

cage after 2 hrs and 50-100 embryos were extracted, placed onto a mesh screen, washed with 

embryo wash buffer (3.5 M NaCl, 1.5% v/v Triton X-100 in water), dechorionated with 8.25% 

sodium hypochlorite in water for 3 min and finally washed with PBS (Millipore Sigma). The 

embryos were suspended and washed in a microcentrifuge tube containing 1 mL of PBS, pH 7.4, 

and finally settled by gravity. After removing the PBS supernatant, the entirety (~1 mL) of mRNA-

cDNA-cyclic 10-mer peptides was added to the embryos and incubated at room temperature for 3 

hrs under mild agitation. The embryos were washed with PBS buffer and lysed using a shortened 

version of TRIzol (Fisher Scientific) lysis method; briefly, the method provided by the 

manufacturer was followed up to the partitioning step. A volume of 1 mL TRIzol lysis buffer was 

incubated with the embryos, and a 21-gauge needle was used to lyse the embryos. The lysed 

embryos were centrifuged at 12,000x g for 20 min to pellet any membrane components or un-lysed 

embryos. The mRNA-cDNA-cyclic peptides were precipitated using 2 mL of 100% v/v ethanol 

and 100 μL of 3 M Potassium Acetate pH 5.5 overnight at -20oC. The pellet was centrifuged at 

12,000x g for 20 minutes and washed with 70%v/v and 100%v/v ethanol in series, and finally 

resuspended in 30 μL of autoclaved 0.1% DEPC water. The cDNA was amplified by PCR as 

described above and utilized as a template to construct a subsequent iteration of the mRNA-display 
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library. Four subsequent cycles of library screening were repeated, and the final pool of cDNA 

sequences were amplified by PCR, and sequenced by Sanger sequencing. 

 
3.5.3 Culturing of H9 human embryonic stem cells and NIH 3T3 cells 

H9 hESCs were initially seeded as colonies on 3.5 cm2 vitronectin-coated polystyrene 

tissue culture plates (Sarstedt) and expanded in E8® media (Stemcell Technologies). Cells were 

cultured and passaged upon reaching approximately 70% confluency. Cells were washed with 

PBS, released from the plates using 1 mL of ReLeSR® (Stemcell Technologies), and resuspended 

by mechanical agitation. Finally, 50 μL of cell suspension was added to a fresh vitronectin-coated 

plate, and allowed to grow for 5 - 6 days until reaching approximately 70% confluency, while 

replenishing with fresh E8® media every 1-2 days. NIH 3T3 cells were initially seeded on 3.5 cm2 

polystyrene tissue culture plates and expanded in DMEM® + GlutaMAXTM (Gibco), supplemented 

with 10%v/v One ShotTM Fetal Bovine Serum (Gibco) and 100 U/mL penicillin-streptomycin 

(Gibco). Cells were passaged upon reaching approximately 70% confluency, the cells were washed 

with PBS and released from the plates using 500 μL of TrypLETM (Gibco), incubated at 37oC and 

centrifuged at 300x g for 5 min. Subsequently, the supernatant was removed and the cell pellet 

was resuspended in 1 mL of DMEM® + GlutaMAXTM. Finally, the cells were passed at a 1:10 split 

ratio and allowed to grow for 3 - 4 days until reaching approximately 70% confluency, while 

changing the media every 2 days. 

 
3.5.4 Evaluation of peptide permeation on D. melanogaster embryos and larvae 

D. melanogaster embryos at different developmental stages and larvae were allowed to 

propagate using grape juice agar plates, yeast extract, and mesh cages as described in previous 

sections. A cage of fruit flies were allowed to propagate and lay embryos for 48 hours onto the 
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grape juice agar plate. The plate was subsequently collected, the embryos/larvae were removed 

from the plate by washing with 3 x 30 mL of embryo wash buffer (3.5 M NaCl, 1.5% v/v Triton 

X-100 in water), and placed on a mesh screen. The embryos/larvae were subsequently treated with 

10 mL of 8.25% sodium hypochlorite in water for 3 min to remove the embryonic chorion, and 

washed with PBS prior to peptide incubation. After dechorionation, a fraction of the embryos and 

larvae were also treated with 10%v/v of detergent Valencia Orange Concentrated Degreaser 

(Citrasolv) in water for 3 minutes, which dewaxes the embryos, as described by Rand et al.27 

Dechorionated and dechorionated/dewaxed embryos/larvae were washed and resuspended in 500 

μL of MBIM media (MgCl2•6H20 (2.2 g/L), MgSO4•7H20 (2.97 g/L), NaH2PO4 (0.42 g/L), 

Glutamic Acid (12.1 g/L), Glycine (6.05 g/L), Malic Acid (0.66 g/L), Sodium Acetate (0.027 g/L), 

Glucose (2.2 g/L), CaCl2•2H20 (0.99 g/L)) supplemented with 0.05% Tween 20 (Promega), 2.5 

mM DTT, at pH 7.4. 

Aqueous stock solution of peptides cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) 

(UNC Peptide Core Facility), TAMRA-MRKRHASRREK, TAMRA-RRRRRRRRR, and 

TAMRA-GEGEGEG (Genscript) at 0.1 mM concentration were added to the suspension of 

embryos/larvae to reach a final concentration of 20 μM and incubated overnight at room 

temperature under gentle agitation; a control with no peptide (PBS, pH 7.4) was also performed. 

These trials resulted in a pool of embryos and larvae featuring development ages ranging between 

12 – 60 hours, which includes the 48 hour fruit fly propagation period and the ~12 hour overnight 

incubation period. The embryos/larvae were washed 3x with 1 mL of MBIM, 0.05% Tween 20, 

2.5 mM DTT, and analyzed by laser scanning confocal microscopy in the mid-sagittal section 

using a Zeiss LSM 880 with Airyscan instrument (White Plains, New York) operating at varying 

excitation wavelengths. An excitation wavelength of 561 nm with an emission filter range of 570 
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– 650 nm was used for TAMRA detection in the red channel. An excitation wavelength of 488 nm 

and emission filter range of 490 – 570 nm was used to detect GFP expression within the embryo 

nuclei in the green channel. Image analysis of nuclei localization and peptide distribution was 

performed via Zeiss image analysis software. 

 
3.5.5 Evaluation of peptide permeation on H9 hESCs and NIH 3T3 cells 

H9 hESCs were initially seeded on a 3.5 cm2 vitronectin-coated plate and allowed to 

propagate as colonies as described in previous sections. Cells were allowed to reach ~70% 

confluency, released from the plate using TrypLE®, resuspended in 1 mL of E8® media, 

centrifuged at 300x g for 5 min, and plated at 50,000 cells per plate in 2 mL of E8® media 

supplemented with 2 μL of 1000x Rho/Rock inhibitor Y27632 (Tocris). Prior to incubation with 

the appropriate peptide, plated cells were allowed to grow for 48 hrs and washed with PBS, after 

which 600 μL of fresh E8® media either pre-warmed to 37oC or pre-chilled to 4oC was added to 

the tissue culture dish. Aqueous solutions of peptides cyclo[Glut-MRKRHASRRE-K*]-K(5-

TAMRA), TAMRA-MRKRHASRREK, TAMRA-RRRRRRRRR, and TAMRA-GEGEGEG at 

0.1 mM concentration were added to reach a final concentration ranging from 1 – 10 μM in E8® 

media. Cells were incubated with the peptides for 3 hrs at either 37oC in 5% CO2 or at 4oC, and 

then washed 2x with 1 mL PBS supplemented with MgCl2 and CaCl2 (Millipore Sigma), 1x with 

1 mL of 20 mM glycine, 3 M urea, at pH 3.0 for 5 minutes at 4oC, and 2x with 1 mL PBS added 

with supplemented with MgCl2 and CaCl2. 

NIH 3T3 cells were cultured following the procedure outlined above. Cells were allowed 

to reach ~70% confluency, released from the plate using TrypLE®, resuspended in 1 mL of 

DMEM® + GlutaMAXTM, supplemented with 10%v/v One ShotTM Fetal Bovine Serum and 100 

U/mL penicillin-streptomycin, centrifuged at 300x g for 5 min, and plated at 50,000 cells per plate 
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in 2 mL of DMEM® + GlutaMAXTM, supplemented with 10%v/v One ShotTM Fetal Bovine Serum 

and 100 U/mL penicillin-streptomycin. Prior to incubation with peptides, plated cells were allowed 

to grow for 48 hrs and washed with PBS, after which 600 μL of fresh in Opti-Mem® media either 

pre-warmed to 37oC or pre-chilled to 4oC was added to the tissue culture dish. Aqueous solutions 

of peptides cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA), TAMRA-MRKRHASRREK, 

TAMRA-RRRRRRRRR, and TAMRA-GEGEGEG at 0.1 mM concentration were added to reach 

a final concentration of 1 – 10 μM in Opti-Mem® media. Cells were incubated with the peptides 

for 3 hrs at either 37oC in 5% CO2 or at 4oC, and then washed 2x with 1 mL PBS supplemented 

with MgCl2 and CaCl2, 1x with 1 mL of 20 mM glycine, 3 M urea, at pH 3.0 for 5 minutes at 4oC, 

and 2x with 1 mL PBS supplemented with MgCl2 and CaCl2. 

For single cell flow cytometry analysis, following the washing steps, both H9 hESCs and 

NIH 3T3 cells were removed from the plate using 500 μL of TrypLE® and centrifuged at 300x g 

for 5 min, after which the supernatant was removed and the cell pellet was resuspended in 200 μL 

of PBS. Suspended cells were then analyzed using a MACS Quant Flow Cytometer (Miltenyi 

Biotec) operated at the excitation wavelength of 561 nm and with an emission filter of 661/20 nm. 

A total of 10,000 events were recorded. 

For analysis using laser scanning confocal microscopy, both H9 hESCs and NIH 3T3 cells 

were grown on 3.5 cm2 glass-bottom tissue culture plates (Grenier-Bio-One), stained with either 

Hoechst nuclear dye alone (1 μg/mL in PBS, pH 7.4) followed by Hoechst nuclear dye, and 

incubated on ice for 15 minutes. Following a wash with PBS supplemented with MgCl2 and CaCl2, 

cells were imaged by laser scanning confocal microscopy using a Zeiss LSM 880 with Airyscan 

instrument (White Plains, New York) operated at the excitation wavelength of 561 nm with an 

emission filter of 570 - 610 nm to detect TAMRA expression in the red channel. An excitation 
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wavelength of 405 nm and emission filter of 410 – 490 nm was used to detect Hoechst dye 

indicating nuclear localization. Image analysis of peptide distribution was performed via Zeiss 

image analysis software.  

 
3.5.6 Evaluation of cytotoxicity of cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA) on H9 

hESC and NIH 3T3 cells 

H9 hESCs and NIH 3T3 cells were cultured as described above. Aqueous stock solutions 

of peptides cyclo[Glut-MRKRHASRRE-K*]-K(5-TAMRA), TAMRA-RRRRRRRRR, and 

TAMRA-MRKRHASRREK at 0.1 mM concentration were added to the cell culture solutions to 

reach a final concentration of 10 μM in either E8® media or DMEM® + GlutaMAXTM, 

supplemented with 10%v/v One ShotTM Fetal Bovine Serum and 100 U/mL penicillin-

streptomycin for H9 hESCs or NIH 3T3 cells, respectively. Cells were incubated with the peptides 

for 24 or 48 hrs at 37oC, 5% CO2, subsequently washed twice with PBS, released from the tissue 

culture plate using TrypLE®, centrifuged at 300x g for 5 min and resuspended in 1 mL PBS. Cell 

viability was determined using a Live/DeadTM Fixable Dead Cell Stain Kit. Briefly, the cells were 

incubated with Live/DeadTM Fixable Green Dead Cell Stain dye (Fisher Scientific) according to 

the manufacture’s protocol, and washed twice with PBS, 1% BSA prior to flow cytometry analysis. 

Suspended cells were then analyzed using a MACS Quant Flow Cytometer (Miltenyi Biotec) 

operated at the excitation wavelength of 561 nm and emission filter of 661/20 nm for detection of 

the TAMRA fluorophore, and operated at an excitation wavelength of 488 nm and emission of 

525/50 nm for detection of the FITC dye. A total of 10,000 events were recorded. 
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3.5.7 Molecular dynamics (MD) simulation of cyclo[Glut-MRKRHASRRE-K*] and 

MRKRHASRREK 

The peptides cyclo[Glut-MRKRHASRRE-K*] and MRKRHASRREK were designed 

using the molecular editor Avogadro, and equilibrated via all-atom MD simulations in 

GROMACS28–30 using the OPLS all-atom force field.31,32 Each peptide was at the center of  a 

simulation box with periodic boundary conditions containing 1,000 water molecules (TIP3P water 

model).33–35 The system was initially minimized with 10,000 steps of steepest gradient descent, 

heated to 300 K in an NVT ensemble for 250 ps (1 fs time steps), and equilibrated to 1 atm with a 

500-ps NPT simulation (2 fs time steps). The production run for both peptides was then performed 

in the NPT ensemble at 300 K using the Nosé-Hoover thermostat36–38 and 1 atm using the 

Parrinello-Rahman barostat.39,40 The leap-frog algorithm was used to integrate the equations of 

motion. The covalent bonds were constrained using the LINCS algorithm.41 Short-range 

electrostatic and Lennard-Jones interactions were calculated within a cutoff of 0.8 nm and 1.0  nm, 

respectively; the particle-mesh Ewald method was utilized to treat the long-range electrostatic 

interactions.42,43 The atomic coordinates were saved every 2 ps, and the non-bonded interaction 

pair-list was updated every 5 fs using a cutoff of 1.2 nm. 
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CHAPTER 4 – Screening of yeast display libraries of enzymatically-cyclized peptides to 

discover macrocyclic peptide ligands 
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4.1 Abstract 

We present the construction and screening of yeast display libraries of cyclic peptides 

wherein site-selective enzymatic cyclization of linear peptides is achieved using bacterial 

transglutaminase. To this end, we developed two alternative routes, namely (i) yeast display of 

linear peptides followed by treatment with recombinant transglutaminase in solution; or (ii) 

intracellular co-expression of linear peptides and transglutaminase to achieve cyclization in the 

endoplasmic reticulum prior to yeast surface display. The cyclization yield was evaluated via 

orthogonal detection of epitope tags integrated in the yeast-displayed peptides by flow 

cytometry, and via comparative cleavage of cyclic vs. linear peptides by tobacco etch virus 

(TEV) protease.  Subsequently, yeast display libraries of transglutaminase-cyclized peptides 

were screened to isolate binders to the N-terminal region of the Yes-Associated Protein (YAP) 

and its WW domains using magnetic selection and fluorescence activated cell sorting (FACS). 

The identified cyclic peptide cyclo[E-LYLAYPAH-K] featured a KD of 0.34 μM for YAP and 

2.64 μM for WW as well as high binding selectivity against albumin and lysozyme. These results 

demonstrate the usefulness of yeast surface display for screening transglutaminase-cyclized 

peptide libraries, and efficient identification of cyclic peptide ligands. 

 
4.2 Introduction 

Cyclized peptide ligands feature superior bioactivity and biochemical stability compared 

to their linear counterparts.1–4 An extensive body of literature exists on cyclic peptides with 

antibody-like affinity for protein targets,5,6 the ability to permeate cells and deliver a therapeutic 

payload,7,8 or act as modulators of intracellular and extracellular protein-protein interactions.9,10 

These studies emphasize the usefulness and the need for efficient methods to develop cyclic 

peptides with strong biorecognition activity. Several platform technologies have been developed 
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for isolation of bioactive peptides by combinatorial library screening, such as mRNA-display,11 

phage-display,12 yeast display,13 or screening of solid-phase synthetic libraries.14 However, peptide 

cyclization has been emphasized to a lesser extent,15–19 and has been predominantly achieved by 

the formation of disulfide bonds or nucleophilic substitution using bifunctional linkers on lysine 

and cysteine residues.3,6,20,215,22,23 More recently, enzymatic cyclization has been used to construct 

peptide macrocycles on the surface of yeast24 and bacteria,25 or within bacteria.26 In one study, a 

library of lanthipeptides was cyclized using the ProcM enzyme, resulting in macrocyclic peptides 

displayed on the surface of yeast cells that were screened to identify ligands for αvβ3 integrin.24 

In another study, peptides expressed on E. coli cells were combined with synthetic segments via 

intein trans-splicing and intramolecular oxime ligation.25 Another method proposed for 

intracellular synthesis of cyclic peptide libraries relies on split intein-mediated circular ligation of 

peptides and protein (SICLOPPS), and was employed to identify inhibitors to a variety of enzymes 

and protein-protein interactions.27–29 

These enzymatic ligation strategies are gaining prominence owing to their excellent site- 

and chemo-selectivity, and high yields under mild conditions.30–33 As a result, new cyclization 

strategies based on specific peptide motifs are being developed: peptide macrocycles of up to 78 

amino acids were produced by reacting proteins displaying an N-terminal glycine with the peptide 

motif LPXTG using Sortase;34 similarly, Butelase 1 has been employed to cyclize peptides ranging 

between 26 to greater than 200 residues;35 the S-adenosylmethionine enzyme AlbA has been used 

to catalyze the formation of a thioether bond for the synthesis of macrocyclic subtilosin A;36 

finally, transglutaminase has been used in conjunction with orthogonal cyclization strategies to 

achieve poly-cyclization of peptides of varying lengths on the surface of phages.37  
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In this study, we present a method for constructing and screening yeast display libraries of 

transglutaminase-cyclized peptides to identify cyclic peptide ligands, using specific regions of the 

Yes-Associated Protein (YAP) as model targets. Transglutaminase catalyzes the formation of an 

amide (i.e., peptide) bond between a glutamine (Q) residue located on the N-terminus of the 

variable region of the peptide and the C-terminal lysine (K) residue, resulting in a “head-to-side 

chain”-type peptide cyclization. In this study, the linear precursor peptides were displayed via the 

Aga1-Aga2 construct on the surface of yeast Saccharomyces cerevisiae.13 Specifically, we 

attempted two routes to achieve the cyclization of the linear peptide precursors with 

transglutaminase. The first one comprised the expression of the peptide-Aga fusion on yeast 

followed by the incubation of the cells with soluble recombinant transglutaminase. The second 

route relied on the co-expression of the linear peptides and transglutaminase by the same yeast 

cells with the aim of achieving peptide cyclization during intracellular trafficking through the 

endoplasmic reticulum and prior to display.38 The yield of transglutaminase-mediated cyclization 

was evaluated by comparing the detection levels of multiple epitope tags integrated in the peptide-

Aga fusion via fluorescent immunolabeling and flow cytometry. Further confirmation of peptide 

cyclization was conducted by comparing the cleavage of transglutaminase-cyclized peptides by 

tobacco etch virus (TEV) protease against their linear precursors. 

