
ABSTRACT 

BACON, KAITLYN BROOKE. Engineering Combinatorial Platforms for Design and Analysis 
of Biomolecular Recognition. (Under the direction of Drs. Balaji M. Rao and Stefano 
Menegatti). 
 

The use of non-immunoglobulin proteins and peptides as alternative biomolecular 

recognition agents has gained increasing prominence to address the limitations of antibodies. 

Using combinatorial platforms, proteins and peptides with novel binding activity can be identified 

through iterative rounds of selection against a target protein. Despite the success of identifying 

binding ligands,  the isolation and characterization of binders using combinatorial platforms relies 

heavily on the use of soluble, recombinant protein, which is cumbersome to obtain in an 

appropriate form. When considering cyclic peptide binders, their isolation has relied significantly 

on display platforms that utilize panning for selection, which reduces the efficiency of selecting 

high affinity binders. Here, we describe novel combinatorial platforms to address these limitations.  

Generally, binding ligands have been isolated from combinatorial libraries by performing 

selections against a soluble, recombinantly expressed form of the target protein. Using this 

strategy, the efficiency of identifying binding ligands is limited as each target protein must be 

recombinantly expressed and subsequently purified. Many mammalian protein targets cannot be 

appropriately expressed in E.coli as they require specific post-translational modifications that can 

only be afforded by eukaryotic hosts. As a substitute, we detail the selection of combinatorial 

libraries against magnetic yeast cells expressing the target protein as a surface fusion. Target 

displaying cells co-expressing an iron oxide binding protein, SsoFe2, are magnetized after 

incubation with iron oxide nanoparticles. As an alternative, yeast displaying the target protein can 

be also magnetized by the non-specific adsorption of iron oxide nanopowder. Here, we 

demonstrate the use of magnetic yeast targets when selecting binding ligands from yeast and 



mRNA-display libraries. Specifically, we used yeast-displayed targets to identify protein and 

peptide binders with affinity for the mitochondrial membrane protein TOM22. We confirmed the 

functionality of the identified nanobody and Sso7d binders for recognizing natively expressed 

TOM22 by testing their ability to recover mitochondria from cell lysate.  

Biophysical characterization (i.e. binding affinity estimation) of mutants identified from 

combinatorial screens also depends on the use of soluble protein. Here, we detail a quantitative 

yeast-yeast two hybrid (qYY2H) platform that can be used to quantitatively estimate the binding 

affinity (KD) of mutants identified from combinatorial screens. The qYY2H system relies on the 

interaction of yeast cells expressing the binding protein (prey) with magnetic yeast cells expressing 

the target (bait). The prey cells also co-express luciferase, which serves as a reporter to quantify 

the number of prey cells that bind the bait cells. Using measurements of multivalent yeast-yeast 

binding, we established a semi-empirical model for estimating the KD of monovalent bait-prey 

interactions. Additionally, we used qYY2H to characterize the interactions of SMAD3 and the 

WW domains of YAP with binding partners isolated from a cDNA library to show how qYY2H 

can also be used to assess protein-protein interactions identified from cDNA library screens. 

Moreover, we engineered the qYY2H platform to quantitatively assess binding interactions that 

are facilitated by post-translationally modified bait.  

Lastly, we describe a novel yeast display platform for the generation of chemically 

constrained peptide libraries that can subjected to Fluorescence Activated Cell Sorting (FACS). 

Specifically, we engineered the yeast surface display platform to express linear peptides that can 

be cyclized between their N-terminus and a C-terminal lysine residue using a disuccinimidyl 

glutarate crosslinker. Using this platform, we screened a library of cyclic heptapeptides to identify 

binders to lysozyme and interleukin-17 (IL-17) using magnetic selection followed by FACS. 



Notably, we demonstrated that yeast displayed cyclic peptides can be used instead of chemically 

synthesized peptide to quantitatively estimate binding affinity. This platform will improve the 

efficiency of identifying cyclic peptide binders, especially in comparison to other combinatorial 

platforms that rely on panning for selection.  
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Engineering Biomolecular Recognition Agents 
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1.1 Introduction 

Biological systems rely significantly on interactions between biomolecules for a multitude 

of processes, including, but not limited to, cell structure, signal transduction, immune recognition, 

cell differentiation, and cell adhesion1. These interactions are based on biomolecular recognition, 

the process by which a biomolecule specifically recognizes and non-covalently binds to a 

molecular target2. Biomolecular recognition events include protein-protein3, protein-nucleic acid4–

7, sugar-lectin8, and RNA-ribosome9 interactions. These events are driven by a combination of van 

der Waal forces, hydrogen bonds, hydrophobic interactions, and electrostatic interactions6,7,10. 

Examples include antibodies binding to pathogenic antigens to an illicit an immune response11 or 

transcription factor proteins binding to DNA to modulate transcription12.  

 
1.2 Biomolecular recognition agents  

Due to the high specificity of biomolecular recognition events, this phenomenon has been 

exploited to develop diagnostic and quantitative measurement tools13–16 as well as for the capture 

of specific target molecules from complex mixtures17–19. In these applications, proteins typically 

serve as the molecular recognition reagent, or the affinity ligand. Antibodies are the most 

commonly used affinity reagent as binding molecules can be generated easily for almost any 

antigen of interest. Recently, several non-immunoglobulin protein scaffolds have emerged as 

alternative molecules that can be engineered to achieve biomolecular recognition20–23. Small 

peptides are also being explored as affinity ligands24,25. The success of non-antibody-based ligands 

has hinged on innovation in combinatorial library screening. Amino acid residues can be varied 

within protein and peptide scaffolds to generate large mutant libraries using techniques like phage 

display26, yeast surface display27, and mRNA display28. The libraries can then be screened against 
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a target protein of interest to identify particular variants of the starting scaffold that have affinity 

for the target protein.  

 
1.2.1 Antibodies 

Antibodies are the most commonly used biomolecular recognition agents for basic 

research, industrial, and clinical applications. Specifically, antibodies are large, Y shaped, multi-

domain proteins (~150 kDa). While the structure of all antibodies is similar, a region at the tips of 

the Y differs between antibody variants, giving each antibody specificity for a different antigen29. 

This region comprises six hypervariable loops, called the complementarity determining regions 

(CDRs). Variations in these loops allow an antibody to bind a specific antigen.  

Historically, antibodies against specific antigen targets have been generated by 

immunizing an animal, like a mouse or a rabbit, with the antigen of interest. Accordingly, the 

animal’s immune system generates antibodies against the antigen which can then be harvested 

from serum30. While the generated antibodies are specific for the target, they typically are 

heterogenous in nature with each binding a different epitope; Thus, there is significant lot to lot 

variability, especially if the immunized animals exhibit a different immune response over time31,32. 

Antibodies produced in this manner are known as polyclonal antibodies. As an alternative, 

researchers have used hybridoma technology to generate mammalian cell lines that produce 

monoclonal antibodies (mAbs) that bind a single antigen epitope33. Specifically, researchers isolate 

the spleen of an animal after it is immunized with a desired antigen. The spleen is fused with a 

myeloma cell line, generating an immortalized B cell-myeloma hybridoma that can be grown 

continuously while co-producing antibodies. While hybridoma technology reduces variability, it 

is very expensive and time consuming to produce these cell lines32.  
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Today, the governing production system for mAbs is recombinant expression. Antibodies 

are generally produced in mammalian systems as they require specific post-translational 

modifications that cannot be afforded by more simple prokaryotic hosts, like E.coli34. Generally, 

CHO and NS0 cell lines are used for recombinant mAb expression35. Genetic engineering tools 

are making it possible, however, to use other recombinant systems for expression. For example, 

glyco-engineered Pichia pastoris cell lines have been explored to produce mAbs with highly 

specific glycoforms by the company Glycofi36. Researchers are also engineering E.coli for 

antibody assemble. A major limitation of using bacterial cell lines for antibody production is that 

the disulfide bond that tethers an antibody’s heavy and light chains is reduced in the cytoplasm 

where expression typically occurs in bacterial cells34,37. Using genetic engineering, protein 

expression can be altered to the periplasm to assemble full IgGs. However, the produced antibodies 

are aglycosylated38.  

 
1.2.2 Antibody fragments 

While antibodies have been the most commonly used biomolecular recognition moiety, 

they suffer from other drawbacks beyond production limitations. In particular, the large size of 

antibodies results in low tumor penetration, excessive systemic accumulation, and slow clearance 

rates39. Additionally, the Fc portion on mAbs can cross-react with Fc-receptors on immune cells 

eliciting an off-target response40. As a result, antibody fragments are being explored to address 

these limitations. These moieties maintain the targeting capacity of antibodies by incorporating the 

variable loop structures responsible for antigen recognition39. Single chain antibody fragments 

(scFv) are a particular type of antibody fragment. Specifically, they are a fusion protein containing 

a flexible linker that connects the variable regions of an antibody’s heavy (VH) and light (VL) 

chains41. Other examples include single domain antibodies that contain only the heavy chain. 
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Single domain antibodies are found in camelids (VHH fragments) as well as sharks (VNAR 

fragments)42. scFvs and single domain antibodies can be expressed using mammalian, yeast, and 

insect cells that secrete the antibody fragment into the culturing media, eliminating the need for 

cell lysis41,43. More often, scFvs and single domain antibodies are be produced in E.coli. However, 

most antibody fragments produced in E.coli must be expressed in the periplasm to maintain 

disulfide bridges; though, work is ongoing to improve cytoplasmic production41,44–46.  

When considering antibody fragments, camelid VHH fragments are becoming more widely 

used than scFvs. Specifically, camelids do not suffer from solubility and aggregation issues 

typically associated with scFvs47. While the VH and VL chains of a scFv are connected via a linker, 

the proper orientation of these domains is dependent on hydrophobic interactions between each 

domain. The hydrophobic faces of each domain can dissociate and interact with other hydrophobic 

surfaces leading to aggregation48. Camelid VHHs also differ from traditional antibodies when 

comparing the size of their CDR3 loop. The diversity in this loop contributes significantly to 

antibody specificity. The CDR3 loop in a camelid VHH is generally comprised of more amino acid 

residues than human VH domains, thereby increasing the potential interaction area with a target 

antigen42,47,49. Also, the CDR3 of a camelid VHH exhibits a unique fingerlike conformation that 

can extend into antigen cavities while the CDR3 associated with human antibodies usually binds 

via a relatively flat interaction face50. Accordingly, these particular properties allow nanobodies 

access to binding epitopes that may not be accessible to traditional antibodies and scFvs42,47,51,52.  

 
1.2.3 Binding proteins derived from non-immunoglobulin scaffolds  

Non-immunoglobulin scaffolds have emerged as another promising affinity ligand class to 

address the limitations of antibodies. Ligands developed from these alternative scaffolds are based 

on a naturally occurring protein template where specific amino acid residues are mutated to 
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produce entirely novel binding activity. Affinity ligands based on non-immunoglobulin scaffolds 

can be obtained by rational design, or more commonly by combinatorial protein engineering53. 

Utilizing these methods, binding proteins evolved from non-immunoglobulin scaffolds have been 

identified for an assortment of applications, including therapeutics54, diagnostics55, imaging56, and 

bioseparations57. Numerous naturally occurring proteins have served as starting templates to 

engineer proteins with novel binding activity. Examples include affibodies58, DARPins59, 

adnectins60, avimers61, anticalins62, fynomers63, Kunitz domains53,64, and knottins65. 

Several issues surround whether a protein template will make a successful scaffold. First, 

an ideal protein template must maintain its structural integrity after mutation. In comparison to 

antibodies, scaffold proteins should exhibit superior biophysical properties. Specifically, an ideal 

scaffold will be small (<20 kDa) and thermodynamically stable. It is also desirable for the scaffold 

to be comprised of a single domain that lacks disulfide bonds and glycosylation66. Consequently, 

any evolved mutants can be expressed microbially, which affords less expensive and more efficient 

expression in comparison to antibody production21. Most importantly, mutated scaffolds should 

result in ligands with affinities and specificities similar to antibodies.  

Proteins derived from hyperthermophilic organisms are excellent candidates for alternative 

scaffolds as they exhibit many of the characteristics desired for an alternative scaffold. In 

particular, proteins derived from hyperthermophilic organisms exhibit high thermal stability 

(melting temperatures near 100°C) and proteolysis resistance, which result from these organisms’ 

evolution to survive in environments prone to harsh temperatures and pH67–70. This stability allows 

hyperthermophilic proteins to maintain their structural integrity even after significant mutagenesis 

(~15% of residues)20. A particular hyperthermophilic protein that has been engineered extensively 

to generate novel affinity reagents is the Sso7d protein from Sulfolobus solfataricus. Gera et al. 
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mutagenized 10 surface exposed residues within Sso7d to generate a combinatorial protein library 

that was screened to identify mutants with antibody like affinity for targets including lysozyme, 

streptavidin, mIgG, and cIgY20. Sso7d has gained popularity as an alternative scaffold due to its 

small size (~7 kDa) and its efficient recombinant expression in E.coli71. Moreover, affinity ligands 

derived from Sso7d exhibit significant stability when exposed to extreme temperatures and pHs as 

well as chemical denaturation20. These combined characteristics promote the use of the Sso7d 

scaffold as an alternative to the traditional antibody framework when developing biomolecular 

recognition moieties.   

 
1.2.4 Cyclic peptides  

A demand for the further miniaturization of biomolecular recognition reagents has 

promoted the development of cyclic peptides as affinity ligands72–75. Affinity peptides generally 

contain between 5-30 amino acid residues, putting their size between non-immunoglobulin 

scaffolds and small molecules. When considering therapeutic, diagnostic, and imaging 

applications76–79, their smaller size allows for improved tumor penetration80,81 and cell membrane 

permeability82. However, it is important to note, that despite their small size, many peptide 

sequences cannot permeate tumors or cell membranes; permeability is dictated by multiple factors 

beyond peptide size83. Unlike antibody and non-IgG protein scaffold production, cyclic peptide 

synthesis does not require a biological host. Rather, cyclic peptides can be produced using 

chemical synthesis, which significantly reduces production costs84.  

Specific residues within a cyclic peptide can be randomized to evolve a peptide moiety 

with novel binding activity for a target of interest. Monocyclic peptides are most commonly used 

when generating affinity reagents due to the ease of engineering a single complementary loop76. 

More recently, multicyclic peptides, including bicycles85 and tricycles86–88, have been explored as 
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well. Cyclic peptides are more attractive than their linear counterparts as cyclic peptides typically 

exhibit higher affinity and specificity for their target due to increased conformational rigidity 

resulting from cyclization89. This rigidity decreases the entropic contribution to Gibbs Free Energy 

resulting in enhanced binding. Cyclic peptides also have enhanced stability over linear peptides as 

their decreased flexibility prevents them from taking on a confirmation that can fit in the active 

site of proteolytic endopeptidases90. Additionally, if head to tail cyclization is utilized, proteolytic 

exopeptidases cannot access the N or C termini of these peptides91,92.  

 
1.3 Engineering proteins and peptides for biomolecular recognition 

The adoption of non-immunoglobulin scaffolds and cyclic peptides as alternative 

biomolecular reagents has depended on advances in protein engineering. Historically, two 

approaches have been used to engineer proteins and peptides with specific function, (1) rational 

design and (2) directed evolution. When using a rational design approach, protein structure and 

molecular modeling data are utilized to propose mutations that may lead to a specific phenotype93. 

After, individual point mutations are introduced to the protein or peptide template by site-specific 

mutagenesis followed by biophysical characterization of the new mutant.  

Despite advances in computational modeling and an improved understanding of protein 

chemistry, it remains challenging and often is inefficient to engineer proteins using a rational 

design approach94,95. Instead, most researchers rely on directed evolution to engineer proteins to 

have a particular phenotype (Figure 1.1)96. Specifically, random mutagenesis97 or DNA shuffling98 

techniques are used to generate combinatorial libraries of up to 1015 template variants99. After, the 

libraries are subjected to iterative rounds of selection and amplification of the isolated mutants. 

Additional mutagenesis can take place between selection rounds. This ultimately results in a 

homogenous population that exhibits the desired phenotype which can be evaluated to understand 
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which amino acid mutations gave rise to the desired function. This process is similar to Darwinian 

evolution as a selection pressure is applied over time to isolate the mutants from the library that 

exhibit the desired phenotype from the mutants lacking the desired phenotype100. When screening 

libraries to identify novel binding properties, an appropriate selection pressure would be a decrease 

in the concentration of target antigen over multiple selection rounds. Further, the stringency of the 

washing conditions could be manipulated to reduce non-specific binding of undesired mutants.   

 

Figure 1.1. Proteins with novel activity can be engineered using directed evolution. A naturally occurring protein can 
be mutagenized to generate a library containing variants of the starting protein template. After, a selection pressure 
will be applied to the library. Mutants that exhibit the desired phenotype are isolated. Multiple rounds of diversification 
and screening are performed, ultimately resulting in a homogenous population of mutants that exhibit the desired 
phenotype.  
 
 

The success of combinatorial library screening has hinged on the ability to genetically 

introduce library diversity. Genetic diversity is most commonly introduced by random 

mutagenesis where an amino acid within a protein sequence is randomly replaced by any of the 

other 19 amino acids. The template DNA can be amplified using a “error-prone” polymerase chain 

reaction (PCR)97. In these reactions, DNA polymerases are used that introduce errors at specific 

rates if metals or nucleotide analogs are added to the reaction97,101,102. If some structure-function 
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knowledge is known, a semi-rational approach can be used to generate a targeted library where 

selected residues within a protein template are mutagenized103. This approach relies on the use of 

degenerate codons during traditional oligonucleotide synthesis to generate targeted library 

diversity104. DNA shuffling is used less frequently to generate template diversity98. In this method, 

related genes are fragmented through the use of DNAse or sonication. Fragments with significant 

homology will anneal and can be extended by PCR allowing for related pieces of DNA to be 

randomly put together105. Researchers will often use a variety of these techniques when generating 

combinatorial libraries to evolve a protein or a peptide template106.   

 
1.3.1 Display technologies for combinatorial library expression 

The critical challenge of combinatorial library screening is the identification of which 

mutants exhibit the desired phenotype. It is inefficient to recombinantly express, purify, and test 

each individual mutant in a combinatorial library. Instead, display technologies have been 

developed where each mutant within the library is barcoded. Biological organisms, like phage 

particles107–109, bacteria110,111, yeast27,112, and mammalian cells113–115, have been engineered to 

express individual mutants from a combinatorial library as fusions to surface proteins. This 

eliminates the need to express and purify each individual mutant for characterization. Each display 

organism carries DNA encoding the expressed mutant protein or peptide, linking phenotype to 

genotype, thereby barcoding each mutant116. For example, a yeast cell population can be generated 

where each individual cell expresses a different mutant protein from a combinatorial library. The 

library population can be incubated with an immobilized target protein. Any yeast cells that bind 

the target protein can be isolated. The DNA of the isolated cells can be extracted and sequenced 

to identify the mutants that have specificity for the target. Cell-free systems, like ribosome 
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display117–119 and mRNA display120–122, have also been developed to generate combinatorial 

libraries that take advantage of in vitro translation to couple genotype to phenotype.   

 
1.3.1.1 Yeast surface display 

Since its introduction over twenty years ago27, the yeast surface display platform has been 

used to engineer proteins with novel binding, stability, and catalytic activity. A greater diversity 

of proteins can be properly displayed using yeast, in contrast to phage and bacterial display, as 

yeast are eukaryotic123. In particular, yeast possess machinery for glycosylation as well as the 

ability to express proteins within the oxidizing environment of the endoplasmic reticulum in the 

presence of molecular chaperones, thereby enhancing the expression of disulfide-bonded and 

natively glycosylated proteins, like antibody fragments124–126. These unique features have 

propelled the wide adoption of yeast surface display by the protein engineering community.  

A variety of yeast strains and cell surface proteins have been used to display proteins of 

interest on the yeast cell surface127–129. Nevertheless, the most frequently used system depends on 

the Saccharomyces cerevisiae strain and its cell surface protein Aga2P (Figure 1.2)27,112,130. 

Specifically, proteins are expressed as fusions to Aga2P to afford display on the surface of 

Saccharomyces cerevisiae. Aag2P is a subunit of the yeast cell mating protein a-agglutinin. Aga2P 

is disulfide bonded to the cell wall associated-Aga1P subunit of α-agglutinin, thereby tethering 

any proteins fused to Aga2P to the yeast cell wall. To afford display, the protein-Aga2P fusion is 

genetically encoded into a single-copy plasmid vector that is transformed into a yeast strain, 

EBY100, that has the Aga1P gene stably integrated into the chromosome. Expression of Aga1P 

and Aga2P, and accordingly the displayed protein, is under the control of a galactose-inducible 

promoter.   
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Figure 1.2. Yeast surface display of a protein. The protein of interest (POI) is genetically encoded as a fusion to 
Aga2P. The expression of this fusion is under the control of a galactose inducible promoter. After induction, Aga2P 
is linked to the Aga1P unit of the yeast mating protein a-agglutinin, thereby tethering the expressed protein of interest 
to the yeast surface. Epitope tags, like HA and cmyc, are genetically included in the fusion to quantify the expression 
of the displayed protein using immunofluorescence. Each yeast cell carries a plasmid that encodes the DNA for the 
expressed protein.    
 
 

Yeast libraries with diversities up to 109 mutants can be produced using homologous 

recombination mediated plasmid gap repair131. After induction of protein expression, each cell 

displays ~50,000 copies of their encoded protein112,132. Epitope tags, like HA and c-myc tags, can 

be genetically encoded to flank the protein sequence. Accordingly, immunofluorescent detection 

of these tags can be used to quantify the expression of proteins on the yeast surface.  