The resulting libraries were screened against the N-terminal region of the Yes-Associated 

Protein (YAP, AAs 1-291) and its WW domains (AAs 165-271) using magnetic selection and 

fluorescence associated cell sorting (FACS). YAP is a transcriptional regulator that plays a crucial 

role in cell proliferation and apoptosis.39 Ligands targeting YAP can serve as modulators of the 

Hippo signaling pathway, providing control over cellular mechanisms responsible for organ and 

tumor development and growth. The peptide cyclo[E-LYLAYPAH-K], identified by screening 
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libraries of peptides cyclized via extracellular treatment with transglutaminase, was characterized 

via yeast display binding assay to determine the apparent affinity for the N-terminal domain of 

YAP (KD ~ 1.67 μM) and its WW domains (KD ~ 0.84 μM). Chromatographic assays were also 

conducted to evaluate binding affinity and selectivity on solid phase. Collectively, these results 

demonstrate the potential of this platform for the rapid de novo identification of cyclic peptides 

with protein biorecognition activity. 

 

4.3 Results and Discussion 

4.3.1 Evaluation of extracellular transglutaminase-mediated peptide cyclization 

Transglutaminase catalyzes the formation of an amide (i.e., peptide) bond between the ε-

amino group of a C-terminal lysine and the γ-carbamoyl side chain group of an N-terminal 

glutamine (Figure 4.1A), and has been widely utilized for protein modification, and peptide 

conjugation and cyclization.48 In the context of cyclization of short peptides, transglutaminase has 

been utilized either alone or in combination with orthogonal cyclization agents to construct cyclic 

and polycyclic constructs comprising 6 – 12 residues.37,49 Considerable efforts have been dedicated 

to the engineering of the enzyme,50 the identification of its recognition sequence, and the 

optimization of the reaction conditions to increase the yield of ligation;37,51 in particular, it has 

been recognized that appending the N-terminal dipeptide Ala-Leu significantly increases the 

cyclization yield.37 

In this study, we referred to the sequence ALQSGSRGGGKS as linear precursor to 

evaluate the efficiency of cyclization on the surface of yeast cells; this peptide, in fact, served as 

model substrate in prior work on transglutaminase-mediated cyclization.37 Specifically, we 

designed a plasmid construct to express the lead sequence ALQSGSRGGG in an Aga1-Aga2 
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display system on the surface of Saccharomyces cerevisiae cells. Together with the model peptide, 

the Aga2 fusion construct comprises the c-myc and HA detection tags, and a tobacco etch virus 

(TEV) protease signal recognition sequence (Figure 4.1B). Notably, the c-myc epitope 

EQKLISEEDL provides the lysine residue (K) that is enzymatically ligated with the glutamine (Q) 

of the lead sequence ALQSGSRGGG, resulting in peptide cyclization. We hypothesized that the 

transglutaminase-mediated tethering of the lead sequence and the c-myc epitope hinders – or 

completely prevents – the binding of c-myc antibodies (Figure 4.1C). Accordingly, the 

quantification of the differential binding of fluorescently labeled c-myc antibodies to cells 

displaying either linear or transglutaminase-cyclized peptides provides a measure of the 

cyclization yield (note: to ensure the site-selectivity of the cyclization, we eliminated the lysine 

and serine residues from the C-terminus of the model peptide sequence). 

Upon inducing the expression of the linear peptide construct on the yeast surface, the cells 

were either treated with soluble recombinant transglutaminase or plain buffer (negative control). 

The expression of the peptide was confirmed by detecting the HA and c-myc tags via flow 

cytometry (Figure 4.2A, D). While the HA signal did not differ between transglutaminase-treated 

and untreated cells, a notable decrease in detection c-myc signal was found with the cells incubated 

with transglutaminase. This is consistent with our hypothesis of decreased antibody binding on c-

myc tag upon enzymatic crosslinking to the model sequence. 
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Figure 4.1. Transglutaminase-mediated cyclization of model peptides displayed on the surface of yeast 
cells and evaluation of peptide cyclization efficiency. (A) Formation of an amide bond between the ε-
amino group of a C-terminal lysine and the γ-carbamoyl side chain group of an N-terminal glutamine by 
transglutaminase; (B) Design of the pCTcon2 plasmid vector for expressing the model peptide sequence 
ALQSGSRGGGKS as contiguous to the c-myc epitope sequence EQKLISEEDL; (C) Scheme of the peptide 
construct and the impact of transglutaminase-mediate peptide cyclization on the detection of the c-myc 
and HA tags and the efficiency of cleavage by TEV protease. 
 

We further evaluated the cyclization yield by assessing the extent of cleavage of linear vs. 

transglutaminase-treated peptide constructs from yeast cells by TEV protease. This cysteine 

protease recognizes the sequence ENLYFQ-G/S and cleaves it at the Q and G/S residues.38 We 

hypothesize that peptide cyclization would inhibit the cleavage of the TEV recognition sequence 

framed between the His-tag and the HA tag. Accordingly, yeast cells expressing the cyclized 

peptides or the linear precursor were treated with TEV protease, and the level of the HA and c-

myc tags were quantified via fluorescent flow cytometry. No variation in HA signal upon treatment 

with TEV protease was observed in cells displaying either the linear or transglutaminase-cyclized 
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peptide (Figure 4.2B, C); this was expected, given that the TEV recognition sequence is in 

downstream to the HA tag (Figure 4.1C). However, a notable difference in residual c-myc level 

was observed between the cells displaying the linear vs. transglutaminase-cyclized peptides, 

wherein the former cell population showed a significant loss of fluorescence (Figure 4.2B, D) 

while the latter only presented a minor decrease (Figure 4.2C, D). This is coherent with our 

hypothesis that the TEV recognition site is significantly sterically hindered upon peptide 

cyclization or is in itself involved in the cyclization through its glutamine residue (note: the latter 

is unlikely due to the lack of Ala-Leu leader sequence required for transglutaminase reaction in 

the TEV recognition site). Collectively, these results suggest that extracellular treatment with 

transglutaminase results in the cyclization of the linear peptide precursor expressed as an Aga 

fusion on the surface of the yeast cells. 
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Figure 4.2. Evaluation of the yield of transglutaminase-mediated cyclization of yeast displayed peptides 
via immunofluorescence labeling and flow cytometry. (A) Mean fluorescence intensity (MFI) of HA and c-
myc tag levels detected on yeast surface display peptides before (YSD-pep) and after (YSD-pep + TG) 
incubation of the yeast cells with transglutaminase (TG); (B) MFI of HA and c-myc tag levels detected on 
yeast surface display peptides before (YSD-pep) and after (YSD-pep + TEV) incubation of the yeast cells 
with TEV protease (no incubation with TG); (C) MFI of HA and c-myc tag levels detected on yeast surface 
display peptides incubated with TG before (YSD-pep + TG) and after (YSD-pep + TG + TEV) incubation of 
the yeast cells with TEV protease; (D) Representative flow cytometry histograms of c-myc epitope levels 
detected on yeast cells displaying the linear peptide before (red) and after (orange) incubation with TG, 
with no incubation with TG and after treatment with TEV protease (cyan), and after incubation with TG 
followed by treatment with TEV protease (green). The error bars correspond to the standard error of the 
mean from three independent replicates. A two-tailed paired t-test was performed; * indicates p<0.1 and 
** indicates p<0.05. 
 
 
4.3.2 Design, construction, and screening of a yeast display library of cyclic peptides via 

extracellular transglutaminase-mediated cyclization 

We implemented the extracellular peptide cyclization method demonstrated above to the 

construction of a yeast display library of cyclic 8-mer peptides using the randomized sequence 

WALQX1 X2-X3-X4-X5-X6-X7-X8KS as linear precursor (Figure 4.3A, note: because a C-terminal 
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lysine (K) was incorporated in the library sequence, the c-myc tag was omitted from the construct). 

The cyclization yield of the library peptides was evaluated via flow cytometry upon fluorescent 

labeling of the HA tag and His-tag, with and without treatment with TEV protease. As anticipated, 

no difference in HA tag levels was observed upon treatment with transglutaminase (Figure 4.3B). 

Exposure to TEV protease resulted in a notable decrease in HA tag levels for yeast display library 

of linear peptides (Figure 4.3C), whereas no significant variation was observed with the yeast 

display library of cyclic peptides (Figure 4.3D). These results suggest that cyclization of the 

peptide yeast library was effectively achieved with transglutaminase. 

 

Figure 4.3. (A) Design of a pCTcon2 vector-based plasmid to express a combinatorial library of 8-mer 
peptides using the Aga2 display system on the surface of yeast cells; (B) MFI of HA and His tag levels 
detected on yeast surface display library of 8-mer peptides before (YSD 8-mer) and after (YSD 8-mer + TG) 
incubation of the yeast cells with transglutaminase (TG); (C) MFI of HA and His tag levels detected on a 
yeast surface display library of 8-mer peptides before (YSD 8-mer) and after (YSD 8-mer + TEV) incubation 
of the yeast cells with TEV protease (no incubation with TG); (D) MFI of HA and His tag levels detected on 
a yeast surface display library of 8-mer peptides incubated with TG before (YSD 8-mer + TG) and after (YSD 
8-mer + TG + TEV) incubation of the yeast cells with TEV protease. Error bars correspond to the standard 
error of the mean from three independent replicates. A two-tailed paired t-test was performed. * p<0.05. 
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We then screened the library against the N-terminal region (AAs 1-291) of Yes-Associated 

Protein 65 (N-YAP) and its WW domains (WW-YAP). To ensure the selection of peptide ligands 

with true affinity for the target proteins, two rounds of screening via magnetic cell sorting followed 

by two rounds of screening via fluorescence activated cell sorting (FACS) were performed; the 

stringency of screening was increased during FACS by lowering the concentration of the target 

protein from 1 μM to 100 nM. The screening against each target returned 10 yeast clones from 

which the plasmid DNA was extracted, transformed into E. coli cells, and sequenced. Notably, 9 

out of 10 clones obtained from screening against N-YAP and all the 10 clones obtained from 

screening against WW-YAP returned the peptide sequence QLYLAYPAHK. This corresponding 

to the cyclic peptide construct cyclo[E-LYLAYPAH-K], since the transglutaminase-mediated 

transamidation of the carbamoylethyl side chain group of glutamine (Q) with the ε-amine group 

of lysine (K) is equivalent to the formal amidation of the carboxyethyl side chain group of a 

glutamic acid (E) by the ε-amine group of lysine (K). This sequence features a defined amphiphilic 

character (i.e., a balance of hydrophobic and polar residues) and, most notably, a combination of 

proline and tyrosine residues that is consistent with the PPxY motif characteristic of WW-binding 

peptides. 

 
4.3.3 Binding affinity and specificity of cyclo[E-LYLAYPAH-K] displayed on yeast cells 

Recombinant biotinylated N-YAP and WW-YAP were titrated against yeast cells 

displaying cyclo[E-LYLAYPAH-K] or cells displaying the linear precursor (QLYLAYPAHK) to 

generate yeast surface display binding isotherms as previously described.40,52 To evaluate the 

binding selectivity of the yeast displayed peptides, a set of binding isotherms were also generated 

using biotinylated bovine serum albumin (BSA). The amount of target protein adsorbed on the 

surface of the yeast cells was measured via fluorescence labeling using streptavidin-phycoerythrin. 
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The normalized fluorescent values (Figure 4.4) were treated as adsorption data and fit to a 

monovalent binding isotherm to estimate the binding affinity (KD) of the peptide ligands (Table 

4.1). 

 

 
Figure 4.4. Yeast surface display binding isotherms of (A) WW domain of YAP (WW-YAP, black circles) and 
bovine serum albumin (BSA, green diamonds) on cyclo[E-LYLAYPAH-K]; (B) WW-YAP on linear peptide 
cognate QLYLAYPAHK; (C) N-terminal N-YAP (N-YAP, black circles) and BSA (green diamonds) on cyclo[E-
LYLAYPAH-K]; and (D) N-YAP on QLYLAYPAHK. Yeast cell fluorescence was detected following incubation 
with biotinylated target protein using streptavidin-phycoerythrin conjugate. Data from each independent 
replicate was normalized to its associated Fmax value.  The average of the normalized mean is recorded. 
The data of normalized mean fluorescence intensity were fit against a monovalent binding isotherm (red 
dashed line). Fluorescence data from three independent experiments was used; the error bars correspond 
to the standard error of the mean from three independent replicates. 
 
Table 4.1. Values of binding affinity (KD) of the protein:peptide complexes obtained from yeast display 
titration assays via immunofluorescence labeling; N/A: not applicable; N/D: not detectable; L/B: low 
binding. The average KD of three independent replicates plus/minus one standard error is reported. 
 

Peptide ligand 
KD (μM) 

N- YAP WW-YAP BSA 

cyclo[E-LYLAYPAH-K] 1.75 ± 0.33 0.68 ± 0.21 N/D 

QLYLAYPAHK 0.74 ± 0.15 L/B N/A 
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Most notably, the cells displaying transglutaminase-cyclized peptides exhibited a 

significantly higher fluorescence when titrated with WW-YAP than BSA (Figure 4.4A). Cells 

displaying cyclo[E-LYLAYPAH-K] returned an apparent KD of 0.68 ± 0.21 μM, which is 

consistent with other WW domain binding peptides;53 the corresponding value for BSA could not 

be calculated, as the isotherm did not reach saturation within the tested range of protein 

concentration. Furthermore, the linear precursors exhibited a much lower binding affinity (Figure 

4.4B), with no obvious isotherm-like binding behavior. This indicates that transglutaminase-

mediated cyclization endows the peptides with specific and strong WW-binding activity. 

Similarly, the apparent KD of cyclo[E-LYLAYPAH-K] to YAP was 1.75 ± 0.33 μM, with 

a pronounced “hook” effect occurring at ~ 8 μM of YAP, as has been previously described in the 

case of yeast surface display titrations (Figure 4.4C).42 Once again, the peptide was found to bind 

YAP specifically, as it exhibited little-to-no BSA binding. On the other hand, the difference in 

binding affinity of the cyclic vs. linear peptide observed with WW-YAP was not observed with N-

terminal YAP (Figure 4.4D). This may be imputed to additional targeting of the linear peptide to 

other motifs in YAP, homologous yet extraneous to the WW domain, that stabilize their 

interaction. 

 
4.3.4 Construction and optimization of yeast displayed cyclic peptides via intracellular 

transglutaminase-mediated cyclization 

Following up on the screening of yeast display libraries where peptide cyclization had been 

accomplished via extracellular enzymatic treatment, we also sought to explore an intracellular 

route to transglutaminase-mediated peptide cyclization (Figure CS1). In the yeast display 

platform, the expression of peptides on the cell surface is controlled by the inducible galactose 

promoter Gal 1/10. The bidirectional nature of Gal 1/10 has been leveraged to achieve concurrently 
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the display of peptides and the expression of enzymes that can edit their chemical composition and 

structure. For example, the tobacco etch virus protease was engineered via the Yeast Endoplasmic 

Sequestration System (YESS) to achieve dual display of a TEV enzyme library in conjunction 

with specific and non-specific selection substrates.38 In this approach, both enzyme and substrate 

transit through the endoplasmic reticulum (ER), where the enzyme can act on the substrate prior 

to its display on the cell surface. In another example, the modifying enzyme Proc M and its 

lanthipeptide substrate were co-expressed resulting in a macrocyclic lanthipeptide displayed on 

the yeast surface.24 In a similar fashion, we sought to express transglutaminase under the Gal10 

promoter together with a model peptide substrate under the control of the Gal1 promoter (Figure 

CS2A). After inducing the yeast cells in galactose-containing media, both transglutaminase and 

the peptide substrate were co-expressed as fusion proteins with their corresponding tags and signal 

location sequences. In addition to the standard N terminal prepro secretory signal sequence used 

to direct the fusion proteins toward the secretory pathway, the endoplasmic reticulum retention 

sequence FEHDEL38 was added to the C-terminus of the peptide constructs. The peptide FEHDEL, 

in fact, increases the residence time of the protein fusion by docking onto the ER membrane. This 

hybrid mechanism of intracellular trafficking and peptide cyclization is expected to ultimately 

afford the display of cyclic peptides only on the surface with higher cyclization yield compared to 

the extracellular cyclization approach. 

The model lead sequence ALQSGSRGGG fused to the c-myc epitope tag EQKLISEEDL, 

which contains the lysine (K) residue needed for cyclization, was used to evaluate this hypothesis. 

The full sequence of Streptomyces mobaraensis transglutaminase (GenBank accession number 

AAT65817.1, 395 AAs) was expressed under the Gal10 promoter; the protein comprises a 60 AA-

long N terminal pro sequence and a 335-AA long transglutaminase enzyme. The yield of the 
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cyclization reaction was evaluated via immunofluorescent flow cytometry using the c-myc tag 

detection and the TEV protease-cleavage indirect assays described above. Upon induction at 

different time points (24, 48, 72, and 96 hr), the cells were treated with TEV protease to attempt 

the cleavage of the peptide fusion from the yeast surface. Notably, a marked difference was 

observed compared to the intracellular cyclization route: the treatment with TEV protease always 

resulted in a significant reduction in the c-myc epitope detection signal (Figures CS2B – S2E), 

suggesting that most of the displayed peptides are linear. 

To improve the yield of intracellular cyclization, we modified the structure of the 

transglutaminase fusion protein. The full-length enzyme contains a pro-peptide sequence that 

forms an α-helix into the catalytic site of transglutaminase and is typically cleaved by intracellular 

endopeptidases after translation and protein folding.54 We hypothesized that this α-helix remains 

tethered to the folded enzyme, thus hindering its active site and preventing the cyclization of the 

model peptide. 
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Figure 4.5. Mean fluorescence intensity (MFI) of (A) c-myc tag levels detected on yeast cells engineered 
with the “Pro-Kex-TG” vector and induced for 48 hrs before and after treatment with TEV protease; (B) 
HA and c-myc tag levels detected on yeast cells engineered with either the “Pro-Kex-TG” vector or the 
“Pro-Kex-TG w/ Q-to-A SDM” vector and induced for 48 hrs before and after treatment with TEV protease; 
and (C) HA and c-myc tag levels detected on yeast cells induced for 48 hrs to express either the “lead/c-
myc” or the mutated “Q-to-A lead/c-myc” construct before treatment with TEV protease; (D) MFI ratio 
HA and c-myc tag levels detected on yeast cells induced for 48 hrs to express either the “lead/c-myc” or 
the mutated “Q-to-A lead/c-myc” construct after treatment with TEV protease (note: the MFI ratio is the 
ratio of MFI measured after vs. before treatment with TEV protease). Error bars correspond to the 
standard error of the mean from three independent replicates. A two-tailed paired t-test was performed. 
* p<0.05.  
 

To this end, two different transglutaminase variants were initially explored. First, we 

introduced a Kex2 endopeptidase cleavage recognition site (K-R) between the pro-peptide and the 

transglutaminase sequence, which has been observed to promote the secretion of active 

transglutaminase in Pichia pastoris and Candida boidinii.54 Kex2 peptidase is expressed 

endogenously in Saccharomyces cerevisiae and is present in the Golgi as part of the secretory 

pathway.55 Next, we introduced a single point mutation into the substrate sequence by mutating 

the glutamine (Q) into an alanine (A). This mutation removes one of the two residues necessary 

for cyclization and enables a direct comparison between the different “intracellular” constructs. 

The constructs of the “Pro-Kex-TG” vector, which contains the Kex2 protease recognition 
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sequence, and the “Pro-Kex-TG w/ Q-to-A SDM” vector, which contains both the recognition 

sequence and a “Q-to-A” mutation (SDM: site directed mutagenesis), are shown in Figures CS3A 

and CS3B. The cells populations were induced for 48 hrs and analyzed via immunofluorescent 

flow cytometry. The yeast display construct was characterized by measuring the c-myc tag level 

via fluorescent flow cytometry. Treatment of the “Pro-Kex-TG” construct with TEV protease 

caused a significant decrease in c-myc detection (Figure 4.5A), indicating cleavage from the cells, 

which suggests that the intracellular cyclization yield is rather modest. The corresponding 

characterization of the constructs where peptide cyclization was achieved via extracellular 

incubation with transglutaminase (Figure 4.2C) indicated that peptide cyclization reduces TEV 

proteolysis and the cells maintain appreciable residual levels of c-myc. These observations were 

corroborated by measuring the c-myc levels of “Pro-Kex-TG” and “Pro-Kex-TG w/ Q-to-A SDM” 

constructs. As observed above, peptide cyclization results in a decrease of the c-myc signal due to 

the chemical modification of the tag sequence (Figure 4.2A). The c-myc signal of the “Pro-Kex-

TG” construct, however, is high and comparable to that of the “Pro-Kex-TG w/ Q-to-A SDM”, 

whose cyclization is prevented by the Q-to-A modification, indicating low or no cyclization 

(Figure 4.5B). At the same time, the HA signal is normal, which confirms that both constructs are 

displayed on the surface of yeast (Figure 4.5B). Representative flow cytometry plots indicate that 

both constructs are displayed at a detectable surface density on cells. However, there is no 

detectable difference in HA or c-myc tag expression in either the “Pro-Kex-TG” or “Pro-Kex-TG 

w/ Q-to-A SDM” construct when induced for either 24 hrs or 48 hrs (Figure CS4A). While 

treatment with TEV protease does not alter the HA signal, the marked decrease in the c-myc signal 

in both constructs indicates low to no cyclization (Figure CS4B). Collectively, these data indicate 
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that the insertion of the Kex2 recognition sequence between the pro-peptide and active 

transglutaminase does not improve the cyclization efficiency. 

We therefore attempted an alternative route, which consists in expressing active 

transglutaminase (AAs 61-395) under the control of the Gal10 promoter concurrently with the c-

myc epitope tag EQKLISEEDL in downstream to either the lead sequence ALQSGSRGGG 

(lead/c-myc) or the mutated sequence ALASGSRGGG (Q-to-A lead/c-myc) under the control of 

the Gal1 promoter (Figures CS3C and CS3D). Both cell populations were induced for 48 hrs, 

treated with TEV protease, and analyzed via immunofluorescent flow cytometry to detect the 

levels of HA and c-myc tags (Figures 4.5C and 4.5D; representative histograms are shown in 

Figures CS4C and CS4D). As anticipated, the HA signal detected on “lead/c-myc” construct did 

not differ significantly upon TEV protease treatment (Figure 4.5D). The comparison between the 

c-myc tag levels of the construct “lead/c-myc” vs. “Q-to-A lead/c-myc” (Figure 4.5C) and “Pro-

Kex-TG” (Figure 4.5A) prior to treatment with TEV protease suggests that peptide cyclization 

has occurred on the “lead/c-myc” construct to some extent. The fluorescent signal obtained with 

the “lead/c-myc” construct, in fact, is 4-fold lower than that of the other two constructs and is 

comparable with that observed with peptide cyclized via extracellular treatment with 

transglutaminase (Figure 4.2A). Nonetheless, the decrease in c-myc tag signal with the “lead/c-

myc” construct upon TEV treatment indicates that a significant fraction of the yeast displayed 

peptides had not been cyclized (Figure 4.5C); comparatively, however, the loss of c-myc signal 

for the “Q-to-A lead/c-myc” construct upon treatment with TEV protease was much stronger 

(Figure 4.5D); the Q-to-A mutation completely prevents peptide cyclization, allowing TEV 

proteolysis to proceed unhindered. Observing a bigger loss of c-myc level upon TEV proteolysis 
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with the linear construct compared to the “Active TG” construct corroborates the claim that the 

latter has undergone partial cyclization. 

Notably, conclusive differences in fluorescence signal were observed only with cells 

induced for 48 hrs, whereas little-to-no variation was observed with cells induced for 48 hrs 

(Figures CS4D). This suggests the need for a sufficiently high level of transglutaminase in the ER 

to achieve detectable peptide cyclization. The addition of a ER-docking sequence in downstream 

to the transglutaminase sequence promotes its interaction with the peptide substrate. The enzyme 

is ultimately secreted into the supernatant, where it may catalyze additional (extracellular) 

cyclization of the peptides displayed on the Aga2 systems. Collectively, these results show that 

the co-expression of active TG and the substrate peptide construct enable the cyclization of the 

peptide on the surface of the yeast cells. 

 

4.3.5 Construction and screening of yeast display libraries of cyclic peptides via 

intracellular transglutaminase-mediated cyclization and characterization of the 

identified peptides 

Upon optimization of the transglutaminase sequence and the induction time, we sought to 

utilize this design to construct yeast display libraries of cyclic peptides to be screened for the 

identification of YAP-binding ligands. Accordingly, the linear heptapeptide library 

ALQX1X2X3X4X5X6X7EQKLISEEDL was constructed, wherein the length and design of both 

leader and c-myc tag segments were maintained as in the optimized construct to ensure high 

cyclization efficiency. The library was screened against N-terminal YAP by conducting one round 

of magnetic cell sorting and one of FACS. While little enrichment was observed after magnetic 

selection, a marked selection towards YAP binding was observed after FACS (Figure CS5). Of 
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the five clones selected for sequencing, two returned the sequence cyclo[E-VQCRGKGEQ-K], 

whereas the other three comprised sequences that were not consistent with the original construct 

(i.e., lacking the leader sequence or out of frame) and were discarded. The YAP:cyclo[E-

VQCRGKGEQ-K] interaction, evaluated via yeast surface titration assays, returned an apparent 

KD of 0.46 ± 0.08 μM. To evaluate the peptide’s binding specificity to YAP, yeast surface titrations 

were executed against biotinylated BSA. The comparison of the YAP vs. BSA isotherms (Figure 

4.6A) indicates that the selected peptide is a selective ligand. To assess the binding interaction of 

linear AVQCRGKGEQK with YAP, a similar mutation strategy was carried out to convert the 

reactive glutamine (Q) residue into an unreactive alanine (A) thus leading to the surface display 

peptide sequence AVQCRGKGEQK. The YAP:AVQCRGKGEQK interaction, evaluated via 

yeast surface titration assays, returned an apparent KD of 0.36 ± 0.07 μM (Figure 4.6B). The 

apparent similarity in YAP-binding strength between the linear and cyclic peptide could be 

imputed to incomplete cyclization of the peptides in the yeast display library. The screening of 

yeast cells displaying a combination of cyclic and linear peptides may in fact lead to the 

identification of peptide sequences that bind the target protein in both configurations and with 

comparable affinity. While optimization is needed, these proof-of-concept data show the potential 

of yeast display libraries of peptides cyclized intracellularly via transglutaminase-mediated 

amidation as effective tools for the rapid discovery of ligands with selective biorecognition activity 

towards protein targets. Since TEV treatment is likely to eliminate non-cyclized peptides from the 

yeast surface (Figure 4.2), one strategy for selective enrichment of cyclic peptide binders may 

involve TEV treatment of the library prior to combinatorial screening. 
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Figure 4.6. Yeast surface display binding isotherms of N-terminal N-YAP (N-YAP, black circles) and BSA 
(green diamonds) on (A) cyclo[E-VQCRGKGEQ-K] and (B) its linear counterpart QVQCRGKGEQK. Yeast cell 
fluorescence was detected following incubation with biotinylated target protein using streptavidin-
phycoerythrin conjugate. Data from each independent replicate was normalized to its associated Fmax 
value.  The average of the normalized mean is recorded. The data of normalized mean fluorescence 
intensity were fit against a monovalent binding isotherm (red dashed line). Fluorescence data from three 
independent experiments was used; the error bars correspond to the standard error of the mean from 
three independent replicates. 
 
 
 
4.3.6 Binding affinity and specificity of cyclo[E-LYLAYPAH-K] conjugated to 

chromatographic resin 

Our results using yeast surface titrations showed that cyclo[E-LYLAYPAH-K] showed 

selective binding to WW-YAP and bound with higher affinity than its linear counterpart. We 

further evaluated the biorecognition activity of cyclo[E-LYLAYPAH-K] as a synthetic construct 

on solid phase. To this end, the peptide sequence, where an N-terminal glutamic acid (E) was used 

instead of glutamine (Q), was synthesized on Toyopearl amino resin and cyclized by reacting the 

γ-carboxylic acid of E with the ε-amino group of K. This tethering strategy makes the cyclic 

synthesized peptide chemically identical to that obtained by transglutaminase-mediated 

cyclization. The known peptide sequence RYSPPPPYSSHS comprising of the PPxY-like WW-

binding domain within the PTCH peptide was also conjugated on Toyopearl resin to serve as 

positive control. Protein adsorption isotherms were generated by incubating aliquots of peptide-
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Toyopearl resin in solutions of either N-terminal YAP or WW-YAP at different concentrations 

ranging between 20 μg/mL and 3 mg/mL. The adsorption data (i.e., the amounts of protein 

adsorbed on solid phase vs. the corresponding values of protein concentration in solution at the 

binding equilibrium) of WW-YAP to cyclo[E-LYLAYPAH-K]-Toyopearl and PTCH-Toyopearl 

resins are reported in Figure 4.7A and 4.7B, respectively; the corresponding binding isotherms of 

N-terminal YAP are in Figure 4.7C and 4.7D, respectively.  

The values of KD and Qmax obtained by fitting the adsorption data to a Langmuir binding 

isotherm are collated in Table 4.2. Notably, the values of apparent KD of cyclo[E-LYLAYPAH-

K] are an order of magnitude lower (i.e., higher binding strength) than those obtained via yeast 

surface display titration assays. This can be imputed to the much higher value of surface density 

of peptide ligands conjugated on Toyopearl resin (~ 7 μmol/m2) compared to corresponding value 

on the surface of yeast cells (~ 2 nmol/m2). It is also noticed that while the adsorption isotherms 

of WW-YAP on both the cyclic peptide and the control PTCH peptide feature a standard 

monovalent binding isotherm shape, those obtained with N-terminal YAP are rather irregular. 

Specifically, both isotherms display the characteristic rapid increase in YAP binding within the 

range of equilibrium protein concentration below 0.5 mg/mL; however, as the latter approaches 

and exceeds ~ 1 mg/mL, the isotherms do not feature the characteristic plateau, but exhibit a slight 

decrease in the amount of adsorbed protein. This suggests that the layer of proteins adsorbed on 

the peptide-functionalized surface of the chromatographic resin may be unstable, and the free YAP 

in solution may interfere with the YAP:peptide complexes and trigger their dissociation. 

We also evaluated the binding specificity of resin-bound cyclo[E-LYLAYPAH-K] using 

bovine serum albumin (BSA) and lysozyme (LYZ) as negatively and positively charged control 

proteins, respectively. The peptide-Toyopearl resin were incubated with solutions of BSA or LYZ 
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in PBS at concentrations ranging from 13 μg/mL to 2 mg/mL. The resulting adsorption data were 

compared to the corresponding amounts of bound WW-YAP or N-terminal YAP derived from the 

isotherms at the same values of equilibrium protein concentration in solution. These comparisons, 

summarized in Figure 4.7E for BSA and Figure 4.7F for LYZ, show significantly lower binding 

of both control proteins, demonstrating the specific biorecognition activity of cyclo[E-

LYLAYPAH-K] for the targets WW-YAP and N-terminal YAP. 

Collectively, these results show that cyclic peptide binders isolated from transglutaminase-

cyclized yeast display libraries exhibit target binding and selectivity when chemically synthesized 

on chromatographic resins. 
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Figure 4.7. Binding isotherms of (A) WW-YAP on RYSPPPPYSSHS-Toyopearl resin; (B) WW-YAP on cyclo[E-
LYLAYPAH-K]-Toyopearl resin; (A) N-YAP on RYSPPPPYSSHS-Toyopearl resin; (B) N-YAP on cyclo[E-
LYLAYPAH-K]-Toyopearl resin; (E) Comparison of experimental data of bovine serum albumin (BSA) 
adsorption compared to corresponding values of WW and YAP adsorption derived from the isotherms (B) 
and (D) at the same values of equilibrium protein concentration; (F) Comparison of experimental data of 
lysozyme (LYZ) adsorption compared to corresponding values of WW and YAP adsorption derived from 
the isotherms (B) and (D) at the same values of equilibrium protein concentration. The values of protein 
adsorption were determined from three independent experiments; the error bars correspond to the 
standard error of the mean from three independent replicates. A two-tailed t-test assuming unequal 
variances was performed at each concentration to compare the adsorbed amount of lysozyme or BSA to 
the isotherm-calculated values; the differences were statistically significant with p<0.05. 
 
Table 4.2. Values of binding affinity (KD) and capacity (Qmax) of peptide-Toyopearl resins for the WW domain of 
YAP (WW-YAP) and N-terminal YAP obtained by fitting the adsorption data in Figure 5 with Langmuir 
isotherms.The average KD of three independent replicates plus/minus one standard error is reported.  

Peptide ligand 

Target Protein 

WW-Yap N-terminal YAP 

KD (μM) Qmax (mg/mL) KD (μM) Qmax (mg/mL) 

cyclo[E-LYLAYPAH-K] 2.64 ± 0.71 5.60 ± 0.42 0.34 ±	0.02 3.03 ± 0.13 

PTCH peptide 2.88 ± 0.48 8.3 ± 0.27 0.20 ±	0.07 4.11 ± 0.12 
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4.4 Conclusions 

In this work, we have demonstrated the use of enzymatic modification by transglutaminase 

as an efficient route to produce yeast display libraries of cyclic peptides. To this end, we have 

developed two routes, one based on extracellular and one on intracellular transglutaminase-

mediated amidation, and for each tailored the design of the yeast display Aga2-based constructs to 

optimize the yield of peptide cyclization. The integration of epitope detection tags, such as the HA 

and the c-myc tags, and cleavage sites, such as the TEV protease recognition sequence, allowed 

us to assess the degree of cyclization at the level of both single-sequence and library. While the 

peptide cyclization via intracellular catalytic amidation afforded a relatively low yield, its 

extracellular counterpart performed with soluble transglutaminase proved significantly more 

efficient. Nonetheless, important findings were made on how the design of the Aga2-based peptide 

construct impact – and improve – the cyclization yield. In this regard, future work could focus on 

improving the design presented herein and accomplish the cyclization of most or all of the peptides 

displayed on the surface of yeast cells. Regarding screening, the implementation of magnetic 

selection and FACS enabled the rapid identification of cyclic peptide affinity ligands with selective 

biorecognition for WW-YAP and N-terminal YAP. The ligand discovery and characterization 

methods developed in this work are agnostic to the specific peptide cyclization chemistry and can 

be expanded to other enzyme-mediated reactions. Collectively, this makes the work presented here 

of wide interest towards the rapid development of biorecognition agents for modulating 

biochemical processes, as well as detection and purification of target proteins. In particular, the 

apparent binding affinities of cyclic peptides isolated using our approach (micromolar as estimated 

by yeast titrations) make them well suited for use in chromatography applications. 
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4.5 Materials and Methods 

4.5.1 Plasmids and yeast cell culture 

The pCTCON vector containing TRP selectable marker was used in conjugation with 

Saccharomyces cerevisiae strain EBY100. Specifically, the Frozen-EZ yeast transformation Kit II 

(Zymo Research) was used to transform plasmid DNA into chemically competent EBY100. Trp-

deficient SDCAA and SGCAA media was used, respectively, for culturing and inducing cells 

harboring the pCTCON plasmid as previously described.39 When culturing, yeast cells were grown 

in SDCAA or SDSCAA media at 30 °C with shaking at 250 RPM. To induce protein expression, 

yeast cells were transferred into SGCAA or SGSCA medium at OD600 of 1 and incubated for 24 

hr or 48 hr at 20 °C with shaking at 250 rpm. 