Mutants with novel binding affinity can be isolated from yeast display combinatorial 

libraries (Figure 1.3) using a combination of magnetic selection (MACS)133 and fluorescence 

activated cell sorting (FACS)134. To perform a magnetic selection, the library cells are incubated 

with target functionalized magnetic beads. Any library cells that bind to the magnetic beads can 

be isolated using a magnet. In contrast, FACS involves the labeling of the library cell population 
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with a fluorescently labeled soluble target protein. Using a FACS analyzer, any library cells that 

bind the target can be isolated by detecting the target protein’s fluorescent signal. Yeast surface 

display has gained popularity in comparison to phage display as yeast display libraries can be 

sorted using FACS. Phage libraries cannot be sorted via FACS due to their small size134. Selections 

based on FACS are desired as FACS allows for fine affinity discrimination between mutants135. 

Specifically, the higher affinity mutants from a library population can be isolated from the lower 

affinity mutants based on the level of target binding. This cannot be achieved when libraries are 

screened against an immobilized target protein, like when performing MACS, as all library cells 

that bind the target-decorated surface are collected irrespective of affinity. 

 

Figure 1.3. Generation and selection of a yeast displayed combinatorial library. A yeast displayed combinatorial 
library is created via homologous recombination mediated gap repair after transformation of linearized plasmid 
backbone DNA and a linear piece of DNA encoding the protein variant. When selecting variants for novel binding 
activity, a magnetic selection is typically performed first. Magnetic beads functionalized with soluble target protein 
are incubated with the yeast displayed library. Any library cells that bind the target-functionalized magnetic beads are 
isolated using a magnet. After expansion, this population is generally subjected to Fluorescence Activated Cell Sorting 
(FACS) where the library cells are incubated with a fluorescently labeled version of the target protein. The library cell 
population can be sorted into sub-populations based on the extent of fluorescent target labeling. Multiple rounds of 
FACS sorting can be performed where the selection stringency is increased for each round. After sorting, individual 
yeast clones can be sequenced for identification followed by biophysical characterization of the individual mutants. 
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1.3.1.2 mRNA display  

Unlike yeast surface display, mRNA display is a completely in vitro system that does not 

rely on the transformation of cells for library generation120. Thus, libraries with diversities greater 

than 1012 can be produced using mRNA display in contrast to the diversities of libraries generated 

using yeast surface display (107-109)136 or phage display libraries (109-1010)137. Because mRNA 

display libraries exhibit larger diversities, there is a greater probability of isolating rare sequences 

using mRNA display libraries in comparison to libraries generated via cell transformation. Unique 

chemical properties can be engineered into mRNA display libraries by using non-natural amino 

acids to expand the protein alphabet. The incorporation of non-canonical amino acids is more 

efficient using a cell free system, like mRNA display138,139. 

The genotype-phenotype linkage is unique for mRNA display; Each protein is covalently 

linked to its encoding mRNA28. Because the linkage between genotype and phenotype is through 

a covalent bond, a wider range of selection conditions can be used when screening mRNA display 

libraries in comparison to systems utilizing biological display hosts140. When screening libraries 

that are displayed using a biological host, all selection conditions must be compatible with 

maintaining the hosts’ viability and ability to replicate. In contrast, the covalent linkage of mRNA 

and protein can be maintained even if harsh solvents, salts, or changes in temperature are applied. 

Thus, mRNA display affords the evolution of proteins with specific characteristics (enhanced 

stability, pH sensitivity, temperature sensitivity), which may be difficult when utilizing other 

systems141.  
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Figure 1.4. Generation and selection of a mRNA display combinatorial library. DNA encoding the library mutants is 
transcribed into mRNA. The mRNA is ligated with an oligonucleotide linker containing a puromycin residue. During 
in vitro translation, the encoding mRNA is linked to the translated peptide via the puromycin linker. To increase 
stability, the mRNA is reverse transcribed into cDNA. When identifying proteins with novel binding activity, the 
cDNA/mRNA-protein fusions can be selected against an immobilized form of the target protein. Subsequently, the 
positive fusions are recovered, and the linked cDNA can be sequenced for identification or used to generate a focused  
library for additional screening.  
 
 

 mRNA display libraries have been generated for a variety of starting templates, such as 

linear peptides121,142, cyclic peptides72,73,143–146, non-antibody scaffolds147,148, single domain 

antibodies149,150, and antibody fragments151,152. To construct a combinatorial library using mRNA 

display, a large DNA library is transcribed into mRNA (Figure 1.4). After, the 3’ end of each 

encoding mRNA is ligated to a puromycin containing oligonucleotide prior to in vitro 

translation153. Puromycin is a translational inhibitor that mimics the aminoacyl end of tRNA. In 

mRNA display, the puromycin-ligated mRNA moieties are translated by the ribosome until the 

modified 3’ end is reached. The ribosome stalls at the mRNA-DNA interface. Puromycin then 

enters the A site of the ribosome and stably attaches to the peptide chain, thereby forming a 

covalent link between the mRNA and the translated protein154.  Following translation, the resulting 

mRNA-protein fusions are separated from the reaction components as well as any unlinked mRNA 
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or protein. To stabilize the nucleic acid region of the fusion, a DNA chain complementary to the 

linked mRNA is introduced using reverse transcription generating a cDNA/mRNA-protein 

fusion155.  

When screening mRNA display libraries to identify mutants with novel binding activity, a 

panning approach is generally used; FACS selections are typically not employed72,73,147,148. 

Specifically, the target protein is immobilized onto a surface, like a magnetic bead. The fusions 

are incubated with the immobilized target, and any fusions that interact with the target-decorated 

surface are separated from the fusions that do not bind (Figure 1.4). Subsequently, the positively 

bound fusions are eluted from the capture surface. The cDNA of the recovered fusions can be 

amplified by PCR for identification or used as a DNA template to generate a focused library for 

an additional round of selection.    

The mRNA display platform is often used to generate libraries of peptides due to 

translation inefficiencies of larger proteins140,149,156. mRNA-display libraries of cyclic peptides can 

be generated by crosslinking amino acid residues contained within linear peptide-mRNA fusions. 

Head to tail peptide cyclization is not compatible with mRNA display because the c-terminus of 

the peptide is connected to its encoding mRNA via the puromycin linker157. Instead, cyclization 

can be achieved by incorporating amino acid residues with reactive side chains. For example, a 

linear peptide sequence can be cyclized if a disulfide bond forms between two cysteine side 

chains158,159. Beyond spontaneous cyclization, linear peptides can also be cyclized using a 

chemical crosslinker that reacts with side chains contained within the peptide sequence. Many 

chemical crosslinkers are only soluble in an organic solvent, which may be incompatible with 

display systems that rely on a biological host143. However, due to the stability of the mRNA-
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peptide covalent linkage, crosslinking reactions requiring organic solvents can be compatible with 

mRNA-display.  

A significant limitation of identifying protein or peptide binders from a mRNA display 

library is that FACS cannot be performed. It can take many rounds of panning (>10) to isolate a 

homogenous, high affinity binding population from a mRNA display library due to the high 

diversity of these libraries as well as the inefficiencies of panning based selections148,158. Binding 

proteins can be readily identified using platforms, like yeast surface display, that are amenable to 

FACS. However, there are few examples of using yeast surface display to identify cyclic peptide 

binders65,88,160–165. It would be advantageous to develop a robust yeast surface display platform to 

generate libraries of cyclic peptides that can be screened via FACS to improve the efficiency of 

identifying cyclic peptide binders.  

 
1.3.2  Limitations of recombinantly expressed target protein in combinatorial library 

screening  

Traditionally, selections of combinatorial libraries are performed against a soluble version 

of the target protein that is expressed recombinantly. The most commonly used recombinant host 

for protein production is E.coli due to its fast growth, facile genetic manipulation, and scalability 

to produce high yields166,167. However, mammalian proteins produced in E.coli are often 

misfolded, aggregated, or expressed in an incorrect confirmation168. This can be contributed to the 

limitations of E.coli as a prokaryotic host, such as a lack of eukaryotic chaperone proteins, an 

absence of machinery to perform certain post-translational modifications, a shortage of sub-

cellular organelles for protein maturation, or an inability to form complexes with stabilizing 

binding partners (specific cofactors or other small molecules)169.  
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Most of these challenges can be overcome by using a eukaryotic host to express the target 

protein. When considering mammalian hosts, it still remains challenging and inefficient to 

recombinantly express proteins utilizing these hosts as many mammalian cell lines require more 

demanding culture conditions and are more difficult to genetically manipulate170–172. Protein yields 

may also be lower using eukaryotic hosts than those observed with E.coli173,174.  

 
1.3.2 Use of whole cell targets in combinatorial library screening  

A significant bottleneck in producing recombinant protein for combinatorial selections is 

the purification of the expressed protein from the host cell material. To circumvent the need to 

purify soluble target protein, selections can take place against whole cells displaying the target 

protein of interest. When considering surface proteins, selections can be performed against cells 

that natively express the target protein175–178. This will promote the isolation of binders that 

recognize the target protein in its native confirmation. Selection are more likely to result in the 

isolation of functional binders if the target protein is expressed at a higher level than other surface 

proteins175. However, the native expression of many proteins is low in comparison to other surface 

proteins179. Instead, alternative eukaryotic cell lines, like HEK293 or yeast, can be used to express 

target proteins at a high level for whole cell selections179–181.  

Selections against whole cell targets generally use an adherent panning method. Briefly, 

the whole cell targets are incubated with a surface, like a culture dish, and the cells adhere to the 

surface. After, the library is incuabted with the capture surface. Non-binding library mutants can 

be removed via pipetting while positively bound library mutants can be eluted from the surface. 

Despite the success of adherent panning for particular targets, the panning process suffers from 

several limitations. For example, fixed-volume manual washing is inefficient and laborious. 

Nonspecifically or weakly bound library mutants are ineffectively removed182. Moreover, high 
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nonspecific binding to the immobilization surface and proteins used for blocking is frequent. The 

surface area available for target protein presentation is also limited when adherent cells are used179.  

As an alternative, an in solution panning method against whole cell targets has been 

proposed. When considering the CD146 and CD36 targets, researchers were only able to 

successfully isolate binders from a phage display library when panning against cells in solution 

rather than panning against adherent cells. The mutants isolated using the adherent panning 

approach were specific to the culture flask surface used to immobilize the cells as well as serum 

proteins that coated the flask surface183,184. It is likely that the expression level of the target protein 

was much lower than the concentration of the serum proteins on the capture surface; therefore, the 

library mutants were more likely to interact with the serum proteins. In contrast, if a library mutant 

has affinity for a surface or a non-specific, blocking protein, this mutant is less likely to be carried 

forward when using a suspension panning approach. More stringent washing can also be 

performed when target cells are in suspension (i.e. pipetting, vortexing, larger volumes, etc) to 

reduce the isolation of non-specific binders. If target protein expression levels are low, it is more 

desirable to have a greater surface area for protein display. Cells in suspension provide an increase 

in surface area as the entire cell surface is accessible for potential interaction185.  

The success of cell suspension panning when screening phage display libraries suggests 

that it would be advantageous to extend suspension based panning methods to libraries generated 

using other display systems, like yeast display and mRNA display180,186. It is important to note that 

phages bound to the target cells can be separated from nonbinding phages by differential 

centrifugation. When considering the suspension-based selection of a yeast displayed library 

against a whole cell target, like another yeast cell or a HEK293 cell, centrifugation cannot be easily 

used to separate target bound library yeast from nonbinding library yeast. During centrifugation, 
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all library yeast present would pellet, regardless of whether the library yeast was complexed with 

a target cell. In contrast, when considering libraries generated using mRNA-display, centrifugation 

does present an option for separating positively bound mRNA-protein hybrids from non-

interacting fusions. However, carryover of unbound hybrids due to insufficient pipetting is 

consistently observed, resulting in strong contamination of the positive leads. Because mRNA-

display libraries comprise a large number of copies, even a microliter carry over of non-binders 

can cause significant contamination. Thus, an alternative separation approach is needed to 

successfully extend suspension based panning to other display systems.  

 
1.3.3 Biophysical characterization limitations for engineered proteins  

Soluble protein target is also needed when characterizing the affinity of an identified 

binding protein. Traditional methods used to evaluate binding affinity, like isothermal 

calorimetry187 or yeast surface titrations, require at least the binding protein or the target protein 

to be made solubly, if not both proteins. When estimating binding affinity using yeast surface 

titrations, yeast cells displaying the binding protein of interest are typically incubated with 

fluorescently labeled target protein112. Immunofluorescence detection can be used to estimate the 

fraction of cell surface fusions bound by the target protein as a function of the incubated target 

protein concentration. This data can be fit to a monovalent binding isotherm to estimate apparent 

binding affinity.   

When considering whole cell targets, it may be difficult to recombinantly express the target 

protein of interest. Instead, each individual binding protein can be recombinantly expressed and 

purified. Interaction of the soluble binding protein can be confirmed using cells displaying the 

target of interest188. In some cases, binding affinity can be estimated when titrating whole cell 

targets with soluble binding protein113,189. While successful, this method limits the number of 
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putative binding proteins one can evaluate from a screened library population as each binding 

protein needs to be made recombinantly and purified. Accordingly, it would be beneficial to utilize 

a cell based assay that does not require soluble protein to confirm protein-protein interactions and 

more importantly to provide absolute binding affinity estimation of protein interaction pairs.  

The most common cell based assay to evaluate the interaction of two proteins is the yeast 

two hybrid (Y2H) system190. Briefly, a protein of interest (“bait”) and a putative binding partner 

(“prey”) are fused to two different protein domains. The binding of the bait to the prey results in 

colocalization of the domains resulting in the stimulation of a readable output (i.e.: reporter gene 

activation). Variations of this assay can provide some quantitative information on binding 

affinities. For example, the affinities of different binding proteins can be ranked ordered for a 

single target191,192. However, no variation has been developed that can accurately estimate absolute 

binding affinities. A cell based assay that can be used for absolute binding affinity estimation will 

not only be applicable for characterizing engineered binding proteins but also naturally occurring 

protein-protein interactions.  

 
1.4 Engineered affinity ligands for biologics purification 

Unlike traditional protein purification, a unique phenomenon, known as the avidity effect, 

drives the purification of complex biologics, like cells, viruses, and organelles193–195. Often, a 

surface is immobilized with multiple copies of a capture ligand specific to a protein on the exterior 

of the biologic. The biologic, too, displays multiple copies of the targeted surface protein. When a 

heterogenous mixture containing the biologic is incubated with the surface, interactions between 

the capture surface and the biologic are driven by avidity; specifically, multiple copies of the target 

protein on the exterior of the biologic interact with multiple copies of the capture ligand. As a 
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result, the effective binding affinity between the biologic and the capture surface is a sum of the 

individual ligand-target interactions196–199.  

Accordingly, even ligands that exhibit low to moderate monovalent binding affinity can be 

used for the capture of biologics if the avidity effect is evoked as capture will be dictated by the 

combined strength of multiple ligand-target interactions. For example, a Sso7d mutant (KD ~ 100 

nM) was selected from a combinatorial library to bind red clover necrotic mosaic virus200. 

Subsequently, this mutant was immobilized onto magnetic beads enabling the efficient isolation 

of virus from a complex mixture. This example shows that biologics capture does not require 

ligands with antibody-like affinities (<10 nM), as avidity propels the interaction between the 

biologic and the capture surface. Consequently, other non-immunoglobulin ligand formats, like 

single domain antibodies and cyclic peptides, that are likely to exhibit moderate binding affinities 

in comparison to antibodies, can be explored to identify ligands for purification. It is likely that 

purification processes will begin to use non-antibody purification ligands more frequently as 

affinity matured antibodies may exhibit low stability and are relatively expensive to 

produce24,73,195,201. Thus, it would be valuable to establish a combinatorial screening platform for 

the rapid identification of ligands specific to proteins on the surface of biologics. Current 

combinatorial techniques are limited as it is difficult to properly express many biological surface 

proteins using E.coli.  

 
1.5 Thesis Overview 

This work focuses on the development of novel strategies to address the limitations of 

current techniques used to engineer biomolecular recognition agents. First, we demonstrate the 

functionality of using yeast cells as whole cell targets for screening both yeast surface display and 

mRNA display combinatorial libraries. We improve the efficiency of using whole cell targets by 
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developing two different methods to magnetize the target displaying yeast. Another chapter is 

dedicated to the development of a quantitative cell-cell based assay that can be used to estimate 

the absolute binding affinity between two surface displayed proteins. Lastly, we describe a novel 

yeast display platform for the efficient identification and characterization of cyclic peptide binders.  

 

In Chapter 2, we establish a platform for the selection of yeast displayed libraries against 

yeast displayed targets. The separation of library cells that interact with the target displaying cells 

is dependent on the magnetization of the target cell population. The target yeast cells co-express 

an iron oxide binding protein which affords magnetization after incubation with iron oxide. This 

chapter demonstrates that binding proteins specific to the extracellular domain of mammalian 

membrane proteins can be isolated by screening a combinatorial library against yeast cells 

expressing these domains on their surface. Ultimately, this work details how yeast cells can be 

used as an alternative to mammalian whole cell targets when screening combinatorial libraries. 

This work also demonstrates how the avidity effect can be evoked to capture biologics from 

complex mixtures using moderate affinity binding proteins.  

 
In Chapter 3, we develop a quantitative yeast-yeast two hybrid (qYY2H) assay that can 

be used to quantitatively estimate the binding affinity (KD) between two proteins. In this system, 

each protein of interest is displayed as a yeast surface fusion. We have developed a semi-empirical 

framework for estimating the KD of monovalent protein-protein interactions using measurements 

of multivalent yeast-yeast binding. This system was used to characterize the affinity of binding 

proteins identified from combinatorial library screens as well as protein-protein interactions 

identified from cDNA library screens. The system was also evolved to quantitatively characterize 

binding interactions mediated by post-translational modification.  
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In Chapter 4, we describe a platform for the selection of cyclic peptide libraries generated 

using mRNA display against yeast displayed targets. The target yeast cells in this work are non-

specifically magnetized using iron oxide allowing for the efficient isolation of any mRNA-peptide 

fusions that bind the target yeast. Cyclic peptides specific to the mitochondrial surface protein 

TOM22 were identified. The specificity of the identified peptides was confirmed using the qYY2H 

system.  

 
In Chapter 5, we describe the isolation and characterization of cyclic peptide binders from 

chemically constrained yeast display peptide libraries. Linear peptides displayed on the yeast cell 

surface are cyclized by disuccinimidyl glutarate-mediated crosslinking of amine groups within the 

peptide sequence. We show that absolute binding affinities can be estimated using yeast surface 

displayed cyclic peptides, eliminating the need to chemically synthesize selected peptides for 

biophysical characterization. The system was used to identify and characterize cyclic peptides 

specific to lysozyme as well as a more biologically relevant target, Interleukin-17 (IL-17). The 

identified peptides with specificity for IL-17 were evaluated in vitro and in silico for their ability 

to modulate IL-17’s interaction with its receptor, which is implicated in a variety of autoimmune 

disorders.   
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CHAPTER 2 

Screening Yeast Display Libraries Against Magnetized Yeast Cell Targets Enables 
Efficient Isolation of Membrane Protein Binders 
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Yeast Display Libraries against Magnetized Yeast Cell Targets Enables Efficient Isolation of 
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2.1 Introduction 

Binding proteins that specifically target membrane proteins are important in several 

applications, including therapeutics, diagnostics, and the separation of biologics such as organelles 

and cells. Disease states are often defined by the overexpression of one or more specific membrane 

proteins1,2. Therefore, binding proteins with specificity to these targets are commonly used to 

direct drug therapies3,4, to monitor disease advancement using imaging probes5,6, or to predict 

disease progression2. Furthermore, advances in proteomics and genomics are enabling the 

identification of new clinically relevant membrane protein targets7,8. Binders to membrane proteins 

are also used to isolate intracellular organelles for basic research or to separate cell populations for 

transplant purposes9–11.  

Several high throughput combinatorial library screening platforms, such as phage 

display12,13, yeast display14, or mammalian display15,16, have been used to identify ligands with 

unique or enhanced binding affinity for a target of interest. Nevertheless, isolation of binders to 

membrane protein targets can be challenging. Strategies for the isolation of binders to membrane 

proteins typically utilize a recombinantly expressed extracellular domain of a target protein. 

Recombinantly produced protein is often misfolded or adopts a conformation that is different from 

the native protein17,18. Misfolding is also compounded by storage and purification conditions that 

can promote aggregation19. Additionally, recombinant proteins are often fused with biological or 

chemical tags to assist in purification or selection. Binders with affinity for these tags rather than 

the protein may be isolated14,20. Consequently, use of recombinant protein targets may result in the 

isolation of binders that interact with epitopes that are inaccessible or not present when the 

membrane protein is natively expressed21. These challenges may be overcome by screening 

libraries against whole cell targets expressing the membrane protein22. However, here too, isolation 
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of specific binders may be difficult as the expression levels of the target protein may be low while 

other cell surface proteins are present at high density23.  

As an alternative to the aforementioned approaches, yeast surface display has emerged as 

an attractive strategy for expressing membrane protein targets in the context of structure-function 

studies as well as screening phage display libraries24–30. In yeast surface display, a protein of 

interest is expressed as an N- or C-terminal fusion to the Aga2 subunit of the yeast mating protein 

a-agglutinin14,31. The Aga2 subunit in turn is linked to the cell wall associated Aga1 subunit, 

tethering the protein of interest to the cell wall.  Notably, Zhao et al. have used yeast surface display 

to express a variety of extracellular membrane domains25. Here, we describe the development and 

evaluation of a screening strategy wherein yeast displayed membrane protein targets are used for 

the isolation of binding proteins from a yeast display library. 