 
4.5.2 Plasmid construction for yeast surface display of model peptides, the N-terminal 

region of YAP, and its WW domain 

Plasmids were constructed using pCTCON as backbone vector to express the peptide 

sequences on the surface of yeast as Aga2 fusions. The pCTCON plasmid was digested at the NheI 

and BamHI sites. The pCTCON-YESS-pep construct affording the expression of the model 

peptide ALQSGSRGGGEQK was constructed by amplifying gene block 1 with Pf1 and Pr1. The 

pCTCON-YESS-pep was then used to incorporate the Gal10 transglutaminase enzyme. Gene 

block 2 was amplified with Pf2 and pr2. The resulting PCR product and the pTCTON-YESS-pep 

vector were digested with AgeI and KpnI, and ligated together to afford the co-expression of the 

Gal1 YESS peptide and Gal10 transglutaminase enzyme simultaneous in the pCTCON-YESS-

Full-Length-TG-dual-display vector. 

The plasmid pET22b(+) was utilized for recombinant expression of YAP and its 

WWdomain. Gene block 3 was amplified with Pf3 and Pr3, and inserted between the NdeI and 
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XhoI sites of pET22b(+) resulting in the plasmid pET22b(+)-WW, which affords the expression 

of soluble WW domain (AAs 165-271). The plasmid pET22b(+) was also utilized to express the 

N-terminal region of YAP (AAs 1-291). Specifically, gene block 3 was amplified with Pf4 and 

Pr4 and inserted between the NdeI and XhoI sites of pET22b(+) resulting in the plasmid 

pET22b(+)-YAP, which affords the expression of soluble YAP. 

All double-stranded gene fragments were purchased from Integrated DNA technologies 

(IDT, Coralville, IA). The primer oligonucleotides were acquired from IDT or Eton Biosciences 

(San Diego, CA). The gene fragment and primer sequences are listed in Tables CS1 and CS2, 

while the randomized library oligonucleotides are in Table CS3. Phusion Polymerase (Thermo 

Fisher Scientific, Waltham, MA) was used for PCR reactions following the manufacturer’s 

protocols. Restriction digests of plasmid backbones and PCR products were executed at 37°C for 

2 hrs using a 5-times excess of each restriction enzyme. Digested plasmid backbones were 

incubated with Antarctic phosphatase (New England Biolabs, Ipswich, MA) for 1 hr at 37°C. 

Digested plasmids and PCR products were purified using a 9K series gel and PCR extraction kit 

(BioBasic, Markham, ON, Canada). Overnight ligations using T4 DNA ligase (Promega, Madison, 

WI) were performed with the digested plasmid backbones and PCR product inserts. Ligations were 

transformed into chemically competent Novablue E. coli cells. The cells were made chemically 

competent using Mix&Go! E. coli transformation buffers (Zymo Research, Irvine, CA). The 

GeneJETTM plasmid miniprep kit (Thermo Fisher Scientific) was used to harvest the plasmids from 

overnight E. coli cultures. 
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4.5.3 Site directed mutagenesis of pCTCON backbone 

The pCTCON-YESS-Full-Length-TG-dual-display was initially modified via site-directed 

mutagenesis. The pCTCON-YESS-Pro-KR-Active-TG-dual-display vector was constructed via 

amplification of the pCTCON-YESS-Full-Length-TG-dual-display vector with Pf5 and Pr5, 

enabling the insertion of a 6 base pair oligonucleotide between the pro sequence and the active 

transglutaminase sequence. An aliquot of 50 ng of purified PCR product was treated with 1 μL of 

T4 polynucleotide kinase (New England Biolabs) and 1 μL of T4 DNA ligase for 1 hr at room 

temperature followed by incubation at 65°C for 20 min. DNA was then treated for 5 min at room 

temperature with 1 μL of DpnI (New England Biolabs) prior to transformation into 

electrocompetent Novablue E. coli cells. The pCTCON-YESS-Active-TG-dual-display construct 

was constructed from the pCTCON-YESS-Full-Length-TG-dual-display vector via amplification 

with Pf6 and Pr6 to remove the pro-TG sequence. A similar treatment using polynucleotide kinase, 

T4 DNA ligase, and DpnI enzyme treatment was executed to introduce a point mutation into the 

substrate sequence where the glutamine (Q) residue was replaced with an alanine (A) residue in 

order to remove one of the critical residues involved in the transglutaminase cyclization reaction. 

The dual display vectors wherein glutamine (Q) was replaced with alanine (A) were constructed 

by amplifying the pCTCON-YESS-Pro-KR-Active-TG-dual-display vector with Pf7and Pr7 prior 

to kinase, ligase, and DpnI treatment to yield vector pCTCON-YESS-Pro-KR-Active-TG-Q-to-A-

SDM-dual-display. Also, pCTCON-YESS-Active-TG-dual-display vector was amplified with Pf7 

and Pr7 prior to kinase, ligase, and DpnI treatment to yield vector pCTCON-YESS-Active-TG-Q-

to-A-SDM-dual-display. 
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4.5.4 Construction of combinatorial yeast display libraries of cyclic peptides via 

extracellular transglutaminase-mediated cyclization 

Double stranded gene fragments were purchased from IDT, while the primer 

oligonucleotides were acquired from IDT or Eton Biosciences. The sequences of the randomized 

library oligonucleotides and primers are in Tables CS2 and CS3. The yeast surface display 

pCTON vector was used as a backbone to create the combinatorial library for extracellular 

cyclization, as done in prior work.40 Briefly, a randomized DNA gene block (oligo 1 in Table 

CS3) comprising 8 randomized NNK codons was amplified via PCR with primer Pf9 and Pr9. A 

series of 30 PCR reactions were performed in a volume of 50 μL comprising 1 U of Phusion HF 

DNA polymerase (Thermo Fisher Scientific), 1X Phusion Buffer, 0.2 mM deoxynucleotide 

triphosphate (dNTPs) (Thermo Fisher Scientific), 0.1 μM of the forward and reverse primers, 3% 

dimethyl sulfoxide (DMSO), and 10 ng of the template DNA. The PCR was performed using the 

following conditions: initial denaturation at 98°C for 2 min, followed by 30 cycles of denaturation 

at 98°C for 10 sec, annealing at 62°C for 20 sec, extension at 72°C for 5 sec, and a final extension 

at 72°C for 10 min. The PCR products were purified by conducting 2 phenol/chloroform/isoamyl 

alcohol extractions followed by 1 chloroform extraction. The extracted DNA was incubated 

overnight in two volumes of ethanol and 1/10 volume of potassium acetate at -20oC. The DNA 

was pelleted via centrifugation at 12,000x g for 20 min, washed with 70% ethanol, centrifuged 

again, and washed with 100% ethanol. The resulting DNA pellet was resuspended in DI water and 

stored at -20oC prior to library construction. To construct the plasmid backbone, gene block 4 was 

first amplified with Pf8 and Pr8. The pCTCON and the amplified PCR product of gene block 4 

were digested with AgeI and XhoI, and ligated to generate vector pCTCON-TG-8mer-template, 

which was used as template backbone for the TG8mer library. The pCTCON-TG-8mer-template 
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was digested with SalI and BamHI restriction enzymes at 37°C for 2 hrs. The digested plasmid 

backbones were incubated with Antarctic phosphatase (New England Biolabs) for 1 hr at 37°C. 

Subsequently, 12 μg of PCR product and 4 μg of linearized pCTCON-TG-8mer-template vector 

were transformed into competent Saccharomyces cerevisiae strain EBY100 for a total of four 

transformation reactions as done in prior work.40,41 The diversity of the pCTCON-TG-8mer 

resulting library was estimated to be ~ 2.6·107. The resulting library of yeast cells were propagated 

in Trp-deficient SDCAA media at 30°C while shaking at 250 RPM. To induce protein expression, 

yeast cells were transferred into SGCAA media at OD600 of 1 and incubated for 24 hrs at 20°C 

under shaking at 250 rpm. 

Lyophilized recombinant transglutaminase (Zedira, Darmstadt, Germany) was 

reconstituted to a concentration of 12.8 mg/mL in PBS, pH 6, and stored as frozen aliquots at -

20oC. Yeast cells displaying the library of linear peptide precursors were spun down and washed 

with PBS, pH 6. An aliquot of 108 cells were resuspended in 500 μL of PBS, pH 6.0, to which the 

transglutaminase solution was added to achieve a final concentration of 1 μM. Cells were 

incubated at 37oC overnight under mild agitation. The cells were washed 3x with 0.1% BSA in 

PBS and analyzed via flow cytometry single cell analysis to evaluate the yield of peptide 

cyclization or screened against WW domain or YAP protein to identify peptide binders. 

 
4.5.5 Construction of combinatorial yeast display libraries of cyclic peptides via 

intracellular transglutaminase-mediated cyclization 

The library for intracellular cyclization was constructed using a randomized DNA gene 

block (oligo 2 in Table CS3) comprising 7 randomized NNK codons and amplified via PCR using 

primers Pf10 and Pr10. The PCR amplification was performed using the following conditions: 

initial denaturation at 98°C for 2 min, followed by 30 cycles of denaturation at 98°C for 10 sec, 
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annealing at 62°C for 20 sec, extension at 72°C for 10 sec, and a final extension at 72°C for 10 

min. The PCR products were purified via phenol/chloroform/isoamyl alcohol extractions and 

ethanol precipitation, as described above. The vector pCTCON-YESS-Active-TG-dual-display 

construct was digested with NheI and XhoI restriction enzymes at 37°C for 2 hrs. Digested plasmid 

backbones were incubated with Antarctic phosphatase (New England Biolabs) for 1 hr at 37°C. 

Subsequently, 12 μg of PCR product and 4 μg of linearized pCTCON-YESS-Active-TG-dual-display 

vector were transformed into competent Saccharomyces cerevisiae strain EBY100 as previously 

described.40,41 The diversity of the resulting pCTCON-TG-intracellular-7mer library was estimated 

to be ~ 1.6·107. The resulting library of yeast cells were propagated in Trp-deficient SDCAA media 

at 30°C while shaking at 250 RPM. To induce protein expression, yeast cells were transferred into 

SGCAA media at OD600 of 1 and incubated for 48 hrs at 20°C under shaking at 250 rpm. 

 
4.5.6 Expression, purification, and biotinylation of recombinant N-terminal YAP, YAP-

WW domain, and TEV 

Plasmid pET22b(+)-WW was transformed into chemically competent Rosetta E. coli cells. 

A frozen aliquot of transformed Rosetta E. coli was grown in LB media (10 g/L tryptone, 5 g/L 

yeast extract, 10 g/L NaCl) overnight at 37oC. The cells were then inoculated in 2XYT media (16 

g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl) and allowed to propagate at 37oC for ~5 hrs 

until an optical density of ~1.0 was obtained. Protein expression was induced by adding IPTG to 

a total concentration of 0.5 mM and was allowed to proceed for 20 hrs at 20oC. An identical 

strategy was executed on plasmids pET22b(+)-YAP and pRK793 (#8827 from Addgene) for the 

expression of YAP and tobacco etch virus (TEV) protease. 

The N-terminal YAP, WW-YAP, and TEV proteins were purified by immobilized metal 

affinity chromatography (IMAC). The cells were initially pelleted by centrifugation at 3500xg for 
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12 min, and resuspended in 35 mL of resuspension buffer (20 mM HEPES, 150 mM NaCl, pH 7.8, 

0.2 mM phenylmethylsulfonyl). The cell slurry was sonicated and subsequently pelleted via 

centrifugation at 15,000xg for 22 min. The supernatant was then syringe filtered using a 0.45 μm 

PVDF filter (Genesee Scientific, San Diego, CA). The filtered cell lysate was loaded onto a 5 mL 

Nuvia IMAC column (Bio-Rad, Hercules, CA) at 2 mL/min, washed with 50 mL of Buffer C-

IMAC (20 mM HEPES, 800 mM NaCl, pH 7.8) at 5 mL/min, flushed with 50 mL of Buffer A-

IMAC (20 mM HEPES, 137 mM NaCl , pH 7.8 at 5 mL/min), and eluted with a 50 mL linear 

gradient of 0-100% Buffer B-IMAC (20 mM HEPES, 137 mM NaCl, 500 mM Imidazole, pH 7.8) 

at 5 mL/min. The chromatographic fractions were analyzed for protein content by UV 

spectrophotometry at 280 nm, and the fractions containing the protein were further analyzed via 

SDS-PAGE. A volume of 4.5 μL of protein fraction was combined with 1.5 μL of 4x LDS sample 

buffer (Invitrogen), loaded into a 4-12% Bis-Tris NuPAGE protein gel (Invitrogen) with MES 

SDS running buffer, and run at 200 V for ~40 min. The gel was stained with Imperial protein stain 

(Thermo Fisher), washed 3x with water, and allowed to de-stain overnight in water under mild 

agitation. The gel was analyzed, and selected chromatographic fractions were pooled and dialyzed 

into 20 mM HEPES, 150 mM NaCl, pH 7.8 (HEP) using SnakeSkinTM Dialysis Tubing (MWCO 

3.5 kDa, Thermo Fisher Scientific) prior to biotinylation. Proteins were biotinylated using a EZ-

Link Sulfo-NHS-LC-Biotinylation kit (Thermo Fisher Scientific) following the manufacturer’s 

protocol. Excess biotin was removed via dialysis into 20 mM HEPES, 150 mM NaCl, pH 7.8 

(HEP) using SnakeSkinTM Dialysis Tubing (MWCO 3.5 kDa, Thermo Fisher Scientific). The 

protein was flash-frozen in liquid nitrogen and stored at -80oC in HEP plus 10% glycerol for long-

term storage.  

 



   

132 
 

4.5.7 Evaluation of extracellular and intracellular transglutaminase-mediated peptide 

cyclization via flow cytometry 

Yeast cells displaying cyclic peptides were grown in SDCAA media for 24 hrs, collected, 

and induced at an OD of ~1.0 in SGCAA for 24, 48, 72, or 96 hrs to determine the effect of 

induction time on cyclization efficiency. After induction, the cells were collected and labeled with 

a 1:100 dilution of the chicken anti-c-myc antibody (Invitrogen), rabbit anti-HA antibody (Thermo 

Fisher Scientific), and anti His-488 (Qiagen) or anti His-647 (Qiagen) conjugate; all antibodies 

were diluted in 0.1% w/v BSA in PBS, and incubated with the cells for 15 min at 4oC. Following 

incubation, the cells were washed, and secondary labeling was performed with goat anti-chicken 

488, goat anti-chicken 633, donkey anti-rabbit 488, donkey anti-rabbit 633, or donkey anti-mouse 

488, or donkey anti-mouse 633 (Thermo Fisher Scientific) at a 1:250 dilution for 15 min at 4oC. 

Cells were analyzed via fluorescent flow cytometry single cell analysis using a Biotec MACsQuant 

VYB cytometer (Miltenyi, Bergisch Gladbach, Germany). Labeling with secondary antibodies 

conjugated to a 488 fluorophore were imaged at the excitation wavelength of 488 nm and emission 

wavelength of 525/50 nm. Labeling with secondary antibodies conjugated to 633 or 647 

fluorophores were imaged at the excitation wavelength of 561 nm and emission wavelength of 

661/20 nm. At least 50,000 events were recorded for each sample. The mean fluorescence intensity 

(MFI) of each population was obtained using FlowJo flow cytometry software. 

Yeast cells displaying cyclic peptides were spun down and washed 3x with 150 mM NaCl 

in PBS, pH 8. An aliquot of 108 cells were resuspended in PBS, pH 8, to which recombinant TEV 

was added to achieve a final concentration of 3 μM. Cells were incubated overnight at 37oC under 

mild agitation. The cells were then washed 3x with 0.1% BSA in PBS and analyzed via flow 

cytometry as described above. 
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4.5.8 Screening of yeast display libraries of transglutaminase-cyclized peptides via 

magnetic selection and FACS to identify affinity peptide ligands 

The yeast display libraries of cyclic peptides produced by transglutaminase-mediated 

extracellular cyclization were subjected to four rounds of screenings to identify ligands to the WW 

domain and the N-terminal YAP. The first two rounds of screening were conducted by 

implementing magnetic selection. In round 1, 109 library cells were incubated with the target 

protein immobilized onto magnetic beads. These were prepared by incubating 17 μg of biotinylated 

N-terminal YAP or WW-YAP with 25 μL of biotin binder Dynabeads (Invitrogen, Carlsbad, CA) 

for 2 hrs at room temperature; following conjugation, the beads were separated using a magnet 

and washed 3x with 0.1% BSA in PBS. In round 2, 108 library cells were incubated with the same 

amount of target protein and bead volume. In both rounds, the pCTCON-TG-8mer library was 

initially induced for 24 hours whereas the pCTCON-TG-intracellular-7mer library was induced 

for 48 hour and washed with 0.1% BSA in PBS prior to selection, and then incubated with the 

protein-coated beads in 0.1% BSA in PBS for 1 hr at room temperature. Following incubation, the 

cells bound to the beads were isolated using a magnet, transferred into 5 mL of SDCAA media 

and allowed to propagate at 30°C for 2 days. Subsequently, 2 rounds of fluorescence activated cell 

sorting (FACS) were performed on a FACSAria II (Becton Dickinson, Franklin Lakes, NJ) cell 

sorter. Specifically, 107 library cells were labeled with 1 μM YAP or WW-YAP protein for 1 hour 

at 4°C. Subsequently, cells were washed with 0.1% BSA in PBS, and resuspended in 1:250 dilution 

of Streptavidin-phycoerythrin (Invitrogen) for 15 minutes at 4°C. Cells were washed again with 

0.1% BSA in PBS, and resuspended in 1 mL prior to sorting. Individual cells were selected based 

on their increased fluorescence intensity compared to a population of library cells that were not 

incubated with WW or YAP protein. During the second round of screening, cells were incubated 
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with 100 nM of WW or YAP protein, and the cell collection gating stringency was increased by 

only collecting cells with a higher fluorescence intensity compared to the previous round. 

Following screening, the yeast cells were plated at varying dilutions on SDCAA agar plates and 

grown at 30oC for 2 days. Individual clones were selected, transferred into 5 mL of SDCAA liquid 

media and grown for 2 days. The yeast cell plasmid DNA was then extracted via a Zymoprep yeast 

miniprep kit (Zymo Research), propagated into electrocompetent Novablue E. coli cells, extracted 

using a GeneJETTM plasmid miniprep kit (Thermo Fisher Scientific), and finally sequenced. 

 
 
4.5.9 Yeast surface display isotherms of cyclo[E-LYLAYPAH-K] for N-terminal YAP and 

WW-YAP 

Yeast cells displaying cyclo[E-LYLAYPAH-K] were prepared and incubated with varying 

concentrations of biotinylated WW-YAP or N-terminal YAP for 1 hr at 4oC. After washing with 

0.1% BSA in PBS, the cells were labeled with a 1:250 dilution of R-Phycoerythrin-labeled 

Streptavidin. Flow cytometry analysis was executed using an excitation wavelength of 561 nm and 

an emission filter of 586/15 nm. The on-yeast binding measurements were fit to Equation 1 via 

non-linear least squares regression for three independent replicates. 

 

Equation 1  𝑭 = 𝑭𝒎𝒂𝒙[𝑳]𝒐
𝑲𝑫&[𝑳]𝒐

 

 

Where F is the mean fluorescence intensity, [L]o is the concentration of the soluble protein used 

for the primary incubation, and Fmax is the maximum fluorescence intensity when surface-

saturation is obtained (note: the fluorescence signal was observed to decrease at high values of 

[L]o (hook effect), as previously observed in yeast surface titrations;42 accordingly, in each dataset 
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the highest value of fluorescence was set as Fmax and the adsorption data obtained at higher protein 

concentration were excluded from the fittings). 

 

4.5.10 Synthesis of peptides cyclo[E-LYLAYPAH-K] and RYSPPPPYSSHS (PTCH) on 

Toyopearl resin 

 The peptides were synthesized on Toyopearl AF-Amino-650 M resin (0.2 meq/mL, Tosoh, 

Tokyo, Japan) using a Alstra Initator+ automated synthesizer (Biotage, Uppsala, Sweden) via 

standard solid-phase Fmoc/tBu chemistry.43,44 Prior to the coupling the first amino acid, the resin 

was swollen in DMF at 60 ºC for 30 min. The linear precursor ELYLAYPAHK was synthesized 

using the sequence of protected amino acids Fmoc-Lys(Mtt)-OH, Fmoc-His(Trt)-OH, Fmoc-Ala-

OH, Fmoc-Pro-OH, Fmoc-Tyr(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Leu-OH, Fmoc-Tyr(OtBu)-OH, 

Fmoc-Leu-OH, and Fmoc-Glu(OAll)-OH. The PTCH peptide RYSPPPPYSSHS was synthesized 

using the sequence of Fmoc-Ser(OtBu)-OH, Fmoc-His(Trt)-OH, 2x Fmoc-Ser(OtBu)-OH, Fmoc-

Tyr(OtBu)-OH, 4x Fmoc-Pro-OH, Fmoc-Ser(OtBu)-OH, Fmoc-Tyr(OtBu)-OH, and Fmoc-

Arg(Pbf)-OH. All amino acids couplings were conducted with 5 equivalents (5 eq. compared to 

the functional density of Toyopearl AF-Amino-650 M resin) of Fmoc-protected amino acid (at the 

concentration of 0.5 M in anhydrous DMF), 4.95 eq. 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate (HCTU, 0.5 M in DMF) and 10 eq. 

diisopropylethylamine (DIPEA, 2M in NMP) for 5 min at 75ºC. Successful completion of every 

amino acid couplings was monitored via Kaiser’s ninhydrin assay.45 Fmoc deprotection was 

achieved by incubating the resin twice in 20% piperidine in DMF (v/v) at RT for 10 min. All 

Fmoc-protected amino acids, HCTU, piperidine, and anhydrous solvents were from Chem-Impex 

International, Inc. (Wood Dale, IL). The cyclization of QLYLAYPAHK was performed following 
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a method developed in prior work.46 Briefly, the allyl ester (OAll) protection was removed from 

N-terminal Glu(OAll) using Tetrakis(triphenylphosphine)palladium(0) in DCM, while the 

methyltrityl (Mtt) protection was removed from C-terminal Lys(Mtt) in 2% trifluoroacetic acid 

(TFA) and 5% triisopropylsilane (TIPS) in DCM.47 The conjugation of the free carboxyl group of 

Glu and amino group of Lys via amide bond was performed by incubating the resin twice with 1 

eq. HCTU (0.5 M in DMF) and 2 eq. DIPEA (2M in NMP) for 20 min at 75ºC. All reagents utilized 

for site-selective deprotection and peptide cyclization were acquired from Millipore Sigma (Saint 

Louis, MO). Both peptides were rinsed copiously with DCM, and deprotected by acidolysis using 

a 90/5/3/2 TFA/Thioanisole/EDT/Anisole cocktail at 10 mL per gram of resin for 2 hrs at RT. The 

resin were then washed copiously with DCM, DMF, DCM, dried under nitrogen, and stored at -

20 ºC. 

 
4.5.11 Evaluation of binding capacity, affinity, and selectivity of resin-bound peptides to N-

terminal YAP and WW-YAP 

Aliquots of 1 mg of cyclo[E-LYLAYPAH-K]-Toyopearl resin and RYSPPPPYSSHS-

Toyopearl resin were washed 3x with PBS, pH 7.4, and incubated with either N-terminal YAP or 

WW-YAP at concentrations varying from 20 μg/mL to 3 mg/mL in a volume of 400 μL for 1 hr 

at room temperature. After removing the resin by centrifugation, the supernatant was analyzed by 

spectrophotometry at 280 nm to quantify the concentration of unbound protein. The amount of 

protein bound to the peptide-Toyopearl resin was calculated by mass balance. The adsorption data 

were fit to a Langmuir isotherm (Equation 2): 

 
Equation 2  𝑞 = !!"#[#]

%$&[#]
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Wherein q is the amount of protein adsorbed on the peptide-Toyopearl resin (mg protein/mL resin), 

[C] is the unbound concentration of protein at equilibrium (mg protein/mL solution), qmax is the 

maximum protein binding capacity (mg protein/mL resin), and KD is the dissociation constant 

(affinity, mg protein/mL solution). 

The binding specificity of cyclo[E-LYLAYPAH-K] for WW-YAP was then evaluated. 

Bovine serum albumin (BSA) and lysozyme (LYZ) (Fisher Scientific) were dissolved in 20 mM 

HEPES, 150 mM NaCl, pH 7.8 and serially diluted to multiple concentrations ranging from 13 

μg/mL to 2 mg/mL. An aliquot of 1 mg of cyclo[E-LYLAYPAH-K]-Toyopearl resin was washed 

in PBS, pH 7.4, and incubated in 400 μL of either BSA or LYZ solution for 1 hr at room 

temperature. After removing the resin by centrifugation, the supernatant was analyzed by 

spectrophotometry at 280 nm to quantify the concentration of unbound protein. The amounts of 

protein bound to the peptide-Toyopearl resin (qBSA and qLYZ) were calculated by mass balance and 

compared to the amount of N-terminal YAP or WW-YAP that would be adsorbed at the same 

value of equilibrium protein concentration [C]. 
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CHAPTER 5 – Development of a post-translationally modified yeast surface display 

expression system used in combination with a yeast-yeast cell screening method to identify 

phospho-specific binding proteins 
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5.1 Abstract 

The discovery of binders to post-translationally modified (PTM) proteins has been largely 

limited to the use of protein engineering methods that require a recombinant, soluble version of 

the PTM target protein.  Here, we have leveraged the Yeast Endoplasmic Sequestration System 

(YESS) to express a post-translationally modified protein on the surface of yeast.  As a proof of 

concept, the epidermal growth factor receptor (EGFR) and Abl tyrosine kinase were chosen as a 

model substrate/enzyme pair to assess the phosphorylation of a known C terminal tyrosine.  After 

conformation that a phosphorylated tyrosine within the EGFR backbone was successfully 

expressed on the yeast surface, it was then investigated whether another protein could be co-

expressed on the yeast surface simultaneously with the phosphorylated EGFR.  We chose to 

express the iron oxide binding protein, SsoFe2, to allow for yeast cell immobilization onto an iron 

oxide magnetic surface.  Given the ability to co-express both the phosphorylated EGFR and the 

iron oxide binding SsoFe2, this yeast display construct was then as a replacement to the typically 

used soluble protein target.  A previously developed cell-cell screening method was used to 

identify phospho-specific EGFR binding proteins using a yeast surface display library consisting 

of  camelid nanobodies.  This work suggest that three proteins can be simultaneously expressed 

leading to the expression of a phosphorylated EGFR protein and the SsoFe2 protein.  After 2 

rounds of screening the nanobody library with the phosphorylated EGFR target, we have identified 

a slight enrichment of nanobody-expressing cells that are specific to the phosphorylated EGFR.  

Further rounds of screening and/or single cell analysis is needed in future work.     

5.2 Introduction 

Post translational modifications such as phosphorylation, glycosylation, ubiquitination, 

and many others play a critical role in cell signaling, disease pathology, and cell differentiation.  
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The identification of novel binding ligands specific to the post-translationally modified protein has 

been of much interest, and combinatorial library strategies have been used in an attempt to identify 

new ligands with some success.  Phage display has been used to identify single chain variable 

fragment (scFv) of antibody libraries to phosphorylated post translational modifications1–5.  In 

addition, scaffold proteins such as the Forkhead-associated 1 (FHA-1) protein domain has been 

utilized to find phospho-epitope specific binders6,7.  Other post translationally modified epitopes 

have also been used as targets such as sulfonated tyrosines8, polyubiquitinylated proteins9,10, 

glycosylated proteins11, and histone post translational modifications12 just to name a few. Other 

methods such as mRNA display have been used less frequently but the fibronectin type III 

monobody domain has been used to identify a phosphor specific binder that is 1000x more specific 

compared to its un-modified peptide.13  To study protein-protein interactions, yeast surface display 

cDNA libraries have been widely utilized14,15 whereas the discovery of novel antibody 

fragments3,16 or scaffold proteins17 is less common in the context of yeast surface display. 

However, one of the major obstacles is that the discovery of these ligands involves the need 

for the soluble post-translationally modified protein or peptide.  To circumvent this issue, a cell-

cell screening method using a yeast surface displayed protein library in combination with a yeast 

cell population that is co-displaying the  protein target18 and an iron oxide binding protein, 

SsoFe219.  The Yeast Endoplasmic Sequestration System (YESS) has been used by others20,21 and 

us to co-express an enzyme/substrate pair leading to a peptide modification and subsequent 

expression on the yeast surface.  We set out to determine if it was possible to simultaneously 

express three proteins by using the galactose 1/10 promoter typically used with yeast surface 

display and the incorporation of the T2A ribosomal skipping sequence that has also been used to 

co-express multiple proteins in the context of yeast surface display22. 
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The epidermal growth factor receptor (EGFR) was chosen as a model target due to the fact 

that this receptor has previously been expressed using yeast surface display20 and combinatorial 

libraries have been screened against this target and positive binders have successfully been 

identified.23  Combinatorial library screening methods using a yeast-surface displayed camelid 

single domain antibody fragment (nanobody) have been previously used to find binders to 

conformationally specific G-protein couples receptors.24  Given this specificity, we set out to 

determine if a camelid single domain antibody fragment (nanobody) combinatorial library could 

be used in cell-cell post-translationally modified screening method. 

We have combined the galactose 1/10 promoter with the T2A ribosomal skipping peptide 

sequence.  The epidermal growth factor receptor (EGFR) peptide, consisting of the C terminal 

FKGSTAENAEYLRVAPQSSF amino acid sequence was used as a proof of concept substrate.  In 

addition to EGFR expression, the SsoFe2 binding protein is co-expressed using the T2A ribosomal 

skipping peptide downstream of the galactose 1 promoter.  A known Abl 1 tyrosine kinase 

(accession NM 005157.5) was chosen and placed under the control of the galactose 10 promoter 

to allow for the simultaneous expression of three proteins.  We were able to demonstrate the 

expression of a phosphorylated peptide and the SsoFe2 protein on the surface of yeast.  To this 

end, we have developed a plug and play PTM expression system where a substrate an enzyme of 

interest can be co-expressed and the modified substrate can be displayed on the surface of yeast.  

We were also able to demonstrate its utility in a cell-cell screen to identify a pool of nanobody 

yeast library cells have an enriched affinity for the phosphorylated target compared to a negative 

control. 
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5.3 Results and Discussion 

5.3.1 Design and utilization of the Abl tyrosine kinase to phosphorylate an EGFR peptide  

and express as a yeast surface display fusion protein 

After demonstrating that the transglutaminase enzyme could be used be utilized to form an 

isopeptide bond in the context of a yeast surface display fusion protein with the yeast endoplasmic 

reticulum, we utilized this technology to phosphorylate the epidermal growth factor receptor 

(EGFR) from amino acid in conjunction with the Abl tyrosine kinase.  The peptide sequence, 

FKGSTAENAEYLRVAPQSSF, was co-expressed with a tyrosine kinase Abl enzyme and 

expressed on the surface of yeast using the construct as shown (Figure 5.1A) resulting in the cell 

surface Aga2 fusion protein shown in Figure 5.1B.  The secretory prepro signal sequence is used 

to direct the transcribed mRNA into the endoplasmic reticulum secretory pathway.  Upon 

translation in the endoplasmic reticulum, the prepro signal sequence is cleaved resulting with an 

N terminal Aga2 and C terminal ER retention sequence resulting in an increased retention in the 

ER prior to secretion.  This strategy was similarly used20,21 in addition to our work in the previous 

chapter of this thesis. 

As a negative control for the hypothesized phosphorylated EGFR construct, an identical 

construct was created lacking the galactose 10 inducible Abl substrate kinase (Figure 5.1C) 

resulting in the cell surface Aga2 fusion protein shown in Figure 5.1D.  Notably, the only 

difference between these two cell surface fusions is the hypothesized addition of a phosphate to 

the tyrosine within the EGFR peptide.  To determine the efficiency of the kinase, both populations 

of yeast cells were grown for ~24 hours, induced at an OD of 1.0 for ~24 hours.  Subsequently, 

the detection of the yeast surface displayed 6x histidine epitope and phosphorylated tyrosine 

residue using an anti-phosphotyrosine antibody was carried out using single cell fluorescence flow 
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cytometry analysis.  The percentage of fluorescent cells above the background fluorescence was 

initially analyzed for the 6x histidine tag epitope to determine the percentage of cells expressing 

the peptide (Figure 5.1E).  Both constructs expressed similar levels of the peptide as determine 

by 6x histidine tag fluorescence.  Next, the efficiency of the kinase was assessed.  There was a 

significant difference in the detection of phosphorylated tyrosine for the construct with the 

incorporation of the kinase (Figure 5.1E).  Taken together, these data indicate that the 

incorporation of the Abl tyrosine kinase under the control of the galactose 10 inducible promoter 

is able to successfully phosphorylate the tyrosine in the EGFR C terminal peptide sequence. 

 
Figure 5.1. Epidermal growth factor receptor (EGFR) and phospho-EGFR yeast surface display (A) 
DNA construct utilizing the bidirectional galactose 1/10 promoter to co-express the EGFR peptide 
as an Aga2 fusion protein and its modifying Abl tyrosine kinase. (B) Yeast cell surface schematic 
of the phosphorylated EGFR peptide expression. (C) DNA construct utilizing the galactose 1/10 
promoter to express with EGFR peptide without the Abl tyrosine kinase. (D) Yeast cell surface 
schematic of the EGFR peptide expression. (E) The percentage of cells expressing EGFR and the 
percentage of cells expressing phosphorylated EGFR for each construct. The percentage of cells 
above background from three independent experiments was used. Error bars correspond to the 
standard error from three independent replicates. A two-tailed t-test assuming unequal variance 
was used with p<0.05. 
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5.3.2 Dual expression of a phosphorylated EGFR peptide fusion and the SsoFe2 iron oxide 

binding protein 

After it was determined that a tyrosine-phosphorylated EGFR peptide was able to be 

expressed on the surface of yeast using the galactose1/10 bidirectional promoter, it was sought to 

determine whether the triple expression of three proteins was possible.  It has been previously 

shown that the T2A ribosomal skipping peptide sequence can be used in the context of yeast 

surface display to co-express two proteins simultaneously.22  However to our knowledge, it has 

not been shown that two proteins under control of the Gal 1 promoter using a T2A ribosomal 

skipping sequence can be expressed simultaneously with a Gal10 expressed protein.  A triple 

expression plasmid was constructed (Figure 5.2A).  The EGFR peptide and SsoFe2 iron oxide 

binding protein were placed under the control in the galactose 1 direction with the T2A ribosomal 

skipping sequence in between.  A C terminal c-myc epitope detection tag was used to ensure the 

full length expression of EGFR peptide while an N terminal flag epitope detection tag was used to 

ensure the expression of the SsoFe2 protein.  Upon translation of the T2A peptide sequence, the 

ribosome will release from the polypeptide chain prior to restarting the translation at a subsequent 

proline.  Hence, two polypeptide transcripts are translated from one rRNA transcript.  The 

incorporation of two prepro secretory peptide sequences and two Aga2 mating proteins ensure that 

enough transcript protein fusion will enter the secretory pathway and become a yeast cell surface 

protein fusion through the agglutination with the endogenous Aga1 mating protein (Figure 5.2B).  