The ease of expressing a membrane protein or a domain thereof as a cell surface fusion – 

in contrast to recombinant soluble expression – makes the use of yeast-displayed targets 

particularly attractive32. However, the critical challenge in screening yeast display libraries using 

yeast displayed targets is the separation of binder cells from the non-binders. To efficiently enable 

this separation, we investigated a strategy wherein an iron oxide binding protein (SsoFe2) is used 

for the magnetization of yeast cells displaying a target protein (Figure 2.1)33. Briefly, the 

incubation of yeast cells co-expressing a target protein and SsoFe2 with iron oxide nanopowder 

results in the magnetization of target displaying yeast. Subsequently, the magnetized target yeast 

cells are incubated with a yeast display library, and any putative binder cells that complex with the 

target-displaying yeast are separated using a magnet.   
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Figure 2.1. Overall strategy for screening a yeast displayed combinatorial library against yeast cells displaying a target 
protein. The target cells co-express the target protein along with SsoFe2, a protein with affinity for iron oxide. 
Incubation of the target cells with iron oxide nanoparticles enables magnetization of the target cells. After, the yeast 
display library is incubated with the magnetized target cells. Competitor yeast cells (cells displaying an irrelevant 
protein or no protein) are included to reduce non-specific binding. Any library cells that bind the target displaying 
cells can be expanded in appropriate media and screened further with increasing stringency to isolate higher affinity 
binders. Subsequently, individual clones can be sequenced and characterized.  
 
 

We first demonstrated the feasibility of our strategy by performing quantitative studies 

focused on the enrichment of yeast cells displaying a model binder protein from a mixed 

population containing non-binder cells. Here, cells displaying the binder were recovered using 

magnetized yeast displaying the corresponding target protein. Subsequently, we evaluated our 

screening strategy for the isolation of binding proteins to two membrane protein targets of interest 

(TOM22 and c-Kit) from two yeast display libraries based on the Sso7d and nanobody scaffolds.  

Binding proteins for a wide spectrum of targets have been previously isolated from combinatorial 
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libraries derived from these scaffolds34,35. TOM22 is a membrane-associated mitochondrial 

protein; c-Kit is a cell surface receptor protein that is expressed on hematopoietic stem cells. 

Notably, antibody binders to the cytosolic domain of TOM22 are used in commercially available 

reagent kits for the isolation of mitochondria from cell lysates; these reagents serve as a benchmark 

when evaluating the binding proteins isolated using our strategy.   

 
2.2 Results and Discussion  

2.2.1 Co-expression of two proteins as yeast cell surface fusions  

To obtain selective expansion of the binder cells that complex with the magnetized target 

cells in culture, the target-displaying yeast cells and the yeast displayed library cells must utilize 

yeast surface display plasmids with distinct nutritional selection markers. Towards that end, we 

sought to co-express the target protein and the iron-oxide binding protein, SsoFe2, as Aga2 fusions 

using a single plasmid. Two different approaches were investigated, involving the use of a T2A 

ribosomal skipping peptide from Thosea asigna (Figure 2.2A) or a bidirectional GAL1/GAL10 

promoter (Figure 2.2B). The T2A sequence has been successfully used to translate multiple 

proteins from a single mRNA transcript in S. cerevisiae36,37. The native yeast display construct 

contains the bidirectional GAL1/GAL10 promoter38.  

The functionality of the two co-expression approaches was evaluated for the simultaneous 

yeast surface display of the Fc portion of human IgG (hFc) and SsoFe2 (Figure 2.2C). For each 

construct, the expression levels of hFc and SsoFe2 were evaluated by immunofluorescent detection 

of the c-myc and V5 epitope tags, respectively, using flow cytometry analysis. Both approaches 

resulted in the co-expression of hFc and SsoFe2 as cell surface fusions (Figures 2.2D-E). However, 

the cell surface expression level of SsoFe2 was higher when the T2A peptide was used, relative to 

the case when SsoFe2 expression was under control of the GAL10 promoter using the bidirectional 
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promoter construct. Our results are consistent with previous studies by Rosowki et al37. The level 

of protein expression has been shown to be up to five-fold higher when the GAL1 promoter was 

used instead of GAL1039,40. However, display levels are protein specific41; use of a stronger 

promoter may be desirable for proteins that are poorly displayed on the yeast cell surface relative 

to SsoFe2. 

We chose to use the plasmid based on ribosomal skipping to achieve dual display in 

subsequent experiments because the cell surface display level was similar for the two co-expressed 

proteins during the initial evaluation of this construct. Note, however, the mechanism of ribosomal 

skipping and its effect on protein display must be considered when choosing a strategy for the co-

display of a target protein and SsoFe2. 2A ribosomal skipping peptides share a conserved 

GDVEXNPGP sequence. Ribosomal skipping results in “cleavage” due to a failure to form a 

peptide bond between the C-terminal glycine and proline of this sequence during translation42,43. 

In the context of our plasmid construct, a major portion of the 2A peptide is fused to the C-terminus 

of the c-myc tag associated with the first translated protein (the target protein). It is important to 

note that the presence of these additional residues may affect the folding of certain proteins. More 

importantly, residues in the target protein upstream of the 2A sequence can affect the efficiency of 

ribosomal skipping. Finally, a proline residue is added to the prepro sequence associated with the 

second protein (SsoFe2) upon T2A cleavage; however, this did not affect surface display of 

SsoFe2.  
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Figure 2.2. Constructs designed for the simultaneous display of two proteins on the surface of yeast as fusions to 
Aga2. In this example, the Fc portion of human IgG (hFc) and SsoFe2 are co-displayed as cell surface fusions. (A) 
Plasmid construct to achieve dual display of two proteins from a single mRNA transcript using a T2A ribosomal 
skipping peptide. (B) Plasmid construct to achieve dual display of two proteins using a bidirectional GAL1/GAL10 
promoter. In this example, hFc is under the direction of the GAL1 promoter while SsoFe2 is under the direction of the 
GAL10 promoter. (C) Visualization of protein co-expression as fusions to yeast cell surface including expression tags. 
(D) Representative flow cytometry analysis of hFc (blue) and SsoFe2 (red) expression by anti-cmyc and anti-V5 
labeling, respectively, compared to unlabeled cells (black) using the ribosomal skipping construct. (E) Representative 
flow cytometry analysis of hFc (blue) and SsoFe2 (red) expression by anti-cmyc and anti-V5 labeling, respectively, 
compared to unlabeled cells (black) using the bidirectional promoter construct.  
 
 
2.2.2 Yeast cells displaying a known binder protein can be enriched using magnetized yeast 

cells displaying the binder protein’s interaction partner 

 
We conducted enrichment studies on a known binder-target pair to quantitatively assess 

the likelihood of isolating binders from a combinatorial library using magnetized yeast displaying 

the target protein. Yeast cells co-expressing hFc and SsoFe2 as cell surface fusions were 
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magnetized by incubation with iron oxide powder (Figure 2.3A). We investigated the enrichment 

of cells expressing a previously identified Sso7d mutant (Sso7d-hFc) that binds hFc with modest 

binding affinity (KD~ 400 nM)44. Cells displaying Sso7d-hFc or the cytosolic domain of TOM22, 

an irrelevant protein, were mixed in varying ratios (10-100,000x excess of the cells displaying 

TOM22). The Sso7d-hFc/TOM22 cell mixtures were incubated with magnetized yeast cells 

expressing hFc as the target. The TOM22 cells act as competitors to the Sso7d-hFc cells for 

interaction with the target hFc cells. Subsequently, the iron oxide and any complexed cells were 

separated with a magnet. The number of Sso7d-hFc and TOM22 cells recovered by the magnetic 

target cells was quantified by plating on selective agar plates and colony counting (Figure 2.4).  

The Sso7d-hFc displaying cells were enriched for all population ratios tested (Figure 2.3B), 

and at least ~20% recovery of these cells was observed (Figure 2.3C). Notably over 100-fold 

enrichment at ~ 20% recovery was observed when TOM22-displaying cells were present at 

105-fold excess. Based on the observed ~ 10-100-fold enrichment of binders in one round, one can 

reasonably assume that 4-5 rounds of screening with magnetized yeast cell targets would suffice, 

in general, to isolate specific binders from yeast display libraries. Additionally, a recovery of  

~ 20% suggests that the library should be oversampled by at least five-fold, when screening using 

magnetized cell targets.  
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Figure 2.3. Specificity of magnetic yeast displaying target protein for yeast cells displaying binding partner. (A) 
Isolation of Sso7d-hFc displaying yeast using magnetic yeast co-expressing hFc and SsoFe2 in the presence of 
competitor yeast cells displaying TOM22. The hFc expressing cells are magnetized via iron oxide binding to SsoFe2 
that is co-expressed on the cell surface. The number of TOM22 and Sso7d-hFc yeast cells was altered to vary the 
extent of competition from the TOM22 cells. Cells bound to the magnetic hFc cells were plated and quantitatively 
assessed to characterize the enrichment and recovery of the Sso7d-hFc population as well as the competitor TOM22 
population. (B) Enrichment of Sso7d-hFc displaying yeast comparing the percentage of Sso7d-hFc cells in the 
recovered population to the percentage of Sso7d-hFc cells in the initial population. (C) Percentage of Sso7d-hFc 
displaying yeast in initial population that were recovered by the magnetic target cells. Error bars correspond to the 
standard error of the mean from three independent replicates.  
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Figure 2.4. Plating method used to evaluate specificity of magnetic target yeast. Here, we considered the specific 
binding of Sso7d-hFc displaying yeast and the non-specific binding of TOM22 displaying yeast to magnetized yeast 
cells co-displaying the target protein (hFc) and SsoFe2.  
   

         It is instructive to compare our results with those reported by Stern et al. wherein they 

assessed the recovery of binder yeast upon panning against adherent cells expressing the target45. 

In that study, binder cells (KD ~ 2 nM) were mixed with non-binders at 1000x excess and recovered 

at ~ 100-fold enrichment and ~ 35% recovery; these values are comparable with our results. 

Interestingly, however , yeast cells displaying a low affinity binder (KD>600 nM) required multiple 

rounds of screening for enrichment45. In contrast, our approach could enrich a binder with KD ~ 

400 nM in a single round. Apart from the slightly higher binding affinity of Sso7d-hFc, the higher 

enrichment observed using our strategy may be attributed to there being a greater number of target 

cells present. We estimate that our screens contain at least 10x more target cells than when adherent 

cells on tissue culture plates are used as the target. The simplicity of increasing the number of 

magnetized target cells is a major advantage of our approach over classical cell panning using 

adherent cells as the scale up for large library screens is more efficient and even weak affinity 

binders can be isolated. 
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It is also important to note that yeast cells can be magnetized without the display of an iron 

oxide binding protein by simply incubating yeast cells with iron oxide nanopowder due to 

electrostatic interactions between the iron oxide and yeast cell surface proteins33. Therefore, non-

specific adsorption of iron oxide to the yeast cell surface is an alternative strategy for obtaining 

magnetized yeast cell targets. However, use of SsoFe2 enables more robust cell magnetization. 

Wash steps and extended incubation in buffers containing high concentrations of carrier protein 

(e.g. bovine serum albumin (BSA)) can result in the loss of magnetization, presumably due to the 

dissociation of iron oxide particles from the yeast surface. The electrostatic interactions between 

the yeast cell surface proteins and the iron oxide are too weak to retain the iron oxide on the yeast 

surface when faced with competition from carrier protein or non-magnetized cells. Loss of 

magnetization has two deleterious consequences when screening combinatorial libraries – library 

binder cells associated with the de-magnetized target cells will be lost during the magnetic 

selection step, and non-specific re-binding of iron oxide to non-binder cells may result in their 

unwanted isolation. Our studies show that the loss of magnetization is significantly lower when 

SsoFe2 is present on the yeast cell surface (Figure 2.5). Therefore, yeast surface co-expression of 

SsoFe2 is the preferred approach for generating magnetized yeast cell targets.  

Additionally, inclusion of excess yeast lacking the library’s selective nutritional marker 

during library screening will minimize the isolation and expansion of library cells with no 

specificity for the target that could be isolated from non-specific adsorption of dissociated iron 

oxide particles. These yeast cells can display a non-relevant protein or be non-displaying EBY100 

cells. By including excess non-relevant yeast cells, it is likely that any dissociated iron oxide will 

complex with the non-relevant yeast cells that are in excess rather than the library yeast cells. 

Finally, we noticed a decrease in efficiency of yeast magnetization – both SsoFe2-mediated and 
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non-specific – as the batch of iron oxide nanopowder aged. A potential explanation is that exposure 

to air causes changes in the properties of the iron oxide particles. Therefore, it helpful to test the 

efficiency of magnetization prior to screening libraries.  

 

Figure 2.5. Comparison of non-specific and affinity based magnetization of yeast cells. The percentage of yeast cells 
initially magnetized that remain magnetized over the course of the wash, blocking, and incubation steps that would be 
associated with a library screen are described. Yeast cells expressing only TOM22 and yeast cells expressing both 
TOM22 and SsoFe2 were evaluated for their magnetization efficiency. Both cell populations were magnetized after 
incubation with iron oxide nanoparticles. SsoFe2 affords affinity-based magnetization while the cells not displaying 
SsoFe2 are magnetized through electrostatic interactions. Error bars represent the standard error of the mean for six 
repeats for cells displaying TOM22 only and three repeats for cells displaying TOM22, SsoFe2. * represents p <.01 
for two tailed t-test in comparison to TOM22 only population. 
 
 
2.2.3 Isolation of novel Sso7d binders to TOM22 and c-Kit using magnetic yeast expressing 

the target  

We sought to investigate the use of magnetic yeast targets for the identification of novel 

binding proteins specific to the cytosolic domain of TOM22 and the extracellular domain of c-Kit. 

Towards that end, we screened a combinatorial library based on the Sso7d scaffold against 

magnetized yeast displaying the targets. Specifically, we used a combinatorial library designed by 

Cruz-Teran et al. wherein the yeast cells simultaneously express the Sso7d mutants as soluble 

protein as well as yeast cell surface fusions46. 
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Yeast cells, co-expressing the target protein (TOM22 or c-Kit) and SsoFe2, as cell surface 

fusions, were magnetized by incubation with iron oxide powder as discussed earlier. The 

magnetized target cells were used to isolate binders from the library during four rounds of magnetic 

screening. Briefly, in each round of screening, magnetized cells were incubated with the library 

(Figure 2.1). Library cells that bound to the magnetized target cells were isolated using a magnet 

and expanded in selective yeast medium. The number of library and target cells was successively 

reduced for each round of screening. Additionally, excess EBY100 was also included to reduce 

the likelihood of isolating binders to native yeast surface proteins as well as to decrease the 

probability of isolating non-binders if iron oxide dissociated from the target cells.  

The high avidity interaction between the binder and target displaying cells results in the 

isolation of even low affinity binders. Nevertheless, it is possible to bias selection towards high 

affinity binders by reducing the protein display levels on the library cells by DTT treatment, as 

previously described47. Accordingly, the Sso7d library cells were treated with DTT during the 

fourth round of screening to reduce the number of surface fusions on the Sso7d library cell 

population.  

DNA isolated from the pool of binders obtained after the fourth round of screening was 

subjected to further random mutagenesis by error-prone PCR and used to construct a second yeast 

display library. This library was subjected to four rounds of screening as described earlier. Yeast 

displaying an irrelevant Sso7d mutant (Sso7d-hFc) was included along with EBY100 to increase 

the screening stringency and to minimize non-specific binding. For each target, plasmid DNA was 

isolated from ten individual clones recovered from the final screening round. DNA sequencing 

identified only two unique Sso7d mutants from the TOM22-binding population while only a single 

unique c-Kit binding Sso7d clone was identified (Figures 2.6A and 2.7A).   
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2.2.4 Characterization of yeast secreted Sso7d mutants  

 For each target, the pool of binders isolated after screening the mutagenized libraries was 

analyzed to confirm binding and specificity. Because a simultaneous secretion and display library 

was used, Sso7d binder protein could be secreted by the library yeast cells into the supernatant of 

the yeast display culture, without any additional sub-cloning steps. Individual clones were not 

characterized at this stage; rather, a mixture comprised of the final population clones was analyzed. 

Soluble protein, which contains a 6xHis tag, was purified from the supernatant using Ni-NTA 

agarose and concentrated as previously described46.  

Notably, the soluble protein obtained from the simultaneous secretion and yeast surface 

display system contains a portion of a F2A peptide at its C-terminus, which can be cleaved by 

treatment with TEV protease. The soluble protein obtained from the TOM22 library screens bound 

TOM22 displaying cells when the soluble protein was treated with TEV protease to cleave the 

F2A peptide. No binding was observed when the F2A peptide sequence was present (Figure 2.6B). 

The presence of the F2A peptide sequence at the secreted protein’s C-terminus may impede the 

binder population from interacting with TOM22. Alternatively, the F2A peptide sequence may 

hinder binding of the anti-His antibody used for immunofluorescent detection. These results 

confirm that the pool of proteins isolated from the combinatorial library screens against yeast cells 

displaying TOM22 does in fact bind TOM22. 

In contrast, Sso7d soluble protein derived from the c-Kit specific screens did not bind c-

Kit displaying yeast cells at a protein concentration of 2.5 µM, even upon cleavage of the F2A 

peptide sequence by TEV protease (Figure 2.7B). These results suggest that the binding affinity of 

the isolated c-Kit Sso7d binder was significantly lower than that of the TOM22 Sso7d binders.  
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Figure 2.6. Characterization of isolated Sso7d mutants specific for TOM22 obtained from a selection using yeast-
displayed targets. (A) Sequences of TOM22 binders isolated from a library of Sso7d mutants. Positions mutagenized 
in the original library are in bold font. The number in parentheses is the number of identical DNA sequences obtained. 
(B) Soluble protein from the pool of TOM22 mutants recovered from the final round of screening was purified from 
yeast culture supernatant. Flow cytometry analysis was completed for unlabeled cells (black) and yeast cells 
expressing TOM22 upon labeling with secreted binder protein cleaved with TEV protease (red), non-treated protein 
(blue), and TEV protease only (green). Soluble protein (2.5 µM) and TEV protease (0.67 µM) binding was detected 
using an Anti-His Alexa 647 antibody. Subsequently, individual mutant analysis was completed to estimate the 
apparent binding KD of Sso7d.TOM22-1 (C) and Sso7d.TOM2-2 (D) to yeast cells displaying TOM22. A global fit 
was used to estimate the KD of Sso7d.TOM22-1 as 732 nM (632-848 nM, 68% confidence interval). The KD of 
Sso7d.TOM22-2 was estimated as 362 nM (310-423 nM, 68% confidence interval).  Error bars correspond to the 
standard error of the mean from three independent replicates. (E) Background subtracted mean fluorescence values 
for Sso7d.cIgY binding to yeast cells displaying TOM22. Error bars correspond to the standard error of the mean from 
three independent replicates. Points with no error bars represent averages from two independent replicates. (F) 
Representative flow cytometry analysis of unlabeled cells (black) as well as yeast cells displaying TOM22 labeled 
with biotinylated Sso7d.cIgY (green), Sso7d.TOM22-1 (blue), and Sso7d.TOM22-2 (red) at a concentration of 1000 
nM, followed by secondary labeling with SA-PE.   
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Figure 2.7. Characterization of isolated Sso7d mutants specific for c-Kit obtained from a selection using yeast-
displayed targets. (A) Sequences of c-Kit binders isolated from a library of Sso7d mutants. Positions mutagenized in 
the original library are in bold font. The number in parentheses is the number of identical DNA sequences obtained. 
(B) Soluble protein from the c-Kit mutant population recovered from the final round of screening was purified from 
yeast culture supernatant. Flow cytometry analysis was completed for unlabeled cells (black) and yeast cells 
expressing c-Kit upon labeling with secreted binder protein cleaved with TEV protease (red), non-treated protein 
(blue), and TEV protease only (green). Soluble protein (2.5 µM) and TEV protease (0.67 µM) binding was detected 
using an Anti-His Alexa 647 antibody. (C) Representative flow cytometry analysis of unlabeled yeast cells and c-Kit 
displaying yeast cells labeled with varying concentrations of Sso7d.c-Kit and an Anti-His Alexa 647 antibody. (D) 
Background subtracted mean fluorescence values for Sso7d.c-Kit binding to c-Kit displaying yeast cells at various 
concentrations. Error bars correspond to standard error of the mean for three independent repeats. (E) Background 
subtracted mean fluorescence values for Sso7d.cIgY binding to yeast cells displaying c-Kit. Error bars correspond to 
the standard error of the mean from three independent replicates. Points with no error bars represent the average of 
two independent replicates. (F) Representative flow cytometry analysis of unlabeled cells (black) as well as yeast cells 
displaying c-Kit labeled with biotinylated Sso7d.cIgY (green) at a concentration of 2000 nM, followed by secondary 
labeling with SA-PE. 
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2.2.5 Characterization of binding affinity and specificity of recombinantly expressed Sso7d 

mutants  

Each identified Sso7d binder for TOM22 and c-Kit was recombinantly produced in E. coli, 

and the purified protein was used to generate yeast surface titrations to estimate the apparent KD 

of binding. Briefly, yeast cells displaying either TOM22 or c-Kit were incubated with varying 

concentrations of each mutant. The fraction of cell surface fusions bound by the mutant protein 

was quantified by immunofluorescent detection of biotinylated protein (for TOM22 binders) or a 

His tag on the recombinant protein (for the c-Kit binder). Note that the recombinantly produced 

Sso7d.c-Kit was not biotinylated to avoid potential modification of a lysine mutation introduced 

in the binding interface. The data was fit to a monovalent binding isotherm, and the KD was 

estimated as described31.  

The apparent KD of SSo7d.TOM22-1 and SSo7d.TOM22-2 was estimated as 732 nM and 

362 nM respectively (Figures 2.6C-D). Similarly, the apparent KD of Sso7d.c-Kit.1 was estimated 

to be greater than 2000 nM (Figures 2.7C-D). The exact KD for Sso7d.c-Kit could not be 

determined due to low binding affinity; a complete yeast titration curve could not be generated.  

Nevertheless, weak, yet detectable levels of Sso7d.c-Kit binding to yeast displayed c-Kit was 

observed across concentrations ranging from 2,000 nM to 15,000 nM.  