The Abl tyrosine kinase was placed under control of the galactose 10 direction.  It also contains a 

secretory signal prepro peptide sequence. Upon entry into the endoplasmic reticulum, the enzyme 

is able to interact with its cognate EGFR peptide and phosphorylate the tyrosine residue. 
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To assess the expression levels of each Aga2 protein fusion, single cell flow cytometry was 

used.  Upon yeast cell growth and induction, the percentage of cells expressing the full length 

EGFR fusion protein was assess via an anti-c-myc antibody.  In parallel, the percentage of cells 

expressing the SsoFe2 protein fusion was also assessed via an anti-flag antibody (Figure 5.2C).  

Not surprisingly, the expression level of the EGFR peptide is significantly greater than the Sso7d 

expression level. The T2A ribosomal skipping efficiency is not 100%, therefore it is anticipated 

that that there will be a greater copy number of the first sequence which will lead to its higher cell 

surface expression level.  To assess the amount of the EGFR peptide that is phosphorylated, an 

anti-phosphotyrosine antibody was used.  Again, the percentage of cells above background was 

assessed to determine the degree of phosphorylation.  Notably, there was a significantly lower 

expression of the phosphorylated EGFR peptide due to the incomplete efficiency of the kinase 

enzyme. 

To ensure that the SsoFe2 protein was functional and enough protein was expressed on the 

cell surface to allow for magnetization, the cells were incubated with iron oxide nanoparticles and 

the degree of magnetization was assessed (Figure 5.2D). As a negative control, yeast cells 

expressing only the EGFR peptide and Abl kinase were also utilized.  A significantly greater 

amount of cells expressing SsoFe2 were magnetized compared to the phospho-EGFR cells that did 

not express the SsoFe2 iron oxide binding protein. Together, this data indicates that three proteins 

can be co-expressed using the functionality of the galactose 1/10 bidirectional promoter and the 

T2A ribosomal skipping peptide sequence.  We were able to co-express a post translationally 

modified EGFR peptide alongside the SsoFe2 iron oxide binding protein to allow for successful 

and specific yeast cell magnetization for cells expressing a post translationally modified EGFR 

peptide.  
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Figure 5.2. Phosphorylated EGFR and SsoFe2 expression using the galactose 1/10 bidirectional 
promoter and the T2A ribosomal skipping sequence. (A) DNA construct utilizing the bidirectional 
galactose 1/10 promoter to co-express the EGFR peptide as an Aga2 fusion protein and its 
modifying Abl tyrosine kinase. In addition, the T2A ribosomal skipping peptide sequence was 
included leading to the dual surface expression shown in (B).  (C) The percentage of cells 
expressing total EGFR, phosphorylated EGFR, and SsoF2.  The percentage of cells above 
background from three independent experiments was used. Error bars correspond to the 
standard error from three independent replicates.   (D)  The capture of phosphorylated EGFR 
expressing yeast cells with or without the co-expressed SsoFe2 iron oxide binding protein.  
Capture efficiency was assessed by absorbance at 600 nm before and after being subjected to 
iron oxide magnetic nanoparticles. Error bars correspond to the standard error from three 
independent replicates. A two-tailed t-test assuming unequal variance was used with p<0.05. 

 

 
5.3.3 Screening platform to identify phospho-specific EGFR binding proteins 

Next, it was sought whether these co-expressing phospho-EGFR and SsoFe2 cells could 

be used as a target protein in a cell-cell screen.  Protein binders using yeast surface display cell-

cell screens have been demonstrated previously18.  However, to our knowledge this strategy has 

not been utilized to identify phospho-specific binding proteins. Freshly grown and induced 

phospho-EGFR fusions were incubated with magnetic nanoparticles to immobilize the cells, and 

un-magnetized cells were removed.  Subsequently, a nanobody expressing library of yeast cells 
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was incubated with the magnetized phosphorylated cells, and the positive clones were identified 

as illustrated in the schematic (Figure 5.3).   

 
Figure 5.3. Schematic of cell-cell screening.  Phosphorylated EGFR expressing cells are co-
incubated with iron oxide magnetic nanoparticles and subjected to magnetization to capture the 
magnetized cells.  Next, the nanobody expressing yeast library is co-incubated with the 
magnetized phosphorylated yeast cells in the presence of an excess of non-competitive yeast 
cells.  Finally, the nanobody cells that interact with the phosphorylated cells are isolated, and 
regrown.  This process is repeated for each multiple rounds of screening.  
 

Two rounds of screening were executed, and the cell enrichment after each round was 

identified via single cell fluorescence flow cytometry.  To decrease the potential of nanobody 

library cells that non-specifically bind, an excess of non-expressing EBY100 yeast cells were 

included during the incubation.  Flow cytometry dot plots indicating the enrichment of positive 

clones is shown (Figure 5.4).  To ensure the specificity of biding to the phosphorylated EGFR, a 

biotinylated peptide with a phosphorylated tyrosine was utilized NAE(pY)LRVAPQSS.  In 

addition, a non-phosphorylated biotinylated peptide NPDYQQDFFPKE was also utilized. Flow 
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cytometry dot plots for different rounds incubated with peptide NAE(pY)LRVAPQSS or 

NPDYQQDFFPKE are show in the top and bottom row, respectively.  The naïve library, post one 

round of screening, and post two rounds of screening are shown in the first, second, and third 

column, respectively.  Both the naïve nanobody library and the library are one round of screening 

shows little difference in the flow cytometry dot plot.  However, after the second round of 

screening, there is a slight enrichment in NAE(pY)LRVAPQSS binding cells compared to the 

NPDYQQDFFPKE binding cells.  Future work will include future rounds of screening with more 

stringent conditions followed by single cell analysis and individual peptide characterization. 

 
 
Figure 5.4. Nanobody library enrichment after two rounds of screening.  The pool of nanobody 
expressing library cells after each round of screening were labeled with biotinylated EGFR 
peptide.  The amount of cells that interact with the soluble peptide was determined.  Q1 
represents the percentage of cells above background that have some affinity for either the 
phosphorylated NAE(pY)LRVAPQSS peptide or the negative control NPDYQQDFFPKE peptide. 
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5.4 Conclusions 

This work has demonstrated that the triple expression of a post translationally modifying 

enzyme, its cognate substrate, and the iron oxide binding protein SsoFe2 can be simultaneously 

expressed leading to the dual display of two separate Aga2 protein fusion proteins.  A cell-cell 

screening method was then utilized to identify an enriched population of library cells with an 

greater affinity for the phosphorylated EGFR peptide than a similar EGFR non-phosphorylated 

peptide negative control.  Further characterization is needed to identify a single sequence, but the 

results to date indicate that a population of library cells are showing enhanced affinity and 

specificity toward the phosphorylated EGFR.  

 
5.5 Materials and Methods 

5.5.1 Plasmids and yeast cell culture 

The pCTCON vector containing TRP selectable marker or the pCC1 vector containing 

LEU selectable marker was used in conjugation with Saccharomyces cerevisiae strain EBY100. 

Specifically, the Frozen-EZ yeast transformation Kit II (Zymo Research) was used to transform 

plasmid DNA into chemically competent EBY100. Trp-deficient SDCAA and SGCAA media was 

used, respectively, for culturing and inducing cells harboring the pCTCON plasmid as previously 

described.25  Leu-deficient SDSCAA (-Leu) and SGSCAA (-Leu) media was used for cells with 

the pCC1 vector.  Leu deficient media has a similar composition to SDCAA and SGCAA media 

except it contains synthetic dropout mix (1.62 g/L) lacking leucine. When culturing, yeast cells 

were grown in SDCAA or SDSCAA media at 30°C with shaking at 250 RPM. To induce protein 

expression, yeast cells were transferred into SGCAA or SGSCA medium at OD600 of 1 and 

incubated for 24 or 48 hrs at 20 °C with shaking at 250 rpm.  EBY100 without plasmid was grown 
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in YPD medium (10.0 g/L yeast extract, 20.0 g/L peptone, and 20.0 g/L dextrose) at 30 °C with 

shaking at 250 rpm. 

 
5.5.2 Plasmid construction for display of the EGFR peptide and EFE2 proteins as single or  

dual display yeast surface fusions 

Plasmids were constructed using pCTCON2 as the backbone vector to confer -TRP 

selection or pCC1 as the backbone vector to confer -LEU selection that afford the expression of 

the different peptide sequences on the surface of yeast using Aga2  as a fusion to allow for display 

on the yeast surface.  The epidermal growth factor receptor (EGFR) amino acid sequence 1187 – 

1207 using accession number CAA25240.1 was expressed under the control of the Gal1 promoter.  

The Abl tyrosine kinase sequence from amino acid 235 – 49 using the accession number NM 

005157.5 was expressed under the control of the Gal10 promoter.  To generate the EGFR peptide 

expression construct, EGFR-pCTCON2, the EGFR peptide sequence (gene block 1), was 

amplified with primer Pf1 and Pr1 and inserted into a modified pCTCON2 backbone between NheI 

and XhoI affording the expressing of the EGFR peptide as an Aga2 fusion.  PCR reactions were 

performed in a volume of 50 μL that contained 1 U of Phusion HF DNA polymerase (Thermo 

Fisher Scientific), 1X Phusion Buffer, 0.2 mM deoxynucleotide triphosphate (dNTPs) (Thermo 

Fisher Scientific), 0.1 μM of the forward and reverse primers, 3% dimethyl sulfoxide (DMSO), 

and 10 ng of the template DNA.  The PCR was performed using the following conditions: Initial 

denaturation at 98°C for 2 minutes, followed by 30 cycles of denaturation at 98°C for 10 seconds, 

annealing at 62°C for 20 seconds, extension at 72°C for 5 seconds, and a final extension at 72°C 

for 10 minutes. 

 To allow for the phosphorylation of the EGFR peptide, the Tyrosine Abl kinase sequence 

(gene block 2) was amplified with primer Pf2 and Pr2 and inserted into the EGFR-pCTCON2 
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backbone downstream of the Gal10 promoter between NcoI and AvrII, allowing the co-expression 

of the EGFR peptide along with the kinase.  This is the EGFR-Phospo-pCTCON2 construct.  PCR 

reactions were performed in a similar manner with the following conditions:  Initial denaturation 

at 98°C for 2 minutes, followed by 30 cycles of denaturation at 98°C for 10 seconds, annealing at 

62°C for 20 seconds, extension at 72°C for 40 seconds, and a final extension at 72°C for 10 

minutes. 

Next, a plasmid was created affording the triple expression of the EGFR peptide, Abl 

tyrosine kinase, and EFE2 iron oxide binding protein within the yeast cell.  This ultimately allowed 

for the dual expression of a the EFE2 as an Aga2 fusion and the phosphorylated EGFR as an Aga2 

fusion protein tethered to the surface of yeast.  Gene block 3 was amplified with Pf3 and Pr3 and 

inserted into the EGFR-Phospho-pCTCON2 vector between NheI and XhoI to replace the EGFR 

peptide with DNA capable of expressing both the EGFR peptide and EFE2 protein with a T2A 

ribosomal skipping sequence in between to create the EGFR-Phospho-T2A-EFE2-pCTCON2 

construct.  PCR reactions were performed in a similar manner with the following conditions:  

Initial denaturation at 98°C for 2 minutes, followed by 30 cycles of denaturation at 98°C for 10 

seconds, annealing at 62°C for 20 seconds, extension at 72°C for 45 seconds, and a final extension 

at 72°C for 10 minutes.  Next, the EGFR-Phospho-T2A-EFE2-pCTCON2 construct between KpnI 

and XhoI was amplified with Pf4 and Pr4, subsequently treated with DpnI to remove the original 

backbone, digested, and inserted into a -LEU resistance pCC1 backbone between HpaI and NarI.  

PCR reactions were performed in a similar manner with the following conditions:  Initial 

denaturation at 98°C for 2 minutes, followed by 30 cycles of denaturation at 98°C for 10 seconds, 

annealing at 62°C for 20 seconds, extension at 72°C for 90 seconds, and a final extension at 72°C 

for 10 minutes. 
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Double stranded gene fragments were purchased from Integrated DNA technologies (IDT). 

Primer oligonucleotides were bought from IDT or Eton Biosciences. Gene fragment and primer 

sequences can be found in Tables DS1-S2. Phusion Polymerase (Thermo Fisher Scientific) was 

used for PCR reactions that took place in a 50 μL volume reaction following the manufacturer’s 

protocols. Restriction digests of plasmid backbones and PCR products were executed at 37°C for 

2 hours in a 50 μL volume using a 5-times excess of each restriction enzyme. Digested plasmid 

backbones were incubated with Antarctic phosphatase (New England Biolabs) for 1 hour at 37°C. 

Digested plasmids and PCR products were purified using a 9K series gel and PCR extraction kit 

(BioBasic). Overnight ligations using T4 DNA ligase (Promega) were performed with the digested 

plasmid backbones and PCR product inserts. Ligations were transformed into chemically 

competent Novablue E.coli cells. The cells were made chemically competent using Mix&Go! 

E.coli transformation buffers (Zymo Research). The GeneJETTM plasmid miniprep kit (Thermo 

Fisher Scientific) was used to harvest plasmids from overnight E.coli cultures. 

 
5.5.3 Flow cytometry analysis and detection of the phosphorylated EGFR peptide and its 

associated cell surface fusion epitope tags 

The yeast surface display expression levels of histidine, c-myc, and flag tags were 

quantified via fluorescent flow cytometry single cell analysis.  The appropriate yeast surface 

display construct was grown in SDCAA (-Trp) or SDSCAA (-Leu) media for 24 hours. Cells were 

then collected, and induced at an OD of ~1.0 in SGCAA (-Trp) or SDSCAA (-Leu)  for varying 

amount of times.  After induction, the cells were collected and prepared for flow cytometry 

analysis.  Briefly, 5x106 cells were labeled with 1:50 dilution of the anti-phosphotyrosine 647 

antibody (BioLegend), and 1:100 dilution of the chicken anti-c-myc antibody (Invitrogen),  rabbit 

anti-HA antibody (Thermo Fisher Scientific), anti His-488 (Qiagen) or anti His-647 (Qiagen) 
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conjugate, or a mouse anti-Flag antibody (Sigma Aldrich).  All antibodies were diluted with 

Phosphate Buffer Saline 0.1% w/v Bovine Serum Albumin (Thermo Fisher Scientific) and 

incubated for 15 minutes at 4o C with the exception of the anti-phosphotyrosine which was done 

for 40 minutes at 4oC.  Cells were then washed, and a secondary labeling of goat anti-chicken 488, 

goat Anti-chicken 633, donkey anti rabbit 488, donkey anti rabbit 633, or donkey anti mouse 488, 

or donkey anti mouse 633 using a 1:250 dilution was executed for 15 minutes at 4oC.  All labeling 

was conducted in 50 μL of 0.1% phosphate- buffered saline (PBS) BSA (PBSA).  Cells were 

analyzed using a Miltenyi Biotec MACsQuant VYB cytometer.  An excitation laser of 488 nm 

with an emission filter of 525/50 nm was used to detect secondary antibodies with a 488 

fluorophore conjugate.  An excitation laser of 561 nm with an emission filter of 661/20 nm was 

used to detect the secondary antibodies with a 633 or 647 fluorophore conjugate. Cells were 

analyzed using a Miltenyi Biotec MACsQuant VYB cytometer.  At least 50,000 events were 

recorded for each sample. The mean fluorescence intensity (MFI) of each population was obtained 

using FlowJo flow cytometry software. 

5.5.4 Magnetization of the EGFR-Phospho-T2A-EFE2-pCTCON2 cells 

Cells expressing both SsoFe2 and the phosphorylated EGFR, construct EGFR-Phospho-

T2A-EFE2-pCTCON2, were collected after 48 hours of induction, and washed with PBS, 1% 

BSA.  Simultaneously, iron oxide magnetic nanoparticles were prepared at a concentration of 4 

mg/mL in sterile DI water.  To magnetize the cells, 1 mL of the 4 mg/mL iron oxide magnetic 

beads in solution was incubated with 9 mL of 50x107 target cells resuspended in PBS, 1% BSA 

and incubated with mild agitation at room temperature for 30 minutes.  The mixture was subjected 

to magnetization, and the amount of unbound cells were captured.  To assess the degree of 

magnetization, the optical density at 600 nm was taken before and after magnetization.  Cells were 
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then washed 3x with PBS, 1% BSA, subjected to magnetization and the supernatant was removed 

to get rid of any un-magnetized cells.  After 3 rounds of washing, the magnetized cells were re-

suspended in 10 mL of PBS, 1% BSA and incubate at room temperature for 1 hour.  Magnetized 

cells were then washed 3x with PBS, 0.1% BSA prior to incubation with the nanobody library.   

 
5.5.5 Yeast surface display nanobody library screening 

A previously constructed yeast surface display nanobody expressing combinatorial library 

was generously gifted to us24 and used in our screening platform in an attempt to identify phosphor-

specific EGFR binding nanobody mutant.  After cell growth and induction using previously 

defined conditions24, nanobody library cells were washed with PBS, 0.1% BSA.  The amount of 

library cells, amount of EGFR target cells, volume of iron oxide magnetic nanoparticle were varied 

for each round to increase the screening stringency.  

In the first round of magnetic activated cell sorting (MACS), 50 x 107 of phosphorylated 

EGFR target cells were incubated with 1 mL of 4 mg/mL iron oxide magnetic nanoparticles in a 

total volume of 10 mL to immobilize the target cells onto the magnetic surface.  After a 30 minutes 

incubation at room temperature under mild agitation, the phosphorylated EGFR target cells were 

subjected to magnetization and the supernatant was removed to get rid of any un-magnetized cells.  