While the isolated binders have low to moderate affinity, they showed specific binding for 

their target. We evaluated the binding of an irrelevant Sso7d mutant, Sso7d.cIgY, to yeast 

displayed TOM22 and c-Kit to assess the binding specificity of the selected mutants. Sso7d.cIgY 

binds specifically to chicken IgY and has a reasonably similar composition of residues in its 

binding interface as the Sso7d TOM22 and c-Kit binding mutants34. Yeast surface titrations were 

conducted, as described earlier, for Sso7d.cIgY binding to TOM22 displaying cells (Figures 2.6E-
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F). In contrast to the TOM22-binding Sso7d mutants, Sso7d.cIgY negligibly bound to yeast 

displayed TOM22 over the range of concentrations tested, and the data did not fit a monovalent 

binding isotherm. Taken together, these results confirm that Sso7d.TOM22-1 and -2 specifically 

bind the yeast displayed cytosolic domain of TOM22, and this binding is not a consequence of 

non-specific binding of the Sso7d scaffold to TOM22. Similarly, at a concentration of 2 µM, 

Sso7d.c-Kit – but not Sso7d.cIgY – exhibited binding to yeast displayed c-Kit (Figures 2.7C-2.7F). 

These results show that Sso7d.c-Kit binds to yeast displayed c-Kit specifically, though with weak 

binding affinity (KD > 2 µM). 

Despite the isolation of low to moderate affinity Sso7d binders, the convergence of the 

Sso7d libraries to one or two sequences when selected against yeast cells displaying the target 

domains suggests effectiveness of this screening strategy. The low binding affinity of Sso7d.c-Kit 

may represent a limitation of the Sso7d scaffold for generating binders to certain targets, as was 

previously observed for other target proteins48. The binding affinity of Sso7d.c-Kit can likely be 

improved through additional rounds of mutagenesis and screening. However, such affinity 

maturation was not pursued since the focus of our study was investigating the feasibility of 

screening yeast display libraries using magnetized yeast cell targets. Instead, we chose to extend 

our results by screening a combinatorial library based on a different scaffold protein.  

 
2.2.6 Isolation of nanobodies specific to TOM22 & c-Kit 

We investigated the screening of a synthetic combinatorial library based on a camelid 

single-domain antibody fragment (or nanobody) scaffold, as described in McMahon et al.35, 

against magnetized yeast displaying a target of interest. In contrast to single chain antibody 

fragments, nanobodies have a single 15 kDa VHH domain. The nanobody library was screened to 

obtain binders to TOM22 and c-Kit using magnetized yeast cell targets, as described earlier. The 
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selection stringency was increased in successive rounds of screening. Note, however, that the 

nanobody library cannot be treated with DTT to reduce the surface fusion copy number. This is 

because the nanobody mutants are covalently tethered to the cell wall by a synthetic amino acid 

chain designed to mimic low complexity yeast cell wall proteins, as opposed to being tethered by 

disulfide bonds to the cell wall via the interaction between Aga2 and Aga1, like the Sso7d library.   

For each target, plasmid DNA was isolated from ten individual clones recovered during 

the final screening rounds. DNA sequencing identified 8 unique mutants from the TOM22 and c-

Kit nanobody binding populations (Figures 2.8A-B). For each target, two unique mutants were 

recombinantly produced in E.coli, and the purified protein was biotinylated. The mutants chosen 

for characterization appeared twice in the sequenced populations. For each mutant, the apparent 

KD of binding to its target was measured using yeast surface titrations in a similar manner as 

described for the Sso7d mutants. The apparent KD of NB.TOM22-1 and NB.TOM22-2 (Figure 

2.8C) was estimated as 272 and 1934 nM, respectively, while the apparent KD of NB.c-Kit-1 and 

NB.c-Kit-2 (Figure 2.8D) was estimated as 93 and 274 nM, respectively. Except for NB.TOM22-

2, the binding affinities of the isolated nanobody mutants were higher than the corresponding 

Sso7d mutants, underscoring differences between these scaffolds. Nevertheless, isolation of 

NB.TOM22-2 confirms that even binders with low affinity can be isolated when magnetized target 

cells are used.  
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Figure 2.8. Characterization of isolated nanobody mutants specific for TOM22 or c-Kit obtained from a selection 
using yeast-displayed targets. Sequences of (A) TOM22 binders and (B) c-Kit binders isolated from a nanobody 
combinatorial library. CDR3 positions are highlighted in light brown. The number in parentheses is the number of 
identical DNA sequences obtained. (C) Yeast surface titrations to estimate the apparent KD of NB.TOM22-1 (red) and 
NB.TOM22-2 (blue) for TOM22. A global fit was used to estimate the KD for NB.TOM22-1 as 272 nM (238-312 nM, 
68% confidence interval). The KD for NB.TOM22-2 was estimated as 1934 nM (1693-2209 nM, 68% confidence 
interval). (D) Yeast surface titrations to estimate the apparent KD of NB.c-Kit-1 (red) and NB.c-Kit-2 (blue) for c-Kit. 
The KD for NB.c-Kit-1 and NB.c-Kit-2 was estimated as 93 nM (77-113 nM, 68% confidence interval) and 274 nM 
(230-327 nM, 68% confidence interval), respectively, using a global fit. Error bars correspond to the standard error of 
the mean from three or four independent replicates. 
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          To further test the functionality of the isolated c-Kit binders, c-Kit-specific nanobodies were 

immobilized on magnetic beads and evaluated for their ability to deplete yeast cells expressing c-

Kit from a heterogeneous population. However, the c-Kit displaying cells were only depleted 

around 10% after incubation with magnetic beads functionalized with NB.c-Kit-1 or NB.c-Kit-2 

(Figures 2.9 and 2.10). It is likely that a higher affinity binder is needed to achieve significant 

depletion of c-Kit displaying cells. Therefore, we did not pursue further characterization of the c-

Kit binding nanobodies in the context of isolating mammalian cells that naturally express c-Kit 

from a heterogenous mixture.  

 

 

Figure 2.9. Specificity analysis of nanobodies recovered from selections against c-Kit displaying yeast using 
nanobody coated streptavidin beads. The percentage of c-Kit displaying cells recovered from a mixed population using 
magnetic streptavidin beads functionalized with binders NB.c-Kit-1, NB.c-Kit-2, and NB.TOM22-1 is described. The 
initial population contained 1x105 c-Kit displaying yeast and 2x106 non-displaying EBY100 yeast. The reduction in 
c-Kit displaying cells was quantified by comparing the c-myc expression between the unrecovered cell population and 
the initial population. These results suggest that higher affinity binders may be required to obtain more significant pull 
out of specific cell types for heterogenous populations. Error bars represent the standard error of the mean for three 
repeats.  
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Figure 2.10. Specificity analysis of nanobodies recovered from selections against c-Kit displaying yeast using 
nanobody coated His beads. The percentage of c-Kit displaying cells recovered from a mixed population using 
magnetic His beads functionalized with binders NB.c-Kit-1, NB.c-Kit-2, and NB.TOM22-2 is described. The cell 
populations were only incubated with two sets of functionalized beads in comparison to the previous experiments that 
involved three bead incubations. Data from a single experiment is shown.  
 
 
2.2.7 TOM22 binders can enrich mitochondria from cell lysates via recognition of natively 

expressed TOM22 

To characterize the functionality of the TOM22 binders, we assessed the isolated TOM22 

Sso7d and nanobody binders for their ability to recover mitochondria from a cell lysate. Each 

TOM22 binder protein was recombinantly produced, biotinylated, and immobilized onto 

streptavidin-functionalized 0.15 µm beads. Subsequently, lysates from HEK293-T cells were 

incubated with the binder-coated beads, and the beads were recovered. Immunoblotting was used 

to quantify the recovery of mitochondria pulled down by the binder-functionalized beads. 

Mitochondrial recovery was assessed by immunoblotting with an anti-TOM22 antibody (Figure 

2.11A). Pulldown of a non-specific organelle, the endoplasmic reticulum, was assessed using an 

anti-calnexin antibody (Figure 2.11B); this serves as a proxy for the interaction of the binders with 
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non-target species. Commercially available micrometer-sized magnetic beads functionalized with 

an anti-TOM22 antibody are commonly used for the separation of mitochondria from cell 

lysates49–52. We carried out isolation of mitochondria from HEK293-T lysates using the 

commercially available antibody coated magnetic beads in parallel. Results from these beads 

served as a benchmark to evaluate the efficiency of the TOM22 binders identified in this study. 

We observed that the mitochondrial recovery, as assessed by immunodetection of TOM22, 

was higher when each mutant was immobilized onto the streptavidin beads in comparison to the 

recovery using plain (unmodified) beads (Figure 2.11C); NB.TOM22-1 exhibited the greatest 

recovery among the identified ligands. A direct comparison of mitochondrial recovery between 

the beads coated with Sso7d or nanobody binders and the commercial product is not possible since 

the surface density of the anti-TOM22 antibody is unknown. However, we used the ratio of the 

TOM22 band intensity to that of the calnexin band intensity as a quantitative metric for specificity, 

to compare the commercial beads with the binder-coated streptavidin beads. Based on this metric, 

our mutants have specificity for mitochondria over the endoplasmic reticulum comparable to that 

of the commercial antibody beads (Figure 2.11D). The Sso7d and nanobody mutants were able to 

recover mitochondria from the heterogenous cell lysate with similar efficiency as the antibody 

coated beads. These results suggest the Sso7d and nanobody binders specific to TOM22, isolated 

from selections against a yeast displayed target, are functional in the context of the native 

mitochondrial protein.   
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Figure 2.11.  Enrichment of mitochondria from cell lysate using nanobody and Sso7d binders specific to TOM22. 
The binder proteins were biotinylated and functionalized onto streptavidin beads (0.15 µm). The mitochondrial 
recovery of the TOM22 nanobody and Sso7d binders was compared to the recovery observed using non-functionalized 
streptavidin beads as well as commercially available micro-sized magnetic beads functionalized with an anti-TOM22 
antibody. (A) Mitochondrial recovery was quantified using anti-TOM22-HRP immunoblotting. (B) Endoplasmic 
reticulum recovery was quantified using anti-Calnexin-HRP immunoblotting. An image of the ladder was obtained in 
a separate image than the blot. Blot images were inverted for display. The ladder and experimental condition sections 
of the blot were spliced together after alignment. No other manipulations of the image occurred. These blots are 
representative of three replicates. Mitochondria and endoplasmic reticulum recovery was quantified by band intensity 
analysis. (C) The mitochondrial recovery by beads functionalized with a nanobody, Sso7d, or antibody specific for 
TOM22 was compared to the mitochondrial recovery of non-functionalized streptavidin beads to evaluate the 
enrichment of each binding protein against background binding. (D) The specificity of the binder proteins was 
evaluated by comparing the mitochondrial recovery to the endoplasmic reticulum recovery for each bead type 
considered. Error bars represent the standard error of the mean for at least three independent replicates.  
 

          Increases in yield and specificity may be possible if the pull-down protocol is further 

optimized. However, we did not optimize the binding and wash conditions. Furthermore, our pull-
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down protocol with the streptavidin coated beads used centrifugation to isolate the beads as 

opposed to magnetic separation, which was used to recover the commercial beads. It is also 

noteworthy that NB.TOM22-2 showed similar or greater mitochondria recovery in comparison to 

the Sso7d mutants, despite its weak affinity ~2000 nM. A potential explanation is that protein 

immobilization may differentially affect the binding activity of the various mutants. Alternatively, 

these differences may be attributed to increased non-specific binding of proteins present in cell 

lysates to the Sso7d mutants. While the specificity of the ligands for mitochondrial capture over 

endoplasmic reticulum was explored, there are a wide variety of other proteins and organelles 

found in the cell lysate that were not considered when evaluating specificity that could be 

outcompeting the mitochondria for binding to the functionalized beads. Therefore, inclusion of 

target-depleted cell homogenates during later rounds of library screening may be beneficial for 

isolation of binders with greater specificity for TOM22. Nevertheless, our results confirm that our 

isolated Sso7d and nanobody mutants bind natively expressed TOM22 on the surface of a 

mitochondria. 

 
2.3 Conclusions 

We have shown that the isolation of binding proteins from yeast display libraries using 

yeast displayed targets is feasible. A critical aspect of our strategy is affinity-based magnetization 

of target-displaying cells, mediated by interactions between iron oxide nanoparticles and a co-

expressed iron oxide binding protein; this facilitates facile, magnetic separation of library cells that 

bind the target. Binding proteins discovered when selecting against yeast displayed targets were 

functional in the context of a natively expressed membrane protein, as seen with the TOM22 

binders depleting cell lysates of mitochondria. We expect that this strategy will enable efficient 

isolation of binders to membrane protein targets. 
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2.4 Materials and Methods 

2.4.1 Plasmids and yeast culture 

The Sacchromyces cerevisiae strain EBY100 was used in conjunction with the pCTCON 

vector containing a TRP selectable marker, or a pCT302 vector variant with a LEU selectable 

marker53. Plasmid DNA was transformed into chemically competent EBY100 using the Frozen-

EZ yeast transformation Kit II (Zymo Research).  

For cells with the pCTCON vector, Trp-deficient SDCAA and SGCAA medium was used 

for culturing cells and for inducing cell surface protein expression, respectively, as previously 

described31. Similarly, Leu-deficient SDSCAA (-Leu) and SGSCAA (-Leu) media was used for 

cells with the pCT302-based vector. Leu-deficient media has similar composition to SDCAA and 

SGCAA media except it contains synthetic dropout mix (1.62 g/L) lacking leucine instead of 

casamino acids. Yeast cells were cultured in SDCAA or SDSCAA medium, as appropriate, at 30°C 

with shaking at 250 RPM. Protein expression was induced by transferring the yeast cells into 

SGCAA or SGSCAA medium at an OD600 of 1 and cultured overnight at 20 °C with shaking at 

250 rpm. EBY100 without plasmid was grown 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.  

The nanobody library was grown in TRP deficient NB.SDCAA and NB.SGCAA medium 

(3.8 g -TRP drop-out media supplement (US Biological), 6.7 g Yeast nitrogen base (HiMedia), 

20 g dextrose for growth or galactose for protein induction, pH 6). The nanobody library cells were 

cultured in NB.SDCAA medium at 30 °C with shaking at 250 RPM. Protein expression was 

induced by transferring the yeast cells into NB.SGCAA medium at an OD600 of 1 and cultured 

overnight at 20 °C with shaking at 250 rpm.  
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2.4.2 Construction of co-expression plasmids 

pCTCON-SsoFe2-T2A-TOM22 was constructed by amplifying gene block 1 with Pf1 and 

Pr1 and introduced to the pCTCON vector between the EcoRI and XhoI sites. The DNA 

corresponding to the Fc portion of human IgG (residues 100-330 of immunoglobulin heavy 

constant gamma 1) was amplified from gene block 2 using primers Pf2 and Pr2 and inserted into 

pCTCON-T2A-SsoFe2-TOM22 between the NheI and BamHI sites creating pCTCON-T2A-

SsoFe2-hFc.  

To construct pCT302-SSoFe2-T2A-TOM22, the pCT302 vector was cut between NheI and 

XhoI. Gene block 1 was amplified by PCR using primers Pf1 and Pr1 and introduced into pCT302 

using homologous recombination. Briefly, 200 ng of cut plasmid and 250 ng of insert were 

transformed into EBY100 cells prepared with the Frozen-EZ yeast transformation kit II. The 

plasmid and insert were concentrated using ethanol precipitation such that the volume of DNA 

used in the transformation step was less than 5 µL in total. The extracellular domain of c-Kit 

(residues 2-83) was amplified from gene block 3 using primers Pf3 and Pr3. pCT302-SsoFe2-T2A-

c-Kit was constructed by inserting the amplified c-Kit DNA between the NheI and BamHI sites in 

pCT302-SsoFe2-T2A-TOM22. pcT302-SsoFe2-T2A-hFc was constructed in a similar manner by 

amplifying the hFc DNA from gene block 2 with primers Pf2 and Pr2 and inserting between the 

NheI and BamHI sites of pCT302-SsoFe2-T2A-TOM22.  

To generate the vector where simultaneous display is mediated by the bidirectional 

GAL1/GAL10 promoter, gene block 4 was amplified using primers Pf4 and Pr4 and introduced to 

the pCTCON vector between the EcoRI and XhoI sites to eliminate an AgeI site from the prepro 

sequence used in previous constructs to generate pCTCON-modified-prepro. Gene block 5 was 

amplified using primers Pf5 and Pr5 and inserted into the pCTCON-modified-prepro plasmid 
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between the KpnI and AgeI sites creating pCTCON-SsoFe2-Bi-TOM22. DNA corresponding to 

hFc was amplified using primers Pf2 and Pr2 and inserted into pCTCON-SsoFe2-Bi via the NheI 

and BamHI sites to generate pCTCON-SsoFe2-Bi-hFc.  

Sso7d-hFc was inserted between the NheI and BamHI sites of pCTCON and pCT302 to 

create pCTCON-Sso7d-hFc and pCT302-Sso7d-hFc44. The Sso7d-hFc DNA was amplified using 

primers Pf6 and Pr6 from previously constructed plasmids44. The TOM22 mitochondrial domain 

was cloned into pCT302 by amplifying gene block 1 using primers Pf7 and Pr7 and inserting the 

amplified, digested DNA between the NheI and the BamHI sites to create pCT302-TOM22. The 

extracellular domain of c-Kit was similarly cloned into pCT302 using gene block 3 and primers 

Pf3 and Pr3 to generate pCT302-c-Kit.  

All gene fragments were purchased from Integrated DNA technologies. Primer 

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

sequences can be found in Tables 2.1 and 2.2. All PCR reactions were performed in 50 µL 

reactions with high-fidelity Phusion polymerase (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. All restriction enzymes were purchased from New England Biolabs. 

Restriction digestions were performed in 50 µL with a 5 times excess of each restriction enzyme 

for 4 hours at 37°C. Digested plasmid backbones were treated with Antarctic Phosphatase 

purchased from New England Biolabs for 1 hour at 37°C. Digested products and PCR amplicons 

were purified using the 9K Series Gel and PCR extraction kit from Biobasic. Ligations of the 

digested plasmid backbones and PCR products occurred overnight at 16°C using T4 DNA ligase 

(Promega) prior to transformation into chemically competent Novablue E. coli cells. The Novablue 

cells were made chemically competent using the Mix & Go! E. coli transformation kit and buffer 
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(Zymo Research). Overnight E. coli cultures were harvested for their plasmid using the GeneJET 

plasmid miniprep kit (Thermo Fisher Scientific).  

 
Table 2.1. List of gene fragments described in Chapter 2.  
 
Gene Block 1 GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT

GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGACAGGAACTGACAACTATA
TGCGAGCAAATCCCCTCACCAACTTTAGAATCGACGCCGTACTCTT
TGTCAACGACTACTATTTTGGCCAACGGGAAGGCAATGCAAGGAG
TTTTTGAATATTACAAATCAGTAACGTTTGTCAGTAATTGCGGTTC
TCACCCCTCAACAACTAGCAAAGGCAGCCCCATAAACACACAGTA
TGTTTTTTATCCGTACGACGTTCCAGACTACGCTGGTGGTGGTGGT
TCCGGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCGCTGCCG
CCGTCGCTGCTGCCGGTGCAGGGGAACCCCAGTCCCCGGACGAAT
TGCTCCCGAAAGGCGACGCGGAGAAGCCTGAGGAGGAGCTGGAG
GAGGACGACGATGAGGAGCTAGATGAGACCCTGTCGGAGAGACT
ATGGGGCCTGACGGAGATGTTTCCGGAGAGGGTCCGGTCCGCGGC
CGGAGCCACTTTTGATCTTTCCCTCTTTGTGGCTCAGAAAATGTAC
AGGTTTTCCAGGGCAGGATCCGAACAAAAGCTTATCTCCGAAGAA
GACTTGGAGGGAAGGGGATCTTTGCTAACGTGCGGGGATGTCGAA
GAAAACCCTGGCCCTATGAAGGTGCTGATTGTTCTATTGGCTATAT
TTGCTGCCTTGCCCCTGGCCCTGGCACAGCCAGTCATAAGTACAAC
AGTGGGCAGTGCTGCGGAAGGTTCACTAGATAAAAGACAGGAACT
TACTACAATTTGTGAACAAATACCTAGTCCCACGTTGGAGTCAACA
CCGTACTCCCTGTCTACTACAACAATACTTGCGAACGGTAAGGCCA
TGCAAGGAGTCTTTGAATACTACAAGTCAGTTACCTTCGTATCTAA
CTGCGGGAGTCACCCGAGCACCACATCCAAGGGGAGTCCTATAAA
CACTCAGTATGTATTCGACTATAAGGATGACGATGACAAGGGCGG
CGGAGGCTCCGGTGGAGGCGGAAGCGGCGGTGGAGGTAGTCCTA
GGGCGACCGTGAAATTTAAATATAAAGGCGAAGAAAAACAGGTG
GATATTAGCAAAATTAGACGGGTGCGTCGCAAGGGCAAATGCATT
AGGTTTTACTATGATCTGGGCGGCGGCAAATATGGCAGGGGCATA
GTGAGCGAAAAAGATGCGCCGAAAGAACTGCTGCAGATGCTGGA
AAAACAGAAAAAACATATGGGTAAACCCATACCCAATCCCCTGCT
GGGTCTTGATAGTACGTAATAG 
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Table 2.1 (continued).  
 
Gene Block 2 CCCAAATCTTGTGACAAAACTCACACATGCCCACCGTGCCCAGCA

CCTGAACTCCTGGGGGGACCGTCAGTCTTCCTCTTCCCCCCAAAAC
CCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACATGCG
TGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACT
GGTACGTGGACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGC
GGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGCGTCCTCA
CCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCA
AGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCT
CCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGC
CCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCT
GCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGG
AGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCCC
GTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCG
TGGACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCG
TGATGCATGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCT
CCCTGTCTCCGGGTAAA 
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Table 2.1 (continued).  
 
Gene Block 3 CAACCATCTGTGAGTCCAGGGGAACCGTCTCCACCATCCATCCATC

CAGGAAAATCAGACTTAATAGTCCGCGTGGGCGACGAGATTAGGC
TGTTATGCACTGATCCGGGCTTTGTCAAATGGACTTTTGAGATCCT
GGATGAAACGAATGAGAATAAGCAGAATGAATGGATCACGGAAA
AGGCAGAAGCCACCAACACCGGCAAATACACGTGCACCAACAAA
CACGGCTTAAGCAATTCCATTTATGTGTTTGTTAGAGATCCTGCCA
AGCTTTTCCTTGTTGACCGCTCCTTGTATGGGAAAGAAGACAACGA
CACGCTGGTCCGCTGTCCTCTCACAGACCCAGAAGTGACCAATTAT
TCCCTCAAGGGGTGCCAGGGGAAGCCTCTTCCCAAGGACTTGAGG
TTTATTCCTGACCCCAAGGCGGGCATCATGATCAAAAGTGTGAAA
CGCGCCTACCATCGGCTCTGTCTGCATTGTTCTGTGGACCAGGAGG
GCAAGTCAGTGCTGTCGGAAAAATTCATCCTGAAAGTGAGGCCAG
CCTTCAAAGCTGTGCCTGTTGTGTCTGTGTCCAAAGCAAGCTATCT
TCTTAGGGAAGGGGAAGAATTCACAGTGACGTGCACAATAAAAGA
TGTGTCTAGTTCTGTGTACTCAACGTGGAAAAGAGAAAACAGTCA
GACTAAACTACAGGAGAAATATAATAGCTGGCATCACGGTGACTT
CAATTATGAACGTCAGGCAACGTTGACTATCAGTTCAGCGAGAGT
TAATGATTCTGGAGTGTTCATGTGTTATGCCAATAATACTTTTGGA
TCAGCAAATGTCACAACAACCTTGGAAGTAGTAGATAAAGGATTC
ATTAATATCTTCCCCATGATAAACACTACAGTATTTGTAAACGATG
GAGAAAATGTAGATTTGATTGTTGAATATGAAGCATTCCCCAAAC
CTGAACACCAGCAGTGGATCTATATGAACAGAACCTTCACTGATA
AATGGGAAGATTATCCCAAGTCTGAGAATGAAAGTAATATCAGAT
ACGTAAGTGAACTTCATCTAACGAGATTAAAAGGCACCGAAGGAG
GCACTTACACATTCCTAGTGTCCAATTCTGACGTCAATGCTGCCAT
AGCATTTAATGTTTATGTGAATACAAAACCAGAAATCCTGACTTAC
GACAGGCTCGTGAATGGCATGCTCCAATGTGTGGCAGCAGGATTC
CCAGAGCCCACAATAGATTGGTATTTTTGTCCAGGAACTGAGCAG
AGATGCTCTGCTTCTGTACTGCCAGTGGATGTGCAGACACTAAACT
CATCTGGGCCACCGTTTGGAAAGCTAGTGGTTCAGAGTTCTATAGA
TTCTAGTGCATTCAAGCACAATGGCACGGTTGAATGTAAGGCTTAC
AACGATGTGGGCAAGACTTCTGCCTATTTTAACTTTGCATTTAAAG
GTAACAACAAAGAGCAAATCCATCCCCACACCCTGTTCACTCCT 
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Table 2.1 (continued).  
 
Gene Block 4 ATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTTGCCATT

GGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCCGCTGCA
GAAGGCTCTTTGGACAAGAGACAGGAACTGACAACTATATGCGAG
CAAATCCCCTCACCAACTTTAGAATCGACGCCGTACTCTTTGTCAA
CGACTACTATTTTGGCCAACGGGAAGGCAATGCAAGGAGTTTTTG
AATATTACAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCC
CTCAACAACTAGCAAAGGCAGCCCCATAAACACACAGTATGTTTT
TCCCGGGTATCCGTACGACGTTCCAGACTACGCTGGTGGTGGTGGT
TCCGGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCGCTGCCG
CCGTCGCTGCTGCCGGTGCAGGGGAACCCCAGTCCCCGGACGAAT
TGCTCCCGAAAGGCGACGCGGAGAAGCCTGAGGAGGAGCTGGAG
GAGGACGACGATGAGGAGCTAGATGAGACCCTGTCGGAGAGACT
ATGGGGCCTGACGGAGATGTTTCCGGAGAGGGTCCGGTCCGCGGC
CGGAGCCACTTTTGATCTTTCCCTCTTTGTGGCTCAGAAAATGTAC
AGGTTTTCCAGGGCAGGATCCGAACAAAAGCTTATCTCCGAAGAA
GACTTGTAATGACTCGAG 

Gene Block 5 CTATTACGTACTATCAAGACCCAGCAGGGGATTGGGTATGGGTTT
ACCCCATGGTTTTTTCTGTTTTTCCAGCATCTGCAGCAGTTCTTTCG
GCGCATCTTTTTCGCTCACTATGCCCCTGCCATATTTGCCGCCGCCC
AGATCATAGTAAAACCTAATGCATTTGCCCTTGCGACGCACCCGTC
TAATTTTGCTAATATCCACCTGTTTTTCTTCGCCTTTATATTTAAAT
TTCACGGTCGCCCTAGGACTACCTCCACCGCCGCTTCCGCCTCCAC
CGGAGCCTCCGCCGCCCTTGTCATCGTCATCCTTATAGTCGAATAC
ATACTGAGTGTTTATAGGACTCCCCTTGGATGTGGTGCTCGGGTGA
CTCCCGCAGTTAGATACGAAGGTAACTGACTTGTAGTATTCAAAG
ACTCCTTGCATGGCCTTACCGTTCGCAAGTATTGTTGTAGTAGACA
GGGAGTACGGTGTTGACTCCAACGTGGGACTAGGTATTTGTTCAC
AAATTGTAGTAAGTTCCTGTCTTTTATCTAGTGAACCTTCCGCAGC
ACTGCCCACTGTTGTACTTATGACTGGCTGTGCCAGGGCCAGGGGC
AAGGCAGCAAATATAGCCAATAGAACAATCAGCACCTTCATAATT
CCTTGGAATTTTCAAAAATTCTTACTTTTTTTTTTGGATGGACGCAA
AGAAGTTTAATAATCATATTACATGGCATTACCACCATATACATAT
CCATATACATATCCATATCTAATCTTACTTATATGTTGTGGAAATG
TAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAAC
TTTCAGTAATACGCTTAACTGCTCATTGCTATATTGAAGTACGGAT
TAGAAGCCGCCGAGCGGGTGACAGCCCTCCGAAGGAAGACTCTCC
TCCGTGCGTCCTCGTCTTC 
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Table 2.2. List of oligonucleotide primers described in Chapter 2.   
 
Primer   Sequence 

Pf1 TCTTATTCAAATGTAATAAAAGATCGAATTCATGAAGGTTTTGATTGTC 
Pr1 TACATCTACACTGTTGTTATCAGATCTCGAGCTATTACGTACTATCAAGA

CCC 
Pf2 GTTGACGCTAGCCCCAAATCTTGTGACAAAACTCAC 
Pr2 GCACTTGGATCCTTTACCCGGAGACAGGGAGA 
Pf3 GTTGACGCTAGCCAACCATCTGTGAGTCCAGGG 
Pr3 GCACTTGGATCCAGGAGTGAACAGGGTGTGGG 
Pf4 GCTACGGAATTCATGAAGGTTTTGATTGTCTTGTTGGC 
Pr4 GCTACGCTCGAGTCATTACAAGTCTTCTTCGGAGATAA 
Pf5 GCTATCGGTACCCTATTACGTACTATCAAGACCCAG 
Pr5 GTACTGACCGGTGAAGACGAGGACGCACGGA 
Pf6 GAGTCAGCTAGCATGGCGACCGTGAAATTTAAATAT 
Pr6 GAGTCAGGATCCTTTTTTCTGTTTTTCCAGCATCTG 
Pf7 GTTCTCGCTAGCGCTGCCGCCGTCGCTG 
Pr7 GCACTTGGATCCTGCCCTGGAAAACCTGTACATTT 
Pf8 CAGAAGGCTCTTTGGACAAGAGACACCACCACCACCACCACGCTAGCAT

GGCGACCGTGAAATTTAAATAT 
Pr8 GGAGATAAGCTTTTGTTCCCCTTGGAAGTACAGGTTCTCGGATCCTTTTT

TCTGTTTTTCCAGCATCTG 
Pf9 GATGCACATATGATGGCGACCGTGAAATTT 
Pr9 CCGCCGCTCGAGTTTTTTCTGTTTTTCCAGCATC 
Pf10 GTCTCGCATATGGCACAAGTTCAGCTTGTAGAGT 
Pr10 GTCACTCTCGAGCGATGATACAGTTACTTGGGTAC 

 

2.4.3 Expression analysis of dual display constructs 

The expression level of the co-expressed proteins for both dual display constructs was 

estimated using flow cytometry analysis using pCTCON-T2A-SsoFe2-hFc and pCTCON-SsoFe2-

Bi-hFc. Briefly, 5x106 cells were labeled with a 1:100 dilution of chicken anti-c-myc antibody or 

mouse anti-V5 antibody (Thermo Fisher Scientific) for 15 minutes at room temperature. 

Subsequently, cells were washed and secondary labeling was carried out using a 1:250 dilution of 

goat-anti-chicken 633 or donkey anti-mouse 633 (Immunoreagents, Raleigh, NC) for 10 minutes 

on ice. All labeling was conducted in 50 µL of 0.1% PBS BSA (PBSA). Cells were analyzed using 

a Miltenyi Biotec MACsQuant VYB cytometer.  
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2.4.4 Comparison of non-specific and affinity based magnetization  

1x107 pCT302-TOM22 yeast were magnetized in 2 mL of 50 mM sodium acetate, 50 

mM NaCl pH 5 buffer by incubating 100 µL of a 4 mg/mL iron oxide solution for 30 minutes at 

room temperature. 1x107 pCT302-SsoFe2-T2A-TOM22 yeast cells were similarly magnetized, 

but using 50 mM Tris-HCl, 300 mM NaCl pH 7.4 (TN buffer). Two separate samples were 

magnetized per cell type. Cells complexed with iron oxide were removed from the unbound cells 

using a magnet and were washed with the appropriate magnetization buffer. After a single wash, 

one sample was serially diluted and plated onto SD(-Leu) plates to quantify the initial number of 

cells magnetized. The other sample was carried forward and washed two further times to 

simulate the wash and incubation steps that would occur during a typical library selection. After, 

this sample was incubated with 1% TNBSA pH 7.4. (TN buffer + 1% BSA) for one hour at room 

temperature. Next, this sample was washed 2X with 0.1% TNBSA pH 7.4 (TN buffer + 0.1% 

BSA) and incubated for 2 hours at room temperature in this buffer. This sample was finally 

washed three more times with 0.1% TNBSA, resuspended in 1 mL 0.1% TNBSA, serially 

diluted, and plated onto SD (-Leu) plates to quantify the cells that remained bound to the iron 

oxide.  

 
2.4.5 Magnetic pull downs of a known binder-target pair 

 5x107 pCTCON-T2A-SsoFe2-hFc yeast cells and 5x107 cells pCT302-T2A-SsoFe2-hFc 

yeast cells were spun down in separate tubes and resuspended in 2 mL of 1% BSA TN buffer (50 

mM Tris-HCl, 300 mM NaCl pH 7.4; TNBSA). To magnetize the cells, 100 µL of a 4 mg/mL iron 

oxide (II, III) (Thermo Fisher Scientific) solution in water was added to the cells and incubated for 

30 minutes. The non-magnetized cells were removed using a magnet. OD600 of the solution prior 

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



   

73 
 

measured using 100 µL of the sample. The number of cells bound to the iron oxide was calculated 

as (ODi-ODf) and used for normalization between replicates, as described later. The cells 

complexed with the iron oxide were washed three times with 1% TNBSA and blocked with 2 mL 

of 1% TNBSA for 1 hour. After blocking, the cells complexed with the iron oxide were washed 

two times with 0.1% TNBSA.  

Varying amounts of pCT302-TOM22 yeast cells and pCTCON-Sso7d-hFc yeast cells were 

incubated with the magnetized target cells (107:106, 108:106, 109:106, 109:105, and 109:104 pcT302-

TOM22 cells: pCTCON-Sso7d-hFc cells) for two hours at room temperature in 2 mL of 0.1% 

TNBSA with rotation. Two separate cell aliquots were generated for each ratio. One aliquot was 

incubated with magnetic target cells that contained the pCTCON-T2A-SsoFE2-hFc plasmid (TRP 

selectable marker) while the other aliquot was incubated with magnet target cells that contained 

the pCT302-T2A-SsoFe2-hFc plasmid (LEU selectable marker). At the end of the incubation 

period, the supernatants containing the unbound cells were removed after placing the mixtures on 

a magnet, and the cells complexed with the iron oxide were washed three times with 0.1% TNBSA. 

The iron oxide and any bound cells were resuspended in 1 mL of 0.1% TNBSA to generate a final 

sample mixture.  

100 µL of 1/10, 1/100, and 1/1000 dilutions of the final sample mixture were plated. 

Samples that used magnetic target cells containing the pCTCON-T2A-SsoFe2-hFc plasmid were 

plated on SD (-Leu) plates to quantify non-specific, TOM22 yeast binding to the target hFc yeast 

cells. Samples containing magnetic target cells based on the pCT302-T2A-SSoFe2-hFc plasmid 

were plated on SD (-Trp) plates to quantify specific, Sso7d-hFc yeast binding to the target hFc 

yeast cells (Figure 2.4).  Colony counting was used to determine the number of Sso7d-hFc and 

TOM22 yeast recovered by the magnetic target cells. Ultimately, these values were used to 
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quantify enrichment and recovery of the Sso7d-hFc binder populations. There were slight 

differences in the number of cells magnetized for each replicate. The number of captured cells was 

scaled by the number of magnetized cells for each replicate.  

Additionally, 1x106 pCTCON-Sso7d-hFc and pCT302-TOM22 cells were spun down and 

resuspended in 1 mL of 0.1% TNBSA. 100 µL of a 1/1000 dilution of these cells were plated 

on -Trp and -Leu plates, respectively, and counted to quantify the number of these cells initially 

incubated with the magnetized target cells.  Enrichment is defined as the percentage of Sso7d-hFc 

cells in the final population compared to the percentage of Sso7d-hFc cells in the initial population. 

Recovery is defined as the percentage of Sso7d-hFc cells from the initial population that were 

isolated in the population isolated by the magnetic target cells.  

 
2.4.6 Sso7d library screening using targets displayed on magnetic yeast 

 Multiple rounds of magnetic sorting were carried out to isolate binders to TOM22 and c-

Kit. A simultaneous secretion and display library of Sso7d mutants (-Trp) was used (diversity 

2x108)46. The pCT-NT-F2A vector and a synthetic oligonucleotide containing NNK codons at 

randomized positions described by Gera et al. 34 were used to construct the library, using protocols 

previously described by Cruz et al46. The library was screened against pCT302-T2A-SsoFe2-

TOM22 (-Leu) or pCT302-T2A-SsoFe2-cKit (-Leu).  

In the first round, 5x108 cells expressing the target and SsoFe2 were resuspended in 9 mL 

of 1% TNBSA. The cells were magnetized by adding 1 mL of an iron oxide solution (4 mg/mL) 

followed by a 30 minute incubation at room temp. Based on the OD600 of the solution prior to the 

addition of the iron oxide and after the removal of yeast bound to the iron oxide, 2.5x108 

magnetized cells were aliquoted for use in the magnetic selections. The magnetized cells were 

washed 3X with 1% PBSA buffer and blocked with 1% PBSA for 1 hour at room temp in a 10 mL 
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volume. After, the cells were washed 3X with 0.1% PBSA prior to the addition of 2x109 library 

cells and 2x109 EBY100 cells in 10 mL of 0.1% PBSA. The selection took place for 2 hours at 

room temperature. Library cells bound to the magnetized target cells were separated from the 

unbound cells using a magnet. The iron oxide was washed 3 times with 0.1% PBSA prior to 

expansion in 20 mL of SDCAA (-TRP) media.  

A similar process was carried out in the subsequent magnetic selection rounds. However, 

there was a reduction in number of magnetized target cells and library cells for these rounds. In 

the second round, 2.5x107 magnetic target cells were incubated with 1x107 library cells and 1x109 

EBY100 cells. The target-bound library cells were expanded in 5 mL of SDCAA (-Trp) media. In 

the third round, 2.5x106 magnetic target cells were incubated with 1x105 library cells and 1x109 

EBY100 cells. In these rounds, magnetization of the target cells took place in a total volume of 2 

mL by incubating 5x107 or 5x106 cells in 1% PBSA, respectively for rounds 2 and 3. For round 2, 

100 µL of the 4 mg/mL iron oxide solution was added while 10 µL of the iron oxide solution was 

incubated for round 3. After magnetization, the cells were appropriately aliquoted to carry forward 

the correct number of magnetized target cells.  

In the fourth round, the library cells were treated with DTT to reduce display levels by 

~80%, similar to Stern et al47.  The DTT concentration resulting in a ~80% reduction of c-myc 

expression was empirically determined for each library using the following procedure. 5x106 cells 

from the third round of the library screening were pelleted and washed twice with 10 mM Tris pH 

7.5 buffer (1.24 g/L Tris-HCl, 0.26 g/L Tris base). Solutions of varying DTT concentration (1, 5, 

7.5 10, 15, or 20 mM) were created using the 10 mM Tris pH 7.5 buffer. The yeast cells were 

resuspended in 20 µL of the different DTT concentration solutions at 30°C for 20 minutes with 

shaking. Subsequently, the cells were pelleted and washed twice with 0.1% PBSA. To quantify 
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ligand expression, the treated yeast cells were labeled with 50 µL of a 1:100 dilution of chicken-

anti-c-myc antibody for 15 minutes at room temperature and washed once with 0.1% PBSA. 

Secondary labeling was performed using 50 µL of a 1:250 dilution of goat-anti-chicken 633 on 

ice. The mean fluorescence of 50,000 events from each sample was compared to an untreated 

control to determine the reduction in the display level. It was determined that 5 mM and 7.5 mM 

of DTT was required to reduce the display levels of the putative TOM22 and c-Kit binders by 

~80%, respectively. During the fourth round of selection, 1x105 DTT treated library cells and 

1x109 EBY100 were incubated with 1x106 magnetized target cells. The target cells were 

magnetized as previously described for round 3 and appropriately aliquoted.   

 
2.4.7 Construction of a second Sso7d yeast display library by random mutagenesis using 

error-prone PCR 

DNA associated with the mutants recovered from the fourth round of screening was 

isolated using a Zymoprep yeast plasmid miniprep II kit (Zymo Research). For both the TOM22 

and c-Kit screens, the Sso7d sequences from the isolated DNA were amplified by error prone PCR 

using nucleotide analogs with primers Pf6 and Pr6, as detailed by Gera et al44. The amplified error-

prone PCR DNA was combined and amplified further using primers Pf8 and Pr8 in six identical 

50 µL reactions. The PCR products were combined and purified using phenol: chloroform 

extraction. The DNA was concentrated using ethanol precipitation. Briefly, 1/10 volume of 

potassium acetate was added to the extracted DNA along with 10 µL of linear acrylamide followed 

by 2 volumes of ice-cold ethanol. The mixture was incubated at -20 °C overnight and centrifuged 

at 15,000 g for 10 minutes followed by removal of the supernatant. The pellet was washed once 

with 70% ethanol followed by a 100% ethanol wash and allowed to dry prior to resuspension in 

water. In parallel, 40 µg of pCT-NT-F2A-Sso7dhFc from Cruz-Teran et al. was digested with NheI 
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and BamHI restriction enzymes and concentrated by phenol:chloroform extraction and ethanol 

precipitation46. A yeast display library was generated by transforming the PCR product and the 

digested vector into electrocompetent yeast using the lithium acetate method previously 

described54. Two electroporation reactions were performed using a Bio-Rad Gene Pulser system 

(Bio-Rad) where 12 µg of PCR product and 4 µg of digested vector was added to 400 µL of 

electrocompetent S. cerevisiae strain EBY100. The electroporation was carried out at 2500 V, 25 

µF, and 250 W. As a control, an identical electroporation reaction containing only the digested 

vector was also performed. The library diversity was quantified by plating serial dilutions of the 

transformation reaction onto SDCAA plates and estimated as 6x107 for the TOM22-binder library 

and 5x107 for the c-Kit-binder library.  

 
2.4.8 Additional screening of mutagenized Sso7d library 

 Four additional rounds of magnetic selection were carried out using the libraries 

constructed by error prone PCR. Yeast cells dually displaying SsoFe2 and TOM22 or SsoFe2 and 

c-Kit were used as targets. For rounds 1-3, 1x109 EBY100 and 1x109 pCT302-Sso7d-hFc cells 

were incubated along with the library cells. All selections took place in 0.1% PBSA. For round 1, 

6x108 and 5x108 library cells were incubated for the TOM22 and c-Kit screens, respectively, in a 

volume of 10 mL. 3x108 cells with pCT302-TOM22-T2A-SsoFe2 or pCT302-c-Kit-T2A-SsoFe2 

were magnetized. All magnetization and incubation steps were carried out as previously described. 

In round two, 1x107 library cells were incubated with 2.5x107 magnetized target cells while in 

round three 1x106 library cells were incubated with 2.5x106 magnetized target cells in a volume of 

2 mL total. In the fourth round, the library cells were treated with 7.5 mM DTT as previously 

described to reduce the surface display level. 1x105 DTT treated library cells were incubated with 

1x106 magnetized target cells in a volume of 2 mL. A Zymoprep yeast plasmid miniprep II kit 
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(Zymo Research) was used to extract the plasmid DNA of the clones recovered in the final 

populations. After, the DNA was transformed into electrocompetent Novablue cells and plated. 10 

colonies were sequenced per target.  

 
2.4.9 Nanobody library screening against targets displayed on magnetic yeast 

 The synthetic nanobody yeast display library used was gifted by the Kruse lab at Harvard 

University (diversity 5x108) 35. This library was screened against pCT302-T2A-SsoFe2-TOM22(-

Leu) or pCT302-T2A-SsoFe2-c-Kit (-Leu) yeast cells for multiple rounds.  