Cells were then washed 3 times with PBS, 1% BSA, subjected to magnetization to remove any 

remaining un-magnetized cells.  The magnetized target cell mixture was then incubated for 1 hour 

at room temperature under mild agitation.  After this blocking procedure, the phosphorylated 

EGFR cells were then washed 3x with PBS, 0.1% BSA prior to incubation with the nanobody 

library to isolate any nanobody library binders.  5 x 109 cells from the nanobody library were 

induced for 24 hours, and 5 x 109 cells were isolated, centrifuged  at 3000x g for 2 minutes, and 

screened against the magnetized target phosphorylated EGFR cells in 10 mL of PBS, 0.1% BSA. 
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As a competitive inhibitor, 1 x 109 cells of excess EBY100 cells were co-incubated along with the 

library.  After a 2 hour incubation at room temperature, the mixture was placed on a magnet to 

capture the magnetized target cells (-Leu) and any nanobody expressing cells (-Trp) that were 

bound to the target cells.  The target magnetized cells and nanobody library cells that were non-

covalently bound to them were washed 3 times with PBS, 0.1% BSA to remove any loosely bound 

or unbound library cells.  After washing, cells were placed into 20 mL of SDCAA media to allow 

the captured nanobody expressing cells to propagate while the target cells would not be able to 

propagate under the -Trp selective conditions. 

Round 2 was executed in a similar manner to round 1 with the exception that 0.1 mL of 4 

mg/mL iron oxide nanoparticle in a total volume of 2 mL were used to magnetize 5 x 107  

phosphorylated EGFR cells.  After magnetization, 5 x 108 nanobody library cells were isolated 

and incubated with the magnetized cells in a volume of 2 mL. Again, 1 x 109 cells of excess 

EBY100 cells were co-incubated along with the library. After a 2 hour incubation at room 

temperature, the mixture was placed on a magnet to capture the magnetized target cells (-Leu) and 

any nanobody expressing cells (-Trp) that were bound to the target cells.  The target magnetized 

cells and nanobody library cells that were non-covalently bound to them were washed 3 times with 

PBS, 0.1% BSA to remove any loosely bound or unbound library cells.  After washing, cells were 

placed into 5 mL of SDCAA media to allow the captured nanobody expressing cells to propagate 

while the target cells would not be able to propagate under the -Trp selective conditions. 

 
5.5.6 Enrichment analysis of binding after 2 rounds of screening 

To test for enrichment of phosphorylated EGFR binding nanobody library cells in between 

rounds after each round of screening, the sorted library cells were analyzed for binding affinity to 

a soluble biotinylated EGFR peptide sequence with a phosphorylated residue 
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NAE(pY)LRVAPQSS, and a negative control peptide comprising of a similar region of the EGFR 

peptide without a phosphorylated tyrosine residue NPDYQQDFFPKE. were used as positive and 

negative targets, respectively.  Peptides were acquired from Genscript and diluted in water to a 

stock concentration of 610 μM and 570 μM, respectively. Subsequent dilutions were executed 

using PBS, 0.1% BSA. 

The binding interaction between the nanobody library of yeast cells with the appropriate 

biotinylated soluble peptide was assessed via fluorescent flow cytometry single cell analysis.  The 

appropriate yeast surface display library was grown in SDCAA media for 24 hours.  Cells were 

then collected, and induced at an OD of ~1.0 in SGCAA for 24 hours.  After induction, the cells 

were collected and prepared for flow cytometry analysis.  Briefly, 5x106 of the nanobody-

expressing library cells were incubated with 1 μM of the NAE(pY)LRVAPQSS or 

NPDYQQDFFPKE peptide and incubated overnight at 4 oC.  All labeling was conducted in 50 μL 

of PBS, 0.1% BSA.  Cells were washed with PBS, 0.1% BSA prior to secondary labeling with a 

1:250 dilution of Streptavidin, R-Phycoerythrin (Thermo Fisher Scientific) for 15 minutes under 

mild agitation at 4 oC.  An excitation laser of 561 nm with an emission filter of 586/15 nm was 

used to detect the Streptavidin, R-Phycoerythrin fluorescence signal.  Cells were gated according 

the forward scatter and side scatter signals, and the enrichment of positive clones was identified 

via the percentage of cells above the background fluorescence intensity for each round using 

FlowJo flow cytometry analysis software.  Cells were analyzed using a Miltenyi Biotec 

MACsQuant VYB cytometer, and at least 50,000 events were recorded for each sample. 
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CHAPTER 6 – Conclusions and Future Directions 
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6.1 Conclusions and future directions 

Our work set out to address the limitations of studying intracellular protein interactions by 

developing platforms to identify novel cyclic binding peptides and membrane permeating peptides.  

Initially, we used a combinatorial library of cyclic peptides to identify peptide binders to the 

tandem WW protein domain.  We used a soluble mRNA cyclic peptide library in combination with 

the yeast surface displayed WW protein domain to alleviate the concern for recombinant protein 

expression, production, and purification.   We then used a similar genetically encoded mRNA 

display cyclic peptide library to develop a screening platform and successfully isolated a cyclic 

peptide that was capable of Drosophila melanogaster embryo/larvae permeation and demonstrated 

its utility as a broad embryo and cell permeating peptide. 

We then explored post-translational modifications within the context of the genetically 

encoded protein engineering technique, yeast surface, and developed an enzymatic cyclization 

strategy to express semi-synthetic peptides.  A model peptide sequence and a combinatorial library 

of peptides were characterized, and binding peptides to the tandem WW domain and Yes-

Associated Protein 65 were identified.  In this work, we also developed an indirect cyclization 

efficiency assay in conjunction with flow cytometric single cell analysis and epitope tag detection.  

Finally, the use of enzyme-mediated yeast surface display system was extended to another 

substrate/enzyme pair to express a phosphorylated EGFR peptide on the surface of yeast.  This 

was ultimately combined with an existing cell-cell yeast surface display screening system in an 

attempt to find phospho-specific binding proteins.  Notably, this demonstrated the use of the 

galactose 1/10 bidirectional promoter to a multitude of applications. 

Chapter 2 discussed the use of mRNA display in combination with yeast surface display to 

identify a cyclic and linear binding peptide to the tandem WW protein domain.  This work 
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demonstrated that yeast cells displaying the target protein of interest can be non-specifically 

magnetized upon incubation with iron oxide nanoparticles, and can replace the need for a 

recombinant soluble protein target.  It would be interesting to determine if other protein 

engineering methods could also be combined to eliminate the need for soluble protein. 

Chapter 3 highlighted the use of mRNA display peptide engineering to both develop a 

novel screening platform to find a Drosophila melanogaster permeating peptide.  Furthermore, the 

discovered peptide was also analyzed on model cell lines to demonstrate its utility as a broad 

membrane permeating peptide.  Finally, our data suggests that cyclization is not only sufficient, 

but necessary for permeability into Drosophila melanogaster embryos/larvae.  Little is known 

regarding the permeability of other model organisms.  This technology could be applied to other 

developmental organisms as an alternative to deliver molecules into a developing embryo.  

Ultimately, it would be ideal to synthesize a peptide where the membrane permeating peptide is 

covalently linked to a protein binding peptide.  This would confirm that both the binding peptide 

and the permeating peptide could be used in conjunction with one another.  Also, it would allow 

the study of intracellular function at the proteomic level.  

Chapter 4 transitioned from cyclic peptide engineering with mRNA display to cyclic 

peptide engineering using yeast surface display where an enzymatically-catalyzed cyclization 

method was utilized to demonstrate a proof of concept “on-surface” and “intra-cellular” peptide 

cyclization.  This degree of cyclization was assessed via an indirect flow cytometry assessment of 

epitope detection tags via a rational design of displayed peptide construct.  Finally, both the “on-

surface” and “intra-cellular” methods were utilized to synthesize a library of enzymatically treated 

peptides to identify novel peptide binders to Yes Associated Protein 65 and the tandem WW 
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protein domain.  To our knowledge, this was the first de novo cyclic peptide binder discovered 

using yeast surface display. 

Finally, chapter 5 leveraged the galactose 1/10 bidirectional promoter, but used an 

enzymatic approach to phosphorylate an epidermal growth factor receptor and express it on the 

surface of yeast.  Furthermore, the incorporation of an iron oxide binding protein co-displayed on 

the surface of yeast allowed for immobilization onto a magnetic surface sold phase.  Finally, a 

nanobody library was screened against this construct in an attempt to find a phospho-specific 

binding protein.  Multiple rounds of screening need to be continued to identify a single phospho-

specific binder.  However, the utility of this system to express different enzyme/substrate pairs 

has limitless potential.  Applications in enzyme engineering, library screening of genetically-

encoded enzyme inhibitors or activators, or the identification of optimized substrate sequences 

from a randomized library are all possible uses of this system.  Overall, we have demonstrated 

that multiple post-translational modifications can be introduced into protein engineering 

techniques.  
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Appendix A – Supplementary Data for Chapter 2 

Table AS1. Oligonucleotide primers for Chapter 2 
 Sequence 
Pf1 AAAAAAGCTAGCTTCGAAATTCCCGACGAT 
Pr1 AAAAAACTCGAG 

CTATTACAAGTCCTCTTCAGAAATAAGCTTTTGTTCCTGATTCATCGC 
Pf2 AAAAAACATATGTTCGAAATTCCCGACGATGTG 
Pr2 AAAAAACTCGAGCTGATTCATCGCAAAGCGTG 
Pf3 GCAAATTTCTAATACGACTCACTATAGGGACAATTACTATTTACAATTAC 
Pr3 ATAGCCGGTGCCAGATCCAGACATTCCCATATGGTGATGGT 

 
Table AS2. Gene Blocks for Chapter 2    
Gene Block 1  ATGGATCCTGGGCAGCAGCCGCCACCCCAACCAGCGCCTCAAGGT

CAGGGGCAACCGCCATCACAGCCCCCTCAGGGCCAAGGACCTCCG
TCAGGCCCTGGTCAGCCAGCGCCCGCAGCGACACAGGCCGCACCC
CAGGCTCCGCCCGCAGGTCACCAGATAGTGCACGTTCGTGGAGAC
AGTGAAACCGACCTGGAAGCCCTGTTCAATGCGGTTATGAACCCT
AAGACCGCTAATGTACCACAAACGGTGCCGATGAGACTTAGAAAA
CTTCCAGATAGCTTTTTCAAACCACCCGAGCCCAAGTCTCATAGTC
GTCAAGCTTCAACAGACGCAGGAACGGCCGGGGCGTTGACTCCTC
AGCACGTGCGGGCTCACTCGTCACCTGCCAGTTTACAGTTGGGTGC
TGTCTCACCCGGTACGCTGACCCCTACTGGCGTAGTGTCCGGTCCG
GCCGCAACACCTACGGCCCAACACCTTCGTCAATCATCGTTCGAA
ATTCCCGACGATGTGCCGCTGCCAGCCGGTTGGGAGATGGCCAAA
ACTTCCTCAGGCCAGCGTTACTTCTTAAACCACATAGATCAGACAA
CTACCTGGCAGGATCCGCGGAAAGCGATGTTAAGTCAAATGAATG
TGACGGCACCTACATCCCCGCCAGTCCAGCAGAATATGATGAACT
CTGCTAGTGGTCCTCTTCCTGATGGGTGGGAACAGGCGATGACGC
AAGACGGCGAAATTTATTACATAAACCACAAGAACAAAACAACCT
CGTGGCTTGATCCACGGCTGGACCCACGCTTTGCGATGAATCAGC
GCATCTCTCAAAGTGCCCCAGTTAAACAACCACCGCCCTTAGCTCC
GCAGTCGCCACAGGGTGGGGTGATGGGCGGCAGCAACTCGAATCA
GCAGCAGCAAATGCGCTTACAGCAACTTCAGATGGAAAAGGAACG
CTTACGCTTGAAACAACAAGAGCTGTTGCGGCAAGAATTAGCATT
AAGATCACAGCTGCCTACTTTAGAACAGGACGGGGGTACGCAAAA
TCCCGTATCCTCGCCGGGAATGAGTCAGGAGCTTCGTACTATGACA
ACGAACTCCTCTGATCCTTTCCTTAACTCCGGGACCTATCACTCGC
GCGACGAAAGTACTGATTCCGGATTGTCCATGTCCTCCTATTCCGT
CCCCCGGACCCCCGACGATTTCCTTAACTCGGTTGACGAAATGGAC
ACTGGGGATACTATAAACCAATCGACCCTGCCTAGCCAGCAAAAC
CGTTTCCCGGATTATTTAGAAGCTATTCCGGGGACTAACGTAGATT
TGGGCACTCTGGAAGGGGATGGAATGAACATAGAGGGGGAGGAG
TTAATGCCGTCTTTGCAAGAGGCACTGTCTTCTGATATCTTAAACG
ATATGGAAAGCGTGTTGGCCGCCACAAAGTTGGACAAAGAATCTT
TCTTAACATGGTTGTAG 
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Table AS3. Oligonucleotides encoding randomized peptides for Chapter 2 
 Sequence 
Oligo 1 5'-GGA CAA TTA CTA TTT ACA ATT ACA ATG NNN NNN NNN 

NNN NNN AAA GGC AGC GGC TCC GGT CAT CAC CAC CAT CAC 
CAT ATG GGA ATG-3' 

Oligo 2 5'-GGA CAA TTA CTA TTT ACA ATT ACA ATG NNN NNN NNN 
NNN NNN NNN NNN AAA GGC AGC GGC TCC GGT CAT CAC 
CAC CAT CAC CAT ATG GGA ATG-3' 

Oligo 3 5'-GGA CAA TTA CTA TTT ACA ATT ACA ATG NNN NNN NNN 
NNN NNN NNN NNN NNN NNN NNN AAA GGC AGC GGC TCC 
GGT CAT CAC CAC CAT CAC CAT ATG GGA ATG-3' 
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Appendix B – Supplementary Data for Chapter 3 

Table BS1. Oligonucleotides encoding randomized peptides for Chapter 3 
 Sequence 
Oligo 1 5'-GGA CAA TTA CTA TTT ACA ATT ACA ATG NNN NNN NNN NNN NNN NNN NNN 

NNN NNN NNN AAA GGC AGC GGC TCC GGT CAT CAC CAC CAT CAC CAT ATG 
GGA ATG-3' 

 

 

 

Figure BS1. Drosophila melanogaster embryo handling and mRNA display screening procedure. (A) 
Components utilized for D. melanogaster growth, embryo laying and development, and subsequent 
embryo handling: the D. melanogaster are initially placed in a cage with grape juice agar plate 
supplemented with yeast paste and allowed to mate; the embryos are collected, washed, and transferred 
to a gray collection basket with a mesh screen for dechorionation or dechorionation/dewaxing; the 
embryos are finally transferred to a scintillation and incubated with either the peptide library or individual 
embryo-permeating peptides. (B) Schematics of the screening procedure: the dechorionated/dewaxed 
embryos are incubated with the library; following incubation, the embryos are lysed, and the library-
associated cDNA is amplified via PCR and utilized to construct subsequent libraries; starting at the second 
round of screening, a membrane/organelle centrifugation step is added after the lysis of the embryos to 
avoid the selection of peptide sequences that are absorbed within the embryo vitelline membrane but do 
not possess a true permeation activity (i.e., false positives). 
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Figure BS2. Structure and molecular properties of the lead candidate cyclo[Glut-MRKRHASRRE-K*] 
conjugated to a TAMRA fluorophore. 
 