During the first screening round, a negative selection against pCT302-T2A-SsoFe2-hFC 

cells was performed prior to carrying out a positive selection against cells expressing either 

TOM22 or c-Kit. 2.5x108 magnetized cells were used in both the negative and positive selection 

steps. Magnetization took place in 11.5 mL of 1% PBSA for 5x108 cells using 2.6 mL of a 4 

mg/mL iron oxide solution. The magnetized cells were appropriately aliquoted to carry forward 

the correct number of magnetized cells. After, the magnetized cells were blocked in 10 mL of 1% 

PBSA for one hour prior to their use and subsequently washed.  Next, 5x109 nanobody library cells 

in 10 mL of 0.1% PBSA were incubated with the hFc displaying magnetized cells for one hour at 

room temperature. After, the selection tube was placed on a magnet. Any cells that did not bind to 

the hFc cells were removed and incubated with the target displaying magnetized cells for 1 hour 

at room temperature. Finally, the iron oxide was washed four times with 0.1% PBSA prior to 

expansion in 20 mL of NB.SDCAA (-TRP) media.  

 A similar process was performed for subsequent rounds of magnetic selection with a 

reduction in the number of magnetized target cells and library cells. Negative and positive selection 

as previously described were carried out for each round. In the second round, 2.5x107 magnetic 

cells were incubated with 5x107 library cells and 1x109 EBY100 cells in 2 mL of 1% PBSA + 
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0.05% Tween-20. The target-bound library cells were expanded in 5 mL of NB.SDCAA (-TRP 

media). In the third round, 1x106 magnetic target cells were incubated with 5x105 library cells, 

1x109 EBY100 cells, and 1x109 pCT302-Sso7d-hFc cells in 2 mL of 1% PBS BSA + 0.05% 

Tween-20. No negative selection took place for the third round. In rounds two and three, the 

magnetization of the hFc displaying cells as well as the target cells took place in 2 mL of 1% PBSA 

using 200 µL of a 4 mg/mL iron oxide solution and 5x107 cells. The magnetized cells were 

appropriately aliquoted to ensure the correct number of magnetized cells were carried forward. For 

both rounds, the iron oxide was washed five times with 1% PBS BSA + 0.05% tween with 10 

seconds of vortexing in between washes. A Zymoprep yeast plasmid miniprep II kit was used to 

recover the plasmid DNA of the clones isolated in the final populations. The DNA was transformed 

into electrocompetent Novablue cells and plated. 10 colonies were sequenced per target.  

 
2.4.10 Specificity analysis of secreted Sso7d binder populations 

 For the Sso7d screens, soluble protein representing the entire pool of binders isolated from 

the final selection was obtained by inducing the isolated cell populations for 72 hours in SGCAA 

medium 30°C. The secreted protein was purified from the supernatant using Ni-NTA agarose resin 

(Qiagen) as previously described46. The purified protein was concentrated using a Vivaspin 6, 3 

kDa MWCO concentrator (Sartorius), and the protein concentration was estimated using a BCA 

assay. 

Binding of the secreted pool to its respective target was analyzed using flow cytometry. 

The secreted TOM22 and c-Kit binders were incubated with pCT302-TOM22 and pCT302-c-Kit 

yeast cells, respectively. The secreted protein was treated overnight at 4°C with TEV protease to 

cleave the c-myc tag and F2A sequence from the protein. 1 µg of TEV protease was incubated per 

25 µg of Sso7d protein. 2.5 µM of TEV protease-treated ligand was incubated with 5x106 target 
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cells for 1 hour at room temperature. The cells were washed 1X with 0.1% PBSA prior to the 

incubation. The TEV protease and the secreted protein both contain 6xHis tags.  Therefore, target 

cells were also incubated with TEV protease alone to assess non-specific binding of the protease. 

The TOM22 and c-Kit cells were labeled with 0.046 µM of TEV protease in 50 µL of 0.1% PBSA, 

respectively. The target cells were also labeled with 2.5 µM of untreated, secreted binder protein. 

After these incubations, the cells were washed once with 0.1% PBSA and incubated with 50 µL 

of a 1:100 dilution of anti-penta-His Alexa 647 antibody (Qiagen) for 10 minutes on ice. A 

secondary only control was also performed. After a final wash, the cells were analyzed using flow 

cytometry. The estimated molecular weight of the Sso7d mutant population is 13 kDa.  

The TEV protease was expressed in RosettaTM E. coli cells using the plasmid pRK793 

(Addgene, Plasmid # 8827)55. Cells expressing the TEV protease were grown using the following 

protocol. A 5 mL overnight culture was grown in LB media and ampicillin and added to 1 liter of 

LB media that also contained 1X M9 minimal media, 1X 5052, 1 mM MgSO4, and 1X ampicillin.  

50X M9 minimal media contains 33.9 g/L Na2HPO4, 15 g/L KH2PO4, 5 g/L NH4Cl, 2.5 g/L NaCl 

while 50X 5052 is 25% glycerol, 2.5% glucose, 10% alpha-D-lactose. The cells were grown at 

37°C until an OD600 of 1 was reached. After, the cells were grown at 18 °C and harvested 24 hours 

later. The protein was purified using a BioLogic LP FPLC system (Bio-Rad) by metal affinity 

chromatography. The cells were collected and lysed via sonication in 35 mL of Buffer A-IMAC 

(50 mM Tris, 300 mM NaCl pH 8), loaded onto a 5 mL Bio-Rad Mini-Proafinity IMAC column 

(Bio-Rad), washed with 40 mL of Buffer A-IMAC, and eluted over a 40 mL linear gradient of 

Buffer B-IMAC (50 mM Tris, 300 mM NaCl, 500 mM imidazole pH 8). Pure fractions were 

dialyzed into 20 mM HEPES, 150 mM NaCl pH 7.8.  
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2.4.11 Protein purification of Sso7d & nanobody mutants 

 Sso7d.TOM22-1, Sso7d.TOM22-2, Sso7d.c-Kit, and Sso7d.cIgY were amplified by PCR 

from the isolated library plasmids with forward primer Pf9 and reverse primer Pr9 and inserted 

into pet22BTM between the NdeI and XhoI restriction sites. NB.TOM22-1, NB.TOM22-2, NB.c-

Kit-1, and NB.c-Kit-2 were amplified from isolated library plasmids by PCR with forward primer 

Pf10 and reverse primer Pr10 and similarly cloned into pet22BTM. Positive clones were 

transformed into RosettaTM E. coli cells for expression. Expression was carried out in 2XYT media 

(10 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) plus 1X ampicillin. A 5 mL overnight culture 

was used to inoculate a 1 L culture of 2XYT. The cells were induced using 0.5 mM IPTG when 

the OD600 reached between 0.6 and 0.8. Expression took place overnight at 20°C. The Sso7d 

proteins were purified by cation exchange and metal affinity chromatography while the nanobody 

proteins were only purified by metal affinity chromatography.  

Induced Sso7d cell culture was collected and lysed using a French press into 35 mL of 

Buffer A-cat (50 mM Tris-HCl, 50 mM NaCl, pH 8), loaded onto a 5 mL Bio-Rad High S column 

(Bio-Rad), washed with 40 mL of Buffer A-cat, and eluted with a 40 mL linear gradient of Buffer 

B-cat (50 mM Tris-HCl, 1 M NaCl, pH 8) from 0-50% B. The fractions were analyzed by SDS-

Page and fractions containing the protein of interest were pooled and loaded onto a 5 mL Mini-

profinity IMAC column (Bio-Rad). Metal affinity chromatography was performed as previously 

described for the TEV protease. Because the nanobody proteins were only purified using IMAC, 

these proteins were initially lysed into 35 mL of Buffer-A-IMAC using a French press. Pure 

fractions were dialyzed into PBS pH 7.4. All protein purification steps were completed at room 

temperature.   
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Each protein, expect Sso7d.c-Kit, was biotinylated using a 5:1 molar excess of Ez-LinkTM 

Sulfo-NHS-LC-Biotin (Thermo-Fisher Scientific) overnight at 4°C. Excess reagent was 

inactivated through dialysis against 50 mM Tris-HCl, 300 mM NaCl pH 7.5. The purified protein 

was concentrated using a Vivaspin 6, 3 kDa MWCO concentrator (Sartorius). Protein 

concentrations were estimated by BCA assay. 

 
2.4.12 Estimation of KD 

KD values of the isolated TOM22 Sso7d, TOM22 nanobody, and c-Kit nanobody mutants 

were estimated using yeast surface titrations. Depending on the binder type, pCT302-TOM22 or 

pCT302-c-Kit yeast cells were labeled with varying concentrations of the biotinylated Sso7d or 

nanobody mutants followed by secondary labeling with a 1:250 dilution of streptavidin R-

phycoerythrin conjugate (SA-PE; Thermo Fisher Scientific). Flow cytometry analysis was 

completed as previously described31. All labeling was performed in 50 µL of 0.1% PBSA. At low 

labeling concentrations (<10 nM), yeast displaying the target of interest were combined with un-

induced yeast cells for ease of obtaining cell pellets by centrifugation. Under these conditions, the 

volume of the labeling reaction was sufficient to ensure that the Sso7d binder mutants were present 

in at least 10-fold excess over the cell surface targets. Samples were incubated at room temperature 

for 1 hour. The KD of the binding interaction between the binder protein and its target was 

estimated using the following relationship:  

 
𝐹 = 	 $%&'[)]+

,-.	[)]+
  (Equation 1) 

Where F is background subtracted mean observed fluorescence, [L]O is the concentration of 

Sso7d mutant used for labeling the cells, and FMax is the background subtracted fluorescence 

intensity when surface saturation is attained. Fluorescence signal was observed to decrease at 
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high values of [L]O (hook effect), as previously observed in other uses of yeast surface 

titrations34; these values were not included in KD calculations. For each replicate, Fmax was set to 

the highest value of fluorescence observed. A global non-linear least squares regression was used 

to fit the data to Equation 1 as previously described31. A single KD value was used as the fitted 

parameter across all repeats.  

          A complete yeast titration was not generated for Sso7d.c-Kit due to its low affinity. 2x106 

pCT302-c-Kit yeast cells were incubated with 2, 5, 7.5, 10, and 15 µM of Sso7d.c-Kit. Sso7d.c-

Kit was not biotinylated as one of its mutated residues was a lysine. Binding of Sso7d.c-Kit to 

the c-Kit displaying cells was detected using an anti-penta-His Alexa 647 antibody and flow 

cytometry analysis as previously described. Similar yeast surface titration analysis was also used 

to evaluate binding of Sso7d.cIgY to yeast cells displaying TOM22 and c-Kit. Concentrations of 

Sso7d.cIgY tested ranged from 4 nM to 2 µM. Because Sso7d.cIgY was biotinylated, binding 

was detected using SA-PE.   

 
2.4.13 Enrichment of c-kit displaying yeast using magnetic streptavidin beads 

functionalized with c-kit nanobody 

The c-Kit nanobodies were tested for their ability to isolate yeast cells displaying c-Kit 

from a heterogeneous population. Briefly, 25 µL of biotin binder Dynabeads (Thermo Fisher 

Scientific) were washed two times with 0.1% PBSA (PBS pH 7.4, 0.1% BSA). The beads were 

functionalized with either 1 µM NB.c-Kit-1, NB.c-Kit-2, or NB.TOM22-1 diluted in 100 µL of 

0.1% PBSA overnight at 4°C. The beads were washed 2X with 0.1% PBSA the next day. 1x105 c-

Kit displaying yeast were mixed with 2x106 non-displaying EBY100 yeast in 1 mL of 0.1% PBSA 

and added to the functionalized binder beads for 1 hour at room temperature. After one hour, the 

tube was placed on a magnet and the supernatant was removed. The supernatant was transferred 
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to a new set of functionalized binder beads and a second incubation was carried out. In all, the cell 

mixture was incubated with three different sets of beads all functionalized with the same binding 

protein.    

After the third incubation, the supernatant containing the cells that did not bind to the 

functionalized beads was centrifuged, washed 1X with 0.1% PBSA, and then labeled with a 1:100 

dilution of chicken anti-c-myc antibody for 15 minutes at room temperature. Subsequently, the 

cells were washed and secondary labeling was carried out with a 1:250 dilution of goat-anti-

chicken 488 for 10 minutes on ice. All labeling was conducted in 50 µL of 0.1% PBSA. Anti-c-

myc labeling was also performed on a cell population that did not undergo incubation with the 

binder proteins that contained 1x105 c-Kit displaying yeast and 2x106 EBY100 yeast. The EBY100 

cells do not express c-myc, so any c-myc expression is attributed to cells expressing c-Kit. If c-Kit 

expressing cells were pulled out by the functionalized magnetic beads then the percentage of c-

myc expressing cells would be greater in the initial population when compared to the population 

of cells that were not pulled out by the beads. Thus, the percent decrease in cells expressing c-myc 

between the final and initial populations was quantified to assess the depletion of c-Kit displaying 

yeast cells by the binder functionalized beads. 

The c-Kit specific nanobodies were also immobilized onto His dynabeads (Thermo Fisher 

Scientific) following a similar procedure (2 µL His-Tag Isolation Dynabeads, 2.3 µM nanobody 

protein) to understand if immobilization onto streptavidin beads was impeding the nanobody 

binding. NB.TOM22-2 was used as the negative control and the incubations were carried out cold. 

The cell populations were only incubated twice with the functionalized beads, instead of three 

incubations. The depleted population was labeled with an antibody against the c-myc tag and 
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analyzed using flow cytometry as previously described to evaluate the depletion of c-Kit 

displaying cells from the population.  

 
2.4.14 Immunoblotting analysis of mitochondria isolation 

 2 µL of streptavidin Hi-Sur Mag 0.15 µm beads (Ocean Nanotech) were washed two times 

with 0.1% PBSA and incubated overnight with 80 nM of Sso7d.TOM22-1, Sso7d.TOM22-2, 

NB.TOM22-1, or NB.TOM22-2 diluted in 100 µL using 0.1% PBSA. Thereafter, the beads were 

washed two times with 0.1% PBSA and blocked with 1 mL of 1% PBSA for two hours. 

Subsequently, the beads were washed two times with 0.1% PBSA, resuspended in 1 mL of 0.1% 

PBSA, and incubated with the cell lysate. As a control, 2 µL of plain streptavidin magnetic beads 

(i.e. without binder functionalization) were also incubated overnight in 100 µL of 0.1% PBSA and 

also subjected to similar washing and blocking prior to incubation with the cell lysate. As a 

benchmark control, 25 µL of anti-TOM22 magnetic microbeads (Miltenyi Biotec) were incubated 

with the cell lysate per the manufacturers recommended protocols49. For each experimental 

condition, two bead samples were generated and incubated separately with cell lysate to allow 

separate analysis of mitochondrial and endoplasmic reticulum binding when immunoblotting.  

To generate the cell lysate, HEK-293T cells were grown to 70-90% confluency in 

Dulbecco’s modified Eagle medium containing 10% fetal bovine serum (Thermo Fisher 

Scientific), washed with PBS, and lifted from the plate using Gibco TrypLe Select (Thermo Fisher 

Scientific). The cells were washed twice with ice cold PBS and resuspended in ice cold PBS 

containing cOmplete, mini protease inhibitor cocktail (Roche) at a concentration of 1x107 

cells/mL. 1 mL of cells was sheared through a 26 G needle at a time on ice about 20 times. A small 

aliquot of lysed cells was taken to ensure that ~80% of the cells were lysed.  
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1 mL of crude lysate was mixed with 8 mL of 0.1% PBSA and incubated with either the 

Sso7d immobilized magnetic beads, nanobody immobilized magnetic beads, or plain magnetic 

beads. For the commercially available TOM22 microbeads, 1 mL of crude lysate was mixed with 

8.975 mL of 0.5% PBSA with 2 mM EDTA pH 7.2 (PEB buffer), per the manufacturer’s 

recommendations. Incubations took place for 1 hour at 4 °C with rotation. After, the streptavidin 

Hi-Sur bead samples were centrifuged at 13,000 g for 1 minute and washed 3x with 0.1% PBSA. 

The anti-TOM22 microbead samples were recovered using the manufacturer’s recommendations, 

supplied columns, and supplied magnet (Miltenyi Biotec). The column was placed into the magnet 

and washed with 3X with 1 mL of PEB buffer. The sample was then loaded onto the column adding 

3.3 mL at a time and washed 3X with 3.3 mL of PEB buffer. Subsequently, the column was 

removed from the magnet and 1.5 mL of PEB buffer was pushed through the column using the 

provided syringe to release the beads into a collection tube.  

After these initial washes, all samples, including the binder functionalized streptavidin 

beads and the anti-TOM22 microbeads, were pelleted twice at 13,000 g for 1 minute and washed 

twice with 0.32 M sucrose, 1 mM EDTA, and 10 mM Tris-HCl. The samples were pelleted again 

and resuspended in 9.75 µL of PBS and 3.75 µL of NuPAGE LDS sample buffer (Thermo Fisher 

Scientific) prior to boiling for 15 minutes at 98°C. The samples were cooled at room temperature 

for 10 minutes and then 1.5 µL of 50 mM TCEP was added. After a 10-minute incubation, the 

samples were loaded onto a 4-12% Bis Tris NuPAGE gel (Thermo Fisher Scientific) along with 

10 µL of NovexTM Sharp Pre-stained Protein Standard (Thermo Fisher Scientific).  

Two gels were run with each having lanes corresponding to the following experimental 

conditions: ladder, commercial anti-TOM22 micro beads, NB.TOM22-1, NB.TOM22-2, 

Sso7d.TOM22-1, Sso7d.TOM22-2, and plain streptavidin magnetic beads. Gels were blotted onto 
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a PDVF membrane using the iBlot system’s program 3 for 6.5 minutes. After blotting, the 

membranes were blocked in 5% milk TBST (50 mM Tris HCl, 150 mM NaCl, 0.05% Tween 20 

pH 7.4) for three hours. One membrane was incubated with a 1:200 dilution of mouse anti-TOM22 

HRP (Santa Cruz Biotechnology; Dallas, Texas; Catalog number sc-58308 HRP; Lot number 

F2018) while the other membrane was incubated with a 1:200 dilution of mouse anti-calnexin 

HRP (Santa Cruz Biotechnology; Catalog number sc-23954 HRP; Lot number E0218) both in 15 

mL of 2% milk TBST overnight. The next morning the membranes were flipped and allowed to 

incubate for three hours before being washed 3 times with PBS for 10 minutes each. Detection 

was carried out using the SuperSignalTM West Femto maximum sensitivity substrate (Thermo 

Fisher Scientific) according to the manufacturer’s protocol. The West-Femto substrate was left on 

the membranes for 1 minute prior to imaging using a Syngene Gbox with an exposure time of 2 

milliseconds and the West Femto protocol. Thereafter, the gel was illuminated with white light to 

image the ladder only.  

For the images presented in this text, the blot images were inverted. The ladder images 

were aligned with the blot images, the regions of interest were clipped, and irrelevant lanes were 

removed. No other manipulation of the images occurred. 
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CHAPTER 3 

Quantitative Yeast-Yeast Two Hybrid for Discovery and Binding Affinity Estimation of 
Protein-Protein Interactions 

 
 
 
 
 

Adapted from Bacon K, Blain A, Bowen J, Burroughs M, McArthrur N, Menegatti S, and Rao, 
B.M. (2021) Quantitative yeast-yeast two hybrid for discovery and binding affinity estimation of 
protein-protein interactions. ACS Synthetic Biology. Accepted for publication February 15, 2021.  
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3.1 Introduction 

Quantitative binding affinity estimation of protein-protein interactions (PPIs) is important 

for system-level analysis of intracellular biochemical signaling pathways1–6, as well as 

characterization of binding proteins isolated from combinatorial libraries using screening 

platforms such as phage display7,8 and yeast surface display9,10. Yeast two hybrid (Y2H) assays 

are a powerful means to discover putative protein interaction partners (“prey”) for specific proteins 

of interest (“bait”) in a high throughput manner11,12. Modifications to Y2H have enabled the 

elucidation of interactions that rely on post-translational modifications by tethering a modifying 

enzyme to the bait protein13,14, as well as semi-quantitative characterization of relative binding 

affinities using yeast surface displayed bait proteins15. More recently, yeast cell surface expression 

of bait and prey proteins as fusions to yeast mating proteins has also been used to identify PPIs in 

a high throughput fashion; the quantitative relationship between binding affinities and efficiencies 

of yeast mating can be used to assess the strength of bait-prey binding16. However, despite these 

advances, obtaining quantitative estimates of binding affinity – specifically equilibrium 

dissociation constant (KD) values – is generally not feasible using the aforementioned approaches. 

Here, we describe a quantitative yeast-yeast two hybrid (qYY2H) system that enables the 

discovery of protein interaction pairs, as well as efficient and quantitative estimation of interaction 

binding affinities (KD). The requirement for recombinant, soluble protein is often a significant 

hurdle for high throughput binding affinity estimation17,18. In qYY2H, both the bait and prey 

proteins are expressed as cell surface fusions using the widely implemented Aga2-based yeast 

display platform9,10, which bypasses the need for recombinant protein (Figure 3.1). Bait cells co-

express the iron oxide binding protein, SsoFe2, as a cell surface fusion, enabling magnetization of 

bait yeast and separation of bait-prey complexes19,20. An engineered luciferase reporter, 
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NanoLuc21,22, is expressed on the surface of prey yeast that can be used to quantify the number of 

prey cells complexed with the bait cells, and therefore, the strength of yeast-yeast binding 

interactions that are mediated by multivalent associations between bait and prey proteins expressed 

on each yeast population. Importantly, we describe a semi-empirical framework that enables 

quantitative estimation of the KD of monovalent interactions between the bait and prey proteins 

using measurements of yeast-yeast binding interactions. Further, we show that qYY2H can be used 

to efficiently identify and quantitatively characterize putative interaction partners of bait proteins 

from a yeast displayed cDNA library. Finally, quantitative assessment of binding affinities is 

particularly challenging using conventional methods when one or both proteins under investigation 

are post-translationally modified. We have modified qYY2H to address this challenge by 

expressing and sequestering the modifying enzyme in the endoplasmic reticulum (ER), which can 

act on the expressed bait protein prior to surface display. Using this approach, we show that 

qYY2H can be used to quantitatively characterize binding interactions mediated by 

phosphorylated bait. 