 

 

Figure BS3. Confocal fluorescence microscopy images of dechorionated D. melanogaster embryos/larvae 
incubated with cyclo[Glut-MRKRHASRRE-K*] at a concentration of 20 μM, overnight at room temperature 
and characterized by (A) poor, (B) medium, and (C) high adsorption of the peptide on the outer 
membrane; (D) poor, (E) medium, and (F) high permeation of the peptide in the embryo/larva; (G) low, 
(H) medium, and (I) high viability; and (J) embryo or (K) larval state. 
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Figure BS4. Confocal fluorescence representative z-stack microscopy images of dechorionated D. 
melanogaster embryos incubated with cyclo[Glut-MRKRHASRRE-K*] at a concentration of 20 μM, 
overnight at room temperature. Nuclear GFP expression is shown in the green channel, and distribution 
of permeated peptides in the embryos is shown in the red channel. 
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Appendix C – Supplementary Data for Chapter 4 

Table CS1. Oligonucleotide primers for Chapter 4 
 Sequence 
Pf1 AAAAAAGCTAGCGAGAACCTGTACTTC 
Pr1 AAAAAACTCGAGCTATTATAACTCGTC 
Pf2 GCGAAAGGTACCCTATTATAATTCATCGT 
Pr2 AAAAAAACCGGTGAAGACGAGGACGCA 
Pf3 AAA AAA CAT ATG TTC GAA ATT CCC GAC GAT GTG 
Pr3 AAA AAA CTC GAG CTG ATT CAT CGC AAA GCG TG  
Pf4 AAA AAA CAT ATG ATG GAT CCT GGG CAG CAG  
Pr4 AAA AAA CTC GAG CTG TGG CGA CTG CGG AGC  
Pf5 AAAAGGGACTCCGACGACAGAGTA  
Pr5 AGGAGCTCTGAAAGAAGG  
Pf6 GACTCCGACGACAGAGTAACG  
Pr6 GGCTAGCACGCTCGCGAT  
Pf7 CCACGCACTGGCATCTGGTTCAAGAGGTG 
Pr7 TGGTGGTGGTGGTGCCCT 
Pf8 AAAAAAACCGGTCGCGTTCCTGAAAC 
Pr8 AAAAAACTCGAGCTATTAAGCGTAGTC 
Pr9 CACCACCACCACGTCGAC 
Pf9 TGGAACGTCGTATGGGTAGGA 
Pr10 GGTGGAGGCGGTAGCGGA 
Pf10 TTTGTTACATCTACACTGTTGTTATCAGAT  
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Table CS2. Gene Blocks 1 and 2 for Chapter 4   
Gene Block 1 GAGAACCTGTACTTCCAAGGGCACCACCACCACCACCACGCACTG

CAATCTGGTTCAAGAGGTGGGGGAGAGCAGAAGCTAATTTCTGAA
GAAGACCTGTTTGAACACGACGAGTTATAATAG 

Gene Block 2 GGTACCCTATTATAATTCATCGTGTTCAAACCATGGCGCCAACCCG
GCTTTTCCTTGTCTGGGTCTATGTTCTAGCATACGTGGGGAGGGGG
AGGGACTGACCACGTAAGGTTCCCCACGGTCAAAATCACTGTAAC
CCTCAGATCCAGTAGCAGAGGATGCTCTCGTCAAACATGCATGGC
AGCCCAGACTGCCGTTCGGGGCATGATAGTGATTTCCGTGGGTCC
AAACTGTCTTGTCTGCATCGGCTTCTGTTTGTGCGCCGAACCAACC
ATAGTCAAAGTTGACAAAACCTTCTCCCGGAGAGGTCGGGGACCT
TGGGATATTTCTATCTCTTGACATGTCAACCAGACCCGTCCCTGGC
GCACTACGAAAAGCATCGGGGTCCCCGTATTTACGCTTATCCGCG
GAGGAGGATCTGTCCTGGCCACTCCAAAAATGCTTACTATAAATA
ACAGCCTTCATTCTAGATGGATCATGGTTACCTCCGTTACGCTCCT
TGAAGCTTGGTGTGTTTCTCAAGGCGGAATAGAACGGACTTCTCGC
GTCCTCGTTACGCAGTGCGTCATTACCGTTTGCAAGTTCCTTTTTAA
GGTTGTCCAGGTAGGCTGATTCGTCGTGAGCATTTTCTAAAGCTCT
GTTCATAACACTGGCGACTTCCCTTGCCCTCTGAAAGCCCTTCTCT
TCGTCGAATGACTCCTTGGCAACACGTCCCTCAAATTCGGCACGAG
TCTCGCCGGATCTGGGCCTGCCGTTCTTTAGCTCATTCTTAAACCT
GTCCTCGTCGAAAGAAGCGAACGCTAGACGATTGGTAGGATATTG
CCCTGAGTTAACCCAAGTAACTCCTACGCACCCGTAAGAAAGCCA
TTCCCTCTGCTCCTCGGTCATCTGCTGTTTCCTGCCGTCCCTATGGG
AATAAACTTGTTGCCACTTCCTAATATAATTATTCACGACGGTTTC
TGCCCTTCCATAGCTTGGACGATAGGGATCAGGCATCCTATCCAAG
GGCTCTGCAGGGGGCGTTACTCTGTCGTCGGAGTCAGGAGCTCTG
AAAGAAGGGCCGGCACTTGACGCCGCCGGAGCAGACTCATTCAGC
GCGTTGATATTTGCGACGTCATCAGCCGTCAATCTGTATGTCTCCG
CGTATGATTTTGTTTCCTTTCCACGGGCCATCGTTGGCGGGGGCCT
GGCTTGTCCAACAGCGTGAATCCTCCTATGCATGGCTAGCACGCTC
GCGATTACGGAGAAGATACTAAAACAACGTAGAAGCTGCATCCTA
GGAATTCCTTGTTGAATTCGAATTTTCAAAAATTCTTACTTTTTTTT
TGGATGGACGCAAAGAAGTTTAATAATCATATTACATGGCATTAC
CACCATATACATATCCATATACATATCCATATCTAATCTTACTTAT
ATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAA
CCTTCTCTTTGGAACTTTCAGTAATACGCTTAACTGCTCATTGCTAT
ATTGAAGTACGGATTAGAAGCCGCCGAGCGGGTGACAGCCCTCCG
AAGGAAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGT 
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Table CS3. Gene Blocks 3 for Chapter 4 
Gene Block 3  ATGGATCCTGGGCAGCAGCCGCCACCCCAACCAGCGCCTCAAGGT

CAGGGGCAACCGCCATCACAGCCCCCTCAGGGCCAAGGACCTCCG
TCAGGCCCTGGTCAGCCAGCGCCCGCAGCGACACAGGCCGCACCC
CAGGCTCCGCCCGCAGGTCACCAGATAGTGCACGTTCGTGGAGAC
AGTGAAACCGACCTGGAAGCCCTGTTCAATGCGGTTATGAACCCT
AAGACCGCTAATGTACCACAAACGGTGCCGATGAGACTTAGAAAA
CTTCCAGATAGCTTTTTCAAACCACCCGAGCCCAAGTCTCATAGTC
GTCAAGCTTCAACAGACGCAGGAACGGCCGGGGCGTTGACTCCTC
AGCACGTGCGGGCTCACTCGTCACCTGCCAGTTTACAGTTGGGTGC
TGTCTCACCCGGTACGCTGACCCCTACTGGCGTAGTGTCCGGTCCG
GCCGCAACACCTACGGCCCAACACCTTCGTCAATCATCGTTCGAA
ATTCCCGACGATGTGCCGCTGCCAGCCGGTTGGGAGATGGCCAAA
ACTTCCTCAGGCCAGCGTTACTTCTTAAACCACATAGATCAGACAA
CTACCTGGCAGGATCCGCGGAAAGCGATGTTAAGTCAAATGAATG
TGACGGCACCTACATCCCCGCCAGTCCAGCAGAATATGATGAACT
CTGCTAGTGGTCCTCTTCCTGATGGGTGGGAACAGGCGATGACGC
AAGACGGCGAAATTTATTACATAAACCACAAGAACAAAACAACCT
CGTGGCTTGATCCACGGCTGGACCCACGCTTTGCGATGAATCAGC
GCATCTCTCAAAGTGCCCCAGTTAAACAACCACCGCCCTTAGCTCC
GCAGTCGCCACAGGGTGGGGTGATGGGCGGCAGCAACTCGAATCA
GCAGCAGCAAATGCGCTTACAGCAACTTCAGATGGAAAAGGAACG
CTTACGCTTGAAACAACAAGAGCTGTTGCGGCAAGAATTAGCATT
AAGATCACAGCTGCCTACTTTAGAACAGGACGGGGGTACGCAAAA
TCCCGTATCCTCGCCGGGAATGAGTCAGGAGCTTCGTACTATGACA
ACGAACTCCTCTGATCCTTTCCTTAACTCCGGGACCTATCACTCGC
GCGACGAAAGTACTGATTCCGGATTGTCCATGTCCTCCTATTCCGT
CCCCCGGACCCCCGACGATTTCCTTAACTCGGTTGACGAAATGGAC
ACTGGGGATACTATAAACCAATCGACCCTGCCTAGCCAGCAAAAC
CGTTTCCCGGATTATTTAGAAGCTATTCCGGGGACTAACGTAGATT
TGGGCACTCTGGAAGGGGATGGAATGAACATAGAGGGGGAGGAG
TTAATGCCGTCTTTGCAAGAGGCACTGTCTTCTGATATCTTAAACG
ATATGGAAAGCGTGTTGGCCGCCACAAAGTTGGACAAAGAATCTT
TCTTAACATGGTTGTAG 

 

 

 

 

 

 



   

175 
 

Table CS4. Gene Blocks 4 for Chapter 4 
Gene Block 4 ACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCT

CCGAACAATAAAGATTCTACAATACTAGCTTTTATGGTTATGAAGA
GGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATGAACG
AATCAAATTAACAACCATAGGATGATAATGCGATTAGTTTTTTAGC
CTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTA
TTAACAGATATATAAATGCAAAAACTGCATAACCACTTTAACTAA
TACTTTCAACATTTTCGGTTTGTATTACTTCTTATTCAAATGTAATA
AAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTC
AAGGAGAAAAAACCCCGGATCGAATTCCCTACTTCATACATTTTC
AATTAAGATGCAGTTACTTCGCTGTTTTTCAATATTTTCTGTTATTG
CTTCAGTTTTAGCACAGGAACTGACAACTATATGCGAGCAAATCC
CCTCACCAACTTTAGAATCGACGCCGTACTCTTTGTCAACGACTAC
TATTTTGGCCAACGGGAAGGCAATGCAAGGAGTTTTTGAATATTA
CAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCCCTCAACA
ACTAGCAAAGGCAGCCCCATAAACACACAGTATGTTTTTGGTGGA
GGAGGCTCTGGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGAGAA
CCTGTACTTCCAAGGGCATCATCACCACCACCACGTCGACTGGGC
GCTACAACGTCCGCATGGGGGAGGAAAGTCCGGATCCTACCCATA
CGACGTTCCAGACTACGCTTAATAG 

 

Table CS5. Oligonucleotides encoding randomized peptides for Chapter 4 
 Sequence 
Oligo 1 CACCACCACCACGTCGACTGGGCGCTACAANNKNNKNNKNNKNNKNN

KNNKNNKAAGTCCGGATCCTACCCATACGACGTTCCA 
Oligo 2 GGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGCGAGAACCTGTAC

TTCCAAGGGCACCACCACCACCACCACGCACTGCAANNKNNKNNKNNK
NNKNNKNNKGAGCAGAAGCTAATTTCTGAAGAAGACCTGTTTGAACAC
GACGAGTTATAATAGCTCGAGATCTGATAACAACAGTGTAGATGTAAC
AAA 
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Figure CS1. Co-expression of the peptide construct and transglutaminase to achieve the cyclization of the 
model peptide either intracellularly, during trafficking through the endoplasmic reticulum, or upon display  
on the surface of the yeast cell. 
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Figure CS2. (A) Design of the pCTcon2 plasmid vector with bidirectional Gal1/10 promoter to express the 
model peptide sequence ALQSGSRGGG fused to the c-myc epitope sequence EQKLISEEDL concurrently 
with the full length transglutaminase enzyme. Mean fluorescence intensity (MFI) of c-myc tag level 
detected before and after treatment of yeast cells with TEV protease, wherein the peptide construct and 
the full length transglutaminase enzyme were co-expressed for (A) 24 hrs, (B) 48 hrs, (C) 72 hrs, and (D) 
96 hrs. The error bars correspond to the standard error of the mean from three independent replicates. 
A two-tailed paired t-test was performed; * indicates p<0.1 and ** indicates p<0.05. 
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Figure CS3. (A) Design of pCTcon2 plasmid vectors with bidirectional Gal1/10 promoter to express (A) the 
model peptide sequence ALQSGSRGGG fused to the c-myc epitope sequence EQKLISEEDL concurrently 
with a fusion protein comprising transglutaminase framed between the Kex2 endopeptidase recognition 
site (K-R) and the ER retention peptide; (B) the mutated model peptide sequence ALASGSRGGG fused to 
the c-myc epitope concurrently with a fusion protein comprising transglutaminase framed between the 
Kex2 endopeptidase recognition site and the ER retention peptide; (C) the model peptide sequence fused 
to the c-myc epitope sequence concurrently with active transglutaminase; and (D) the mutated peptide 
sequence fused to the c-myc epitope sequence concurrently with active transglutaminase. 
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Figure CS4. Representative flow cytometry plots comparing the c-myc tag (y-axis) and HA tag (x-axis) 
detection signal of (A) yeast cells engineered with either the “Pro-Kex-TG” vector (red) or the “Pro-Kex-
TG w/ Q-to-A SDM” vector (cyan) and induced for either 24 or 48 hrs; (B) yeast cells engineered with either 
the “Pro-Kex-TG” vector or the “Pro-Kex-TG w/ Q-to-A SDM” vector and induced for 48 hrs before (red) 
or after (cyan) treatment with TEV protease; (C) yeast cells engineered to express either the “lead/c-myc” 
construct (red) or the “Q-to-A lead/c-myc” construct (blue) concurrently with active transglutaminase and 
induced for either 24 or 48 hrs; and (D) yeast cells engineered to express either the “lead/c-myc” construct 
(red) or the “Q-to-A lead/c-myc” construct (blue) concurrently with active transglutaminase and induced 
for 48 hrs before (red) or after (cyan) treatment with TEV protease. 
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Figure CS5. Screening of a yeast display library of peptides cyclized by intracellular transglutaminase. Flow 
cytometry plot of (A) the naïve library, (B) the library after one round of magnetic cell sorting, and (C) 
library after one round of magnetic cell sorting and one round of FACS. Cells were labeled with 500 nM of 
biotinylated YAP protein and streptavidin-phycoerythrin conjugate. The values of enrichment are 
reported below each plot. 
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Appendix D – Supplementary Data for Chapter 5 

Table DS1. Oligonucleotide primers for Chapter 4 
 Sequence 
Pf1 AAAAAAGCTAGCTTCAAGGGCAGCACAGCC 
Pr1 AAAAAACTCGAGCTATTATAACTCGTCGTG 
Pf2 ATGCAGCTTCTACGTTGTTTTAGTATCTT 
Pr2 AAAAAACCATGGAAACATGGTTTCGAACGCCTGGTGA 
Pf3 AAAAAAGCTAGCTTCAAGGGTTCTACTGCTGAAAAC 
Pr3 AAAAAACTCGAGCTATTACAACTCATCATGCTCAAAGTC 
Pf4 AAAAAAGTTAACGGTACCCTATTATAATTCATCG 
Pr4 AAAAAAGGCGCCCTCGAGCTATTACAACTCATC 

 

Table DS2. Gene Blocks 1 and 2 for Chapter 5   
Gene Block 1 TTCAAGGGCAGCACAGCCGAGAACGCAGAATATCTTAGAGTCGCT

CCCCAGAGCAGTGAGTTCCACCACCACCACCACCACTTTGAACAC
GACGAGTTATAATAG 

Gene Block 2 ATGCAGCTTCTACGTTGTTTTAGTATCTTCTCCGTAATCGCGAGC 
GTACTAGCCTGGGAGATGGAACGTACAGACATTACAATGAAACAC
AAACTAGGAGGGGGTCAGTACGGCGAAGTATACGAAGGAGTATG
GAAGAAGTACTCCCTAACGGTTGCCGTAAAGACGTTGAAAGAAGA
TACAATGGAAGTTGAAGAGTTCTTGAAAGAAGCGGCTGTTATGAA
GGAAATTAAACATCCGAATCTAGTTCAGCTGTTGGGGGTATGTACT
AGGGAGCCCCCGTTTTATATTATTACAGAGTTTATGACATATGGCA
ACTTGCTTGACTATCTTAGAGAGTGTAATCGTCAGGAAGTCAATGC
CGTGGTTTTACTTTACATGGCTACCCAGATAAGCAGTGCAATGGAA
TATCTGGAAAAGAAAAATTTCATACACAGAGACTTAGCGGCCAGA
AACTGCTTAGTTGGTGAGAATCACCTTGTCAAGGTGGCTGATTTCG
GACTTTCCAGGCTTATGACTGGAGATACCTATACCGCCCATGCTGG
TGCAAAATTTCCCATTAAATGGACAGCGCCGGAATCACTAGCTTAT
AATAAGTTCAGCATTAAGTCAGACGTCTGGGCATTTGGAGTGCTG
CTATGGGAGATTGCCACCTACGGAATGTCTCCTTATCCCGGGATAG
ACCTGTCTCAAGTGTACGAGCTACTGGAAAAAGATTATCGTATGG
AACGTCCTGAGGGCTGTCCCGAAAAAGTATACGAATTAATGCGTG
CGTGCTGGCAGTGGAATCCATCAGATAGACCCTCCTTCGCTGAGAT
TCACCAGGCGTTCGAAACCATGTTT 
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Table DS3. Gene Block 3 for Chapter 5 
Gene Block 3  GAATTCATGCAATTGTTGAGATGTTTCTCTATCTTCTCTGTTATCGC

TTCTGTTTTGGCTCAGGAACTGACAACTATATGCGAGCAAATCCCC
TCACCAACTTTAGAATCGACGCCGTACTCTTTGTCAACGACTACTA
TTTTGGCCAACGGGAAGGCAATGCAAGGAGTTTTTGAATATTACA
AATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCCCTCAACAAC
TAGCAAAGGCAGCCCCATAAACACACAGTATGTTTTTTATCCGTAC
GACGTTCCAGACTACGCTGGTGGTGGTGGTTCCGGTGGTGGTGGTT
CTGGTGGTGGTGGTTCAGCTAGCTTCAAGGGTTCTACTGCTGAAAA
CGCTGAATACTTGAGAGTTGCTCCACAATCTTCTGAATTTGGATCC
GAACAAAAGCTTATCTCCGAAGAAGACTTGTTCGAACACGACGAA
TTGGAGGGAAGGGGATCTTTGCTAACGTGCGGGGATGTCGAAGAA
AACCCTGGCCCTATGCAGTTGTTAAGATGCTTCTCTATCTTTTCCGT
TATCGCTTCTGTTTTAGCGCAGGAACTTACTACAATTTGTGAACAA
ATACCTAGTCCCACGTTGGAGTCAACACCGTACTCCCTGTCTACTA
CAACAATACTTGCGAACGGTAAGGCCATGCAAGGAGTCTTTGAAT
ACTACAAGTCAGTTACCTTCGTATCTAACTGCGGGAGTCACCCGAG
CACCACATCCAAGGGGAGTCCTATAAACACTCAGTATGTATTCGA
CTATAAGGATGACGATGACAAGGGCGGCGGAGGCTCCGGTGGAG
GCGGAAGCGGCGGTGGAGGTAGTACTAGTGCGACCGTGAAATTTA
AATATAAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATTAGA
CGGGTGCGTCGCAAGGGCAAATGCATTAGGTTTTACTATGATCTG
GGCGGCGGCAAATATGGCAGGGGCATAGTGAGCGAAAAAGATGC
GCCGAAAGAACTGCTGCAGATGCTGGAAAAACAGAAAAAAGTCG
ACTTTGAGCATGATGAGTTGTAATAGCTCGAG 

 