 

Figure 3.1. Quantitative yeast-yeast two hybrid (qYY2H). Yeast cells co-expressing the bait protein and SsoFe2 are 
magnetized by incubation with iron oxide particles. Magnetic separation is used to isolate yeast cells expressing prey 
proteins that interact with the bait cells. Prey yeast also display a luciferase reporter. The number of prey cells captured 
can be accurately quantified using a luminescence assay, in conjunction with a standard curve.  
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3.2 Results and Discussion 

3.2.1 qYY2H enables relative binding affinity discrimination between bait-prey interactions 

In qYY2H, the interaction of magnetized bait yeast with prey cells results in the formation 

of bait-prey, yeast-yeast complexes that can be separated using a magnet (Figure 3.2). 

Subsequently, the number of prey cells captured can be accurately quantified using a luminescence 

assay. We hypothesized that the number of prey cells captured can be used to quantitatively 

discriminate between the relative strengths of bait-prey binding interactions. To test this 

hypothesis, we investigated, in the context of qYY2H, the interaction of two previously 

characterized binding proteins (prey) based on the Sso7d protein scaffold – Sso7d.hFc (KD = 450 

nM) and Sso7d.ev.hFc (KD = 5280 nM) – with the Fc portion of human immunoglobulin G (hFc; 

bait). The number of Sso7d.hFc prey cells captured was ~3-fold higher than the number of 

Sso7d.ev.hFc prey cells recovered (Figure 3.3A). Further, the number of cells captured displaying 

the lower affinity Sso7d.ev.hFc was ~ 4-fold higher than background (number of cells displaying 

an irrelevant prey protein). These results show that qYY2H can be used to discriminate between 

the relative strengths of bait-prey interactions. It is important to note that the high sensitivity of 

the NanoLuc reporter enzyme is critical for discrimination of relative binding strengths in qYY2H. 

Relative binding strengths of bait-prey interactions could not be assessed when glucose oxidase 

(GOx) was used as a reporter (Figure 3.4). Additionally, non-specific binding between yeast cells 

is common. Therefore, inclusion of excess competitor, non-displaying EBY100 yeast and a non-

ionic detergent, such as Tween-20, is important (Figure 3.2).  
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Figure 3.2. Detailed strategy for quantitative yeast-yeast two hybrid assay. The steps include the magnetization of the 
bait cells after incubation with iron oxide, incubation of the bait and prey cells, isolation of any prey cells bound by 
the magnetic bait cells using a magnet, and quantification of prey cell capture using the luminescence read out after 
addition of the Nano-Glo reagent.  
 
 

Interestingly, quantitative discrimination of relative binding strengths was also observed 

when yeast cells displaying the lysozyme-binding proteins Sso7d.BVL.Lys (KD = 1.7 nM) and 

Sso7d.NTL.Lys (KD = 1300 nM) were used as prey, and biotinylated bait protein (lysozyme) was 

immobilized on streptavidin coated magnetic beads (Figure 3.3B). Recovery after magnetic 

separation was ~ 10-fold greater for cells displaying the higher affinity Sso7d.BVL.Lys. Our 

results are strikingly different from those previously reported by Ackerman et al 23. In that study, 
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the recovery of cells displaying lysozyme-binding proteins was not affected by the displayed 

protein’s binding affinity for lysozyme, which was similarly immobilized on streptavidin-coated 

magnetic beads. A likely explanation for this discrepancy is the lower ratio of cells to magnetic 

beads used in our study. Taken together, our results show that the efficiency of magnetically 

isolating prey cells – using magnetized yeast cells displaying the bait or magnetic beads coated 

with bait – has a quantitative dependence on the binding affinity of the bait-prey interaction. 

Notably, this observation is contrary to the generally accepted view that magnetic selections, which 

are employed during combinatorial screening of yeast display libraries, do not discriminate 

between high and low affinity binders. 

 

Figure 3.3. qYY2H enables discrimination of relative binding affinities associated with bait-prey interactions through 
display of a NanoLuc reporter. (A) Recovery of prey cells by magnetic yeast displaying the bait protein (hFc). The 
prey cells displayed either Sso7d.hFc, Sso7d.ev.hFc, or an irrelevant protein, NanoLuc. Recovery of the cells 
displaying the hFc binding proteins was normalized by the capture of cells displaying NanoLuc. * represents p < 0.05 
for a two tailed, paired t-test in comparison to the capture of NanoLuc cells. (B) Recovery of prey cells by magnetic 
beads immobilized with the bait protein (lysozyme). The prey cells displayed either Sso7d.BVL.Lys, Sso7d.NTL.Lys, 
or an irrelevant protein, Sso7d.hFc.  Recovery of the cells displaying the lysozyme binding proteins was normalized 
by the capture of cells displaying Sso7d.hFc. * represents p < 0.05 for a two tailed, paired t-test in comparison to the 
capture of Sso7d.hFc cells. Error bars represent the standard error of the mean for three replicates throughout. 
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3.2.2 Enzyme sensitivity is important to quantitatively assess bait-prey interactions 

While the qYY2H assay ultimately relies on the use of luciferase as a reporter, other 

reporter enzymes were evaluated for their sensitivity to distinguish the binding interactions 

between prey and bait yeast. Another enzyme considered was glucose oxidase (GOx), which uses 

a colorimetric assay for detection. First, we incubated yeast cells co-expressing prey proteins and 

GOx with magnetic beads functionalized with the soluble bait protein. Any prey cells bound to the 

magnetic beads were isolated and incubated with the GOx assay reagent. The assay reagent 

contains dextrose, 3,3′,5,5′-Tetramethylbenzidine (TMB), and horseradish peroxidase (HRP). In 

the presence of GOx, glucose reacts with oxygen to form glucono delta-lactone and hydrogen 

peroxide. HRP reduces the generated hydrogen peroxide to water using TMB as a hydrogen donor, 

resulting in the formation of a diimine that causes the solution to turn blue. The reaction is halted 

by the addition of sulfuric acid, resulting in the solution turning yellow. The intensity of the color 

change can be read using a spectrophotometer. The intensity of the color change is directly 

proportional to the concentration of GOx present in the solution and, accordingly, the number of 

prey cells captured.  

Three previously identified prey, derived from the Sso7d scaffold, with affinity for 

lysozyme were considered, Sso7d.BVL.Lys (KD=1.7 nM), Sso7d.CTL.Lys (KD=250 nM), and 

Sso7d.NTL.Lys (KD=1300 nM) as well as an irrelevant Sso7d mutant, Sso7d.hFc24,25. The GOx 

signal was higher for each of the lysozyme mutants in comparison to the negative control, 

suggesting that the bait functionalized magnetic beads were capturing cells expressing the 

lysozyme binding proteins at a higher level than cells expressing the irrelevant Sso7d mutant 

(Figure 3.4A). However, the difference in signal between the lysozyme binding prey was not 

significantly different, though the mutants vary in affinity. These results suggest that GOx as a 
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reporter is not sensitive enough to distinguish the affinities between different mutants. GOx can 

be used to distinguish if two proteins interact, but it cannot be used to rank order affinities between 

different prey proteins for a single bait protein. The sensitivity of the assay may increase if the 

TMB substrate concentration is higher. However, the solubility of the TMB substrate was reached 

in these assays26.  

 
Figure 3.4. Evaluation of GOx as a reporter enzyme for the quantitative assessment of bait-prey interactions as a 
function of prey cell recovery. Prey proteins were expressed as yeast surface fusions along with GOx. (A) Normalized 
GOx signal proportional to recovery of prey cells by magnetic beads functionalized with lysozyme. The prey cells 
displayed either Sso7d.BVL.Lys, Sso7d.CTL.Lys, Sso7d.NTL.Lys, or an irrelevant protein, Sso7d.hFc. (B) 
Normalized GOx signal proportional to recover of prey cells by magnetic yeast displaying the bait protein (hFc). The 
prey cells displayed either Ssso7d.hFc, Sso7d.his.hFc, Ssso7d.ev.hFc, or an irrelevant protein, Sso7d.CTL.Lys. GOx 
signals were normalized throughout by the mean fluorescence associated with prey expression (detected using an anti-
c-myc antibody) and by a GOx activity control. Error bars represent the standard error of the mean for three repeats 
throughout.  
 
 

We also evaluated the use of GOx as a reporter when the bait protein is expressed on the 

surface of magnetic yeast cells (Figure 3.4B)19. For these assays, three previously identified prey, 

derived from the Sso7d scaffold, with affinity for the Fc portion of human IgG (hFc), Sso7d.hFc 

(KD=450 nM), Sso7d.his.hFc (KD=1647 nM), and Sso7d.ev.hFc (KD=5280 nM), were co-

expressed with GOx25. An irrelevant Sso7d mutant, Sso7d.CTL.Lys, was also considered24. Here, 

the GOx assays performed on the captured prey cells barely generated a signal above background. 
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It is important to note that the prey cells were not removed from the magnetic bait cells prior to 

performing the GOx assay. Color formation depends on the interaction of hydrogen peroxide with 

HRP which could be negatively affected if the generated hydrogen peroxide decomposes in the 

presence of the iron oxide used for magnetization instead of interacting with HRP27–29. Iron oxide 

has also been shown to promiscuously bind to many proteins in solution20,30–33. If HRP were to 

associate with iron oxide, thereby blocking the substrate binding site, then the assay’s productivity 

would be negatively affected.  

Subsequently, HRP was explored in a similar manner for its use as a reporter enzyme due 

to the limitations observed with GOx. HRP activity was detected using 1-Step Ultra TMB Elisa 

Substrate solution. However, it is likely the substrate solution is lysing any yeast cells present due 

to its low pH (3.35-3.75). After lysis, any peroxidases from inside the cell are released, 

compounding the signal readout beyond the signal associated with surface displayed HRP. We 

tested this hypothesis by incubating non-displaying EBY100 cells with the substrate solution. We 

were able to obtain a signal even though these cells do not express surface displayed HRP, 

suggesting that the cells are lysed after the substrate solution is added. Due to the limitations of 

GOx and HRP, we chose to use luciferase as the reporter when performing qYY2H assays.  

 
3.2.3 A semi-empirical framework enables estimation of KD using qYY2H 

Formation of bait-prey, yeast-yeast complexes in qYY2H is driven by high avidity 

interactions between surface displayed bait and prey proteins. The number of bait-prey, yeast-yeast 

complexes isolated by magnetic separation, as quantified via the luminescence signal, was related 

to the concentration of prey cells used, through a parameter similar to the KD term used when 

fitting a monovalent binding isotherm to yeast surface titrations with soluble prey protein; this 
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parameter was denoted as KD, MV to indicate the multivalent interaction between the bait and prey 

yeast:  

 
[Complex] = [678][9:;<]

=>,@A.[9:;<]
 (Equation 1) 

 
 
Here [Complex] is the molar concentration of bait-prey, yeast-yeast complexes, [Prey] is the initial 

molar concentration of prey yeast used in the experiment, and [Max] is the maximum molar 

concentration of the prey cells captured for a given number of magnetized bait yeast. We generated 

titration curves for seven bait-prey pairs where varying concentrations of prey cells (105 – 4x108 

cells) were incubated with 107 magnetized bait cells in the presence of 109 non-displaying, 

EBY100 yeast. The number of prey cells captured was quantified using a luminescence assay. The 

bait-prey pairs comprise binders to hFc and TOM22 based on the Sso7d or nanobody scaffolds 

and span a range of binding affinities (KD ~ 200 nM to KD ~ 5 μM). Binding affinities were 

previously estimated via yeast surface titration with soluble protein. KD,MV  and [Max] were 

estimated for each bait-prey pair (Figure 3.5A-E and Figure 3.6) by non-linear regression using 

Equation 1. It is important to note that saturation was not observed in several titration curves, 

particularly for higher affinity bait-prey pairs; increasing the concentration of incubated prey yeast 

further to saturate the binding of the bait yeast is not feasible in these cases. 

We hypothesized that a quantitative relationship exists between the binding affinity of the 

monovalent bait-prey interaction (KD) and KD,MV, similar to a previously outlined relationship that 

describes the multivalent interaction between viral surface proteins and cell surface receptors34:  

 
KC,6D = KCE  (Equation 2) 
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where m is a multiplicity constant that accounts for contributions of multiple monovalent bait-prey 

interactions occurring between bait and prey yeast. We used fitted-values of KD,MV and previously 

estimated values of KD to calculate m for five randomly chosen bait-prey pairs (Figure 3.5H). We 

observed that m differed with KD, and this variation could be described using a power law 

relationship (Figure 3.5F), with m monotonically increasing with KD. We also observed a power 

law relationship between [Max] and previously estimated values of KD (Figure 3.5G). It is 

important to note that the parameter KD,MV is not directly analogous to the monovalent KD 

parameter. Indeed, unlike monovalent interactions where KD decreases with increasing strength of 

monovalent binding, we observe that KD, MV is lower for weaker bait-prey binding interactions (i.e. 

higher KD of monovalent bait-prey interaction) (Figure 3.5H). We also observe that prey with 

weaker affinity of monovalent interaction with the bait (i.e. higher KD) exhibited smaller [Max] 

values than prey with stronger monovalent affinity for the bait (Figure 3.5G). Nevertheless, fewer 

bait-prey yeast-yeast complexes are isolated for bait-prey interactions with lower affinity of 

monovalent interaction (i.e. higher KD), as intuitively expected. Thus, the strength of the 

multivalent bait-prey yeast-yeast interaction is dependent on both KD, MV and [Max]; these 

parameters allow us to link the KD of monovalent bait-prey interaction to the number of bait-prey 

yeast-yeast complexes isolated. Notably, Equation 2 and the relationship developed between m 

and KD (Figure 3.5F) can be used to estimate KD values using experimentally determined values of 

KD,MV obtained from yeast-yeast titrations. Using this approach, KD values were calculated for two 

bait-prey interactions randomly designated as “unknowns”. The obtained KD values were in 

reasonable agreement with KD estimates from yeast surface titrations using soluble prey protein 

(Figure 3.5I).  These results show that qYY2H can be used to obtain quantitative estimates of 

binding affinity (KD) using yeast-displayed bait and prey proteins. 



   

104 
 

 

Figure 3.5. A semi-empirical framework enables estimation of the equilibrium dissociation constant of monovalent 
bait-prey binding (KD) using qYY2H. Titration curves describing the capture of prey cells as a function of the 
concentration of prey cells incubated were generated for a given concentration of magnetic bait cells. For each repeat, 
the concentration of prey cells captured is normalized by the estimated maximum concentration of prey cells captured, 
[Max]. Titration curves are shown for (A) NB.TOM22.1, (B) Sso7d.hFc, (C) Sso7d.TOM22.1, (D) Sso7d.his.hFc, and 
(E) Sso7d.ev.hFc. (F) A global, non-linear regression was used to estimate KD, MV. Associated multiplicity constants, 
m, were calculated using the fitted KD, MV values and experimental KD values. A plot of m vs. KD is shown and fits a 
power law model. KD values for these bait-prey interactions were previously estimated from soluble yeast surface 
titration (YST KD).  (G) A plot of normalized [Max] values vs. KD fits a power law model.  [Max] values for each 
repeat were normalized by the average number of prey cells captured across each concentration of prey cells incubated. 
(H) Fitted values of KD,MV and calculated values of m based on previous estimates of KD (YST KD) are shown. (I) The 
KD of Sso7d.TOM22.2 and NB.TOM22.2 is 209 nM (193 – 225 nM, 68% confidence interval) and 1711 nM (1363 – 
2155 nM), respectively, as estimated using the multivalent binding model (qYY2H KD), compared to previously 
estimated KD values of 362 nM (310 – 423 nM) and 1934 nM (1693 – 2209 nM) using soluble yeast surface titrations 
(YST KD). Values in parentheses represent the bounds of a 68% confidence interval. Error bars represent the standard 
error of the mean for three repeats for all data shown. 
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The strength of the multivalent interaction between bait and prey yeast will likely depend 

on the cell surface density of bait and prey proteins. In our studies, a robust correlation between m 

and KD was obtained (Figure 3.5F) even though the expression level of bait proteins on the yeast 

cell surface varied ~3 fold across our studies (Fig. 3.7). Therefore, the relationship between m and 

KD described in Figure 3.5F – generated using bait-prey pairs with known KD – may be used to 

obtain reasonable estimates of KD for other bait-prey interactions, despite some variation in cell 

surface display levels. To further investigate the effect of bait surface density, we conducted 

titrations with three hFc binding prey proteins displayed on the yeast surface using hFc, 

immobilized on magnetic beads, as bait (Figure 3.8). The surface density of hFc is significantly 

higher on magnetic beads (>2x105 based on the manufacturer’s capacity for IgG binding) 

compared to level of hFc expressed on the yeast surface (~5x104)9. We observed that KD,MV is 

significantly lower for yeast-bead interactions relative to yeast-yeast interactions (Figure 3.9), 

indicating that the multiplicity constant m is greater when the surface density of the bait protein is 

higher. This is consistent with previous studies which show that m for virus-cell interactions is 

higher for cases where the expression level of virus-binding receptors on the cell surface is 

greater34. Finally, it is important to note that the relationship between KD and m in Figure 3.5F was 

established using a set of bait-prey pairs with KD in the range 272-5280 nM. We anticipate that 

expansion of the “standard curve” in Figure 3.5F with additional bait-prey pairs that have KD 

values outside this range will help refine fitted model parameter values, improve KD estimates, and 

identify potential limitations of the proposed model. 
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Figure 3.6. Binding of yeast expressing NB.TOM22.2 or Sso7d.TOM22.2 to TOM22 expressing yeast as assessed by 
qYY2H. Titration curves are presented describing the binding of prey cells expressing (A) NB.TOM22.2 or (B) 
Sso7d.TOM22.2 as a function of the concentration of prey cells incubated were generated for a given concentration 
of magnetic bait cells expressing TOM22. A global fit was used to predict KD,MV using the proposed non-linear, 
multivalent binding model as represented by the red line. Error bars represent the standard error of the mean for 3 or 
4 repeats.   
 
 

 
Figure 3.7. Comparison of bait expression levels between cells co-expressing either hFc and SsoFe2 or TOM22 and 
SsoFe2. The expression of the bait protein was quantified by labeling with an anti-c-myc antibody followed by 
detection with a goat-anti-chicken secondary antibody and flow cytometry analysis. The expression of the hFc bait on 
the surface of yeast is ~2.7 fold higher than the expression of the TOM22 bait on the yeast surface. Error bars represent 
the standard error of the mean for eight independent replicates.  
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Figure 3.8. A semi-empirical framework enables the development of a relationship between monovalent KD and KD,MV 
when the bait protein is immobilized on magnetic beads. Titration curves describing the binding of prey cells as a 
function of the concentration of prey cells incubated were generated for a given concentration of magnetic beads 
immobilized with the bait protein (biotinylated hFc). For each repeat, the concentration of prey cells captured is 
normalized by the estimated maximum concentration of prey cells captured, [Max]. Titration curves are shown for 
(A) Sso7d.hFc, (B) Sso7d.his.hFc, and (C) Sso7d.ev.hFc. (D) A global non-linear regression was used to estimate 
KD,MV as well as the multiplicity constant m. A plot of m vs. KD is shown and fits a power law model. KD values for 
these bait-prey interactions had been previously estimated from soluble yeast surface titration (YST KD).  (E) A plot 
of normalized [Max] values vs. KD fits a power law model. [Max] values for each repeat were normalized by the 
average number of prey cells captured across each concentration of prey cells incubated. (F) Experimentally 
determined KD,MV and calculated values of m based on previous estimates of KD (YST KD) are shown . Values in 
parentheses represent the bounds of a 68% confidence interval. Error bars represent the standard error of the mean for 
three repeats for all data shown. 
 



   

108 
 

 
Figure 3.9. Comparison of KD,MV for yeast-yeast interactions and KD,MV for yeast-bead interactions. The interaction of 
prey cells displaying Sso7d.hFc, Sso7d.his.hFc, or Sso7d.ev.hFc with either magnetic cells expressing the hFc bait or 
magnetic beads functionalized with soluble hFc were considered (blue). Included in the figure is a parity line (red) 
that details the trend if the KD,MV for the yeast-yeast interaction was the same as the KD,MV for yeast-bead interaction. 
Accordingly, the KD,MV is significantly lower for yeast-bead interaction relative to yeast-yeast interaction.  
 
 
3.2.4 qYY2H enables screening of cDNA libraries to identify putative PPIs and estimation of 

their binding affinities 

Y2H is routinely utilized to identify putative interaction partners for a given bait protein 

by employing a cDNA-encoded protein library35–37. To assess if qYY2H can be used for discovery 

of PPIs, we screened a cDNA library to identify proteins that interact with SMAD3, a signaling 

molecule that transduces TGF-beta signals from the cell surface to the nucleus by acting as a 

transcriptional regulator for various genes38. Briefly, we constructed a yeast displayed cDNA 

library that expresses prey proteins as well as NanoLuc as cell surface fusions. The bait protein, 

SMAD3, was co-expressed with the iron oxide binding protein SsoFe2 to enable magnetization of 

bait yeast. Selections were conducted by incubating the yeast cells displaying prey proteins from 

the cDNA library with magnetized bait cells, followed by magnetic separation of bait-prey 
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complexes, and selective expansion of positively bound prey yeast. After two rounds of selection, 

plasmid DNA was isolated from individual prey yeast clones. DNA sequencing of thirty clones 

identified nine unique sequences corresponding to putative SMAD3-binding proteins (Table A.1).  

Note that we also recovered prey cells displaying a Sso7d mutant protein that arise from 

incomplete digestion of the plasmid vector used as the starting backbone to construct the cDNA 

library. A likely explanation for recovery of these cells is association between the Sso7d prey 

mutant and the SsoFe2 protein used for magnetizing bait cells. It is important to note that a 100X 

excess of non-displaying, EBY100 yeast cells, which are not expanded in selective yeast medium, 

are included in our screens to prevent non-specific stickiness between bait and prey yeast. The 

inadvertently included Sso7d-displaying prey cells further act as competitor for the cDNA clones, 

thereby increasing the likelihood that the putative cDNA prey isolated do not bind non-specifically 

to the bait protein. 

We compared the interaction strength between SMAD3 and a subset of the identified 

putative binding partners, with that of the SMAD3-SARA binding interaction. SARA binds 

unphosphorylated SMAD339–41 and thus acts as a positive control. Specifically, we quantified the 

number of prey cells captured by magnetized yeast cells displaying SMAD3, relative to the number 

of cells captured displaying the SMAD binding domain of SARA (Figure 3.10A). Cells displaying 

a portion of the cohesin loading factor NIPBL protein were captured at the highest rate by the 

SMAD3 bait cells, followed by cells displaying fragments of bromodomain containing protein 7 

(BRD7), gametogenetin binding protein 2 (GGNBP2), and endothelin-1 (END1). In comparison 

to cells displaying SARA, cells expressing each of these prey were captured at a higher level, 

suggesting that the binding strength of these protein fragments for SMAD3 is at least comparable 

to that of SARA. On the other hand, fewer cells displaying portions of the mitochondrial calcium 



   

110 
 

uniporter (MCU) protein and the dead box polypeptide 18 (DDX18) protein were recovered than 

cells displaying SARA, suggesting that these proteins may bind SMAD3 with lower affinity than 

SARA. Notably, BRD7 has been previously shown to interact with SMAD342. Similarly, other 

RNA helicase dead box proteins, similar to DDX18, have been shown to complex with 

SMAD339,43. However, two of the identified putative binding partners – MCU and endothelin 1 – 

are localized to the mitochondria and extracellular space, respectively44,45. Therefore, these 

binding interactions may not be biologically relevant. Additionally, we generated complete 

titration curves for yeast cells expressing the identified portions of BRD7 and GGNBP2 to estimate 

their binding affinities for SMAD3 using the multivalent binding model discussed earlier (Figure 

3.10B-C). The KD values associated with monovalent bait-prey binding were estimated as 365 nM 

(309 – 453 nM, 68% confidence interval) and 1165 nM (964 – 1408 nM, 68% confidence interval) 

for the BRD7 and GGNBP2 fragments respectively (Figure 3.10D).  

To further investigate the use of qYY2H in the context of identifying putative PPIs, we 

screened the cDNA library to identify interaction partners for the tandem WW domains of the 

YAP protein. The WW domain is a frequently occurring protein-interaction domain that mediates 

PPIs in signaling pathways by recognizing proline-rich motifs46–49. Besides proline-rich motifs, 

WW domains have also been shown to interact with phosphoserine-proline or phosphothreonine-

proline motifs50, LPxY motifs51, and polyprolines flanked by arginine residues or interrupted by 

leucine residues52–54. Using similar methods as described for SMAD3, we identified sequences 

corresponding to 10 unique proteins that putatively interact with the WW domains of YAP after 

analyzing 30 clones by DNA sequencing (Table A.2). While we did not identify sequences 

containing the most common PPXY motif, many of the prey identified contained other WW 

binding motifs. For example, four of the isolated sequences contained a previously identified 
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arginine motif52. Five sequences contained no previously identified WW binding motifs, consistent 

with previous cDNA screens performed to identify WW-binding prey, where at least 20% of the 

isolated prey did not contain a known binding motif 55.  

We further analyzed five of the isolated WW-domain binding sequences using qYY2H 

(Figure 3.10E) and compared the strength of their binding interaction with the bait to that of known 

WW domain binding peptides, SMAD7 and PTCH1. SMAD7 and PTCH1 both contain a PPPY 

motif, and each binds the WW domains of YAP with KD = 8 μM and 24.7 μM, respectively56,57. 

Isolated prey containing fragments of the TATA-box binding protein associated factor 2 (TRF2), 

cyclin L2 (CCNL2), and nuclear speckle splicing regulatory protein 1 (NSRP1) contain an 

arginine-based binding motif. In contrast, some of the characterized prey, such as sequences from 

ribosomal protein L3 (RPL3) and chromatin target of PRMT1 protein (CHTOP), do not contain 

any known WW binding motifs. For the five prey considered, the number of prey cells captured 

by the WW domain bait cells was greater than the capture of the control cells expressing either 

SMAD7 or PTCH1, except for the CHTOP prey (Figure 3.10E); this suggests that the identified 

CHTOP sequence likely binds the WW domains of YAP with weaker affinity than the SMAD7 

and PTCH1 controls, whereas all other sequences likely bind with similar or higher affinity than 

SMAD7 and PTCH1. 

Collectively, these results show that qYY2H can be utilized for first discovering putative 

PPIs by screening cDNA libraries followed by quantitative assessment of the relative binding 

strengths associated with the identified putative interactions. Importantly, we unveiled a putative 

binding interaction between the WW domains of YAP and a fragment of CHTOP, with an affinity 

likely weaker than the YAP-PTCH1 interaction (24.7 μM). Despite the suggested weak affinity of 

CHTOP for the WW domains of YAP (<24.7 μM), the number of CHTOP-displaying cells 
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captured using the qYY2H assay is well above the detection limit of the assay, as assessed by the 

lowest number of luciferase-displaying cells quantified using a standard curve in this study. Thus, 

even weak affinity, putative binding interactions can be identified and quantitatively assessed with 

qYY2H.  

 

 

Figure 3.10. Use of qYY2H to characterize bait-prey pairs identified from a cDNA library screen. For prey isolated 
from a cDNA library screen, cells co-displaying these prey protein sequences and NanoLuc were incubated with 
magnetic cells expressing the bait. The luminescence signal of the captured prey cells was used to numerate prey cell 
capture. (A) Prey cell recovery by magnetic bait cells expressing SMAD3 for prey protein sequences identified in 
cDNA library selections against SMAD3 using qYY2H. Cell capture data for each cDNA prey was normalized by the 
recovery of cells displaying the SMAD binding domain of SARA. Bait-prey, yeast-yeast titration curves were 
generated for two of the identified prey, BRD7 (B) and GGNBP2 (C). (D) A global, non-linear regression was used 
to estimate KD,MV. Using the previously established semi-empirical model, KD values (qYY2H KD) describing the 
binding strength of monovalent bait-prey interactions were estimated as well as associated multiplicity constants, m. 
Values in parentheses represent the bounds of a 68% confidence interval. (E) Prey cell recovery by magnetic bait cells 
expressing the WW domains of YAP using qYY2H. The prey protein sequences considered were identified in a cDNA 
library screen against the WW domains of YAP. Cell capture data for each cDNA prey was normalized by the recovery 
of cells displaying either SMAD7 (black) or PTCH1 (grey), known WW binding peptides that contain a PPPY motif. 
* represents p < 0.05 for a two tailed, paired t-test in comparison to the capture of SMAD7 cells while † represents p 
< 0.05 for a two tailed, paired t-test in comparison to the capture of PTCH1 cells. Error bars represent the standard 
error of the mean for three repeats for all data shown.  
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3.2.5 qYY2H enables evaluation of binding interactions mediated by post-translational 

modifications 

Many processes that regulate biological function rely on protein domains that specifically  

bind post-translationally modified targets to relay signals58. For instance, the SH2 and PTB 

domains bind targets modified by phosphorylation59. Previous studies have demonstrated the 

identification of binding interactions dependent on post-translational modifications by linking the 

modifying enzyme to the bait protein when using the Y2H system13,14 or through co-expression of 

the modifying enzyme in a bacterial two hybrid system60. We investigated if qYY2H can be 

extended to quantitatively assess binding interactions mediated by post-translational modifications 

by utilizing enzymatically modified bait proteins displayed on the yeast surface as previously 

described61. In this approach, the modifying enzyme and an Aga2-substrate fusion are co-

expressed with ER retention tags to increase their ER residence times. The enzyme acts on the 

substrate within the ER prior to surface display of the modified Aga2-substrate fusion. 

Specifically, we evaluated the binding interactions mediated by a phosphopeptide (F1163 – F1183, 

containing pY1173) derived from epidermal growth factor receptor (EGFR). We used the Abelson 

tyrosine kinase, which can phosphorylate Y1173 in EGFR, as our modifying enzyme61,62. To 

afford expression of an enzymatically modified bait on the surface of magnetic yeast cells, we 

refashioned the yeast surface display plasmid to encode the modifying enzyme downstream of the 

Gal10 promoter (Figure 3.11). The Aga2 fusions containing the substrate peptide and the iron-

oxide binding protein SsoFe2 are encoded downstream of a Gal1 promoter on the same plasmid. 

The Aga2-substrate peptide and the Aga2-SsoFe2 fusions are translated as separate proteins 

through the inclusion of a T2A ribosomal skipping peptide as we have previously described19. 
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Flow cytometry analysis using an anti-phosphotyrosine antibody showed that the EGFR peptide 

containing Y1173 is phosphorylated only in the presence of Abelson kinase (Figure 3.12A).  

 

 
Figure 3.11. Plasmid design for co-expression of an enzyme modified bait peptide and SsoFe2, an iron oxide binding 
protein, as fusions to Aga2 for display on the yeast surface. The DNA encoding the peptide substrate and SsoFe2 is 
under the control of the Gal1 promoter and is separated by a T2A ribosomal skipping peptide, which affords separate 
translation of the fusion proteins. A bait-modifying enzyme is encoded downstream of the Gal10 promoter. Each 
protein is trafficked to the ER by an included N-terminal targeting sequence as well being retained in the ER for a 
longer than average residence time due to an included C-terminal ER retention sequence. This increases the probability 
that the modifying enzyme will have time to interact with the peptide substrate. Ultimately, the modified peptide 
substrates along with SsoFe2 are trafficked to the yeast cell surface for display.  
 
 

To assess the use of qYY2H for studying phosphorylation-dependent binding, we first 

evaluated the interaction between the SH2 domains of the adapter protein APS and pY1173. 

Previous cDNA library screens identified that the SH2 domains of adapter protein APS bind to 

EGFR pY117363. APS was shown to not interact with the non-phosphorylated EGFR peptide. Prey 

cells expressing the SH2 domains of APS and NanoLuc were incubated with magnetized bait cells 

expressing the phosphorylated EGFR peptide pY1173, obtained via enzymatic modification by 

Abelson kinase within the ER, or the non-phosphorylated peptide as a control. Subsequently, bait-

prey complexes were separated using a magnet and the number of prey cells captured was 

quantified. A fraction of cells from the population that co-expresses Abelson kinase and the 

substrate peptide will display non-phosphorylated peptides. Hence, the cell capture data for the 

bait population co-expressing Abelson kinase was normalized by the fraction of cells expressing 

peptide fusions that are also phosphorylated as evaluated by immunofluorescent detection (Figure 

3.12A-B). A greater number of APS displaying prey cells was captured when the phosphorylated 
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peptide was used as bait (Figure 3.12C), suggesting the qYY2H can be used to identify interactions 

that rely on post-translational modifications.   

We further investigated if qYY2H could be used to quantitatively discriminate between 

proteins that bind a post-translationally modified target with varying interaction strengths. SH2 

domains bind phosphotyrosine residues promiscuously via a consensus sequence pYXXP motif64–

67. The tandem SH2 domains of phospholipase C–γ1 (PLCγ1), denoted tSH2, bind to 

phosphorylated EGFR. tSH2, as well as its C-terminal SH2 domain, denoted cSH2, have been 

evaluated as biosensors for live cell imaging of EGFR phosphorylation at Y99268–70. However, 

both tSH2 and cSH2 show promiscuous binding to other phosphorylated residues in EGFR68,71. 

To overcome the promiscuity of tSH2 and cSH2, Tiruthani et al. identified two proteins with 

enhanced specificity for pY992, mSH2 and SPY992, which were isolated by screening 

combinatorial libraries generated by mutagenesis of cSH2 and a Sso7d protein scaffold, 

respectively68. SPY992 and mSH2 exhibit high specificity of binding to pY992 over other 

phosphorylation sites in EGFR, relative to tSH2 and cSH2. We used qYY2H to investigate binding 

of tSH2, cSH2, mSH2, and SPY992 to pY1173. Consistent with lower binding of mSH2 and 

SPY992 to sites other than pY992, fewer prey cells expressing mSH2 and SPY992 were captured 

by bait expressing pY1173 than cells expressing tSH2 and cSH2 as prey (Figure 3.12D). These 

results show that qYY2H can be used to quantitatively compare binding interactions that are 

dependent on post-translational modification of the bait protein.  
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Figure 3.12. Use of qYY2H system to evaluate protein-protein interactions that depend on a post-translationally 
modified binding domain. (A) Yeast-cells expressing a phosphorylated EGFR peptide (pY1173) were used as bait. 
The EGFR peptide was enzymatically modified within the ER by Abelson tyrosine kinase prior to surface display. 
Flow cytometry analysis was used to evaluate the fraction of the bait population expressing the phosphorylated peptide 
above background. Yeast cells containing the modifying kinase (blue) as well as non-enzymatically modified yeast 
cells (red) were labeled with an anti-phosphotyrosine Alexa Fluor 647 antibody followed by flow cytometry detection. 
The fluorescence of unlabeled cells (black) is also considered. (B) Peptides may be displayed prior to modification by 
the kinase. Hence, a fraction of cells from the population that co-expresses Abelson kinase and the substrate peptide 
will display non-phosphorylated peptides. To quantify total peptide display, regardless of phosphorylation state, the 
cell population containing the modifying kinase (blue) as well as the non-enzymatically modified yeast (red) were 
labeled with an anti-c-myc antibody followed by detection using a goat-anti-chicken 488 antibody and flow cytometry 
analysis. The fluorescence of unlabeled cells (black) is also considered. Representative flow cytometry plots from 
three independent repeats are shown. (C) Yeast cells co-displaying the SH2 domains of adaptor protein APS and 
NanoLuc were incubated with magnetic bait cells expressing either an EGFR peptide phosphorylated at Y1173 or an 
unphosphorylated EGFR peptide. The cell capture values associated with the phosphorylated bait were normalized by 
the fraction of bait cells expressing c-myc fusions that were also phosphorylated. A greater number of APS prey cells 
were recovered by the phosphorylated bait cells than the non-phosphorylated bait cells. * represents p < 0.05 for a 
two-tailed, paired t-test in comparison to the non-phosphorylated bait. Error bars represent the standard error of the 
mean for seven repeats. (D) Yeast cells co-expressing tSH2, cSH2, mSH2, or SPY992 and NanoLuc were incubated 
with magnetic bait yeast expressing the pY1173 EGFR peptide. Cell capture values for each prey were first normalized 
by the fraction of bait cells expressing c-myc fusions that were also phosphorylated. After, the normalized cell capture 
values for each repeat were compared to the normalized capture of tSH2 cells by the phosphorylated bait cells. * 
represents p< 0.05 for a two-tailed, paired t-test in comparison to the capture of tSH2 cells while † represents p< 0.05 
for a two-tailed, paired t-test in comparison to the capture of cSH2 cells. Error bars represent the standard error of the 
mean for five repeats.  
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3.3 Conclusions 

In conclusion, we have developed a quantitative yeast-yeast two-hybrid system, denoted 

qYY2H, wherein the bait and prey proteins are expressed as yeast cell surface fusions. qYY2H 

can be used not only to screen cDNA libraries to identify PPIs, but also to quantitatively assess the 

strength of bait-prey binding interactions. Notably, PPIs dependent on post-translational 

modification of the bait can be analyzed using qYY2H.  Due to the multivalent nature of the 

interaction between yeast displayed bait and prey, qYY2H can be used to investigate binding 

interactions with low binding affinities. In this study we have identified binding interactions with 

KD ~ at least 25 μM, where the signal was well above the limit of detection of qYY2H; therefore, 

we expect that interactions with weaker affinities may be assessed. Inclusion of a large excess of 

competitor yeast (e.g. EBY100) mitigates non-specific stickiness of bait and prey yeast cells. 

Further, we have shown that the strength of the multivalent interaction between bait and prey yeast 

bears a quantitative relationship with the binding affinity of the monovalent bait-prey interaction 

(KD). We have described a mathematical framework to exploit this relationship for quantitative 

estimates of monovalent bait-prey interaction KD. We anticipate that qYY2H will be a powerful 

tool for quantitative analysis of protein-protein interactions. In particular, we expect that qYY2H 

will be very useful for efficient characterization of binding proteins or peptides isolated from 

combinatorial libraries72. Finally, the quantitative framework discussed herein for yeast-yeast 

binding interactions will be useful for designing combinatorial screens for isolating binders from 

yeast display libraries using whole cell targets73 or when the target protein is expressed as a yeast 

cell surface fusion19. 
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3.4 Materials and Methods 

3.4.1 Yeast culturing and plasmids 

Saccharomyces cerevisiae strain EBY100 cells containing the pCTCON plasmid were 

cultured using SDCAA (-Trp) media while cell surface protein expression was induced using 

SGCAA (-Trp) medium, as previously described9. Cells containing the pCT302 plasmid were 

cultured and induced with SDSCAA (-Leu) and SGSCAA (-Leu) media, which is similar in 

composition to SDCAA and SGCAA media except it contains a synthetic drop out mix (1.62 g/L; 

US Biological Life Sciences) lacking leucine instead of casamino acids. Cells were grown 

overnight in SDCAA or SDSCAA media at 30°C with shaking at 250 RPM. Protein expression 

was induced at 20°C with shaking at 250 rpm after transferring the yeast cells into SGCAA or 

SGSCAA medium at an OD of 1. EBY100 cells without plasmid were grown 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. 

Plasmid DNA was transformed using chemically competent EBY100 generated using the Frozen-

EZ Yeast Transformation Kit II (Zymo Research). 

 
3.4.2 Plasmid construction for dual display of prey and reporter enzyme 

Plasmids were constructed to afford the co-expression of a prey protein and a reporter 

enzyme as yeast cell surface fusions. Previously described plasmids that confer dual protein 

expression via a ribosomal skipping T2A peptide were modified19. Specifically, the pCT302-

SsoFe2-T2A-TOM22 plasmid was altered by digesting between the AvrII and NdeI sites. DNA 

encoding specific reporter enzymes, including glucose oxidase (GOx), horseradish peroxidase 

(HRP), and NanoLuc, were inserted between these sites to generate different dual enzyme display 

plasmids, pCT302-T2A-GOx, pCT302-T2A-HRP, and pCT302-T2A-NanoLuc, respectively. The 

GOx gene was amplified using primers Pf1 and Pr1 from genomic DNA extracted from A.niger 
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spores as described in Cruz et al74. DNA encoding horseradish peroxidase (Q1 – S308, assuming 

no signal peptide) was amplified from gene block 1 using primers Pf2 and Pr275. Similarly, DNA 

encoding the NanoLuc protein was amplified using gene block 2 and primers Pf3 and Pr321. 

Previously identified binding proteins evolved from the Sso7d scaffold were inserted into each of 

these plasmids via the NheI and BamHI sites. Sso7d.hFc, Sso7d.his.hFc, and Sso7d.ev.hFc were 

amplified using primers Pf4 and Pr4 from plasmids described in Gera et al25. Similarly, DNA 

encoding TOM22.Sso7d.1 and TOM22.Sso7d.2 were amplified using primers Pf4 and Pr4 from 

plasmids described in Bacon et al19. DNA encoding SSo7d.NTL.Lys and Sso7d.BVL.Lys was 

amplified from plasmids described by Carlin et al. with primers Pf4 and Pr424 while 

Sso7d.Lys.CTL was amplified with primers Pf5 and Pr424. DNA encoding TOM22.NB.1 and 

TOM22.NB.2 was amplified with primers Pf6 and Pr6.  

A plasmid, pcTCON-NanoLuc, was also constructed that solely expresses NanoLuc as an 

Aga2-yeast surface fusion. This plasmid was created by amplifying gene block 2 with primers Pf7 

and Pr7 and inserting this product between the NheI and BamHI cut sites in pCTCON.  

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

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

sequences can be found in Tables 3.1 and 3.2. PCR reactions using Phusion Polymerase (Thermo 

Fisher Scientific) were performed in a 50 μL volume following the manufacturer’s protocols. 

Restriction enzymes were purchased from New England Biolabs. Restriction digestions of 

plasmids and PCR products were performed for 4 hours at 37°C in 50 μL reactions with a 5X 

excess of each restriction enzyme. Digested plasmids were treated for 1 hour at 37°C with 

Antarctic phosphatase (New England Biolabs). Subsequently, digested products were purified 

using the 9K series gel and PCR extraction kit (BioBasic). Ligations of digested plasmids and PCR 
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product inserts were performed overnight using T4 DNA ligase (Promega) at 16°C. Ligations were 

transformed into electrocompetent Novablue E.coli cells. Each electroporation was performed at 

1.6 KV, 25 µF, and 200 Ω. Plasmid was harvested from overnight E.coli cultures using the 

GeneJET plasmid miniprep kit (Thermo Fisher Scientific).  

 
Table 3.1. List of gene fragments described in Chapter 3. 
 
Gene Block 1 CAACTTACCCCTACCTTCTACGACAATTCATGTCCTAACGTCTCAA

ACATAGTACGGGACACTATTGTCAATGAGTTACGATCGGACCCTA

GAATCGCCGCGAGCATCCTTCGTCTTCACTTCCACGACTGCTTTGT

TAACGGTTGTGACGCATCGATCTTGTTAGACAACACAACATCATT

TCGAACAGAGAAAGATGCGTTTGGGAACGCAAACTCGGCGCGCG

GATTTCCTGTGATTGACAGAATGAAGGCGGCCGTGGAGAGTGCAT

GCCCAAGAACTGTATCCTGCGCAGATCTGCTTACCATTGCAGCTC

AACAATCTGTTACTTTGGCAGGAGGTCCCTCTTGGAGGGTTCCTTT

GGGACGTCGAGACAGCCTACAAGCATTTTTAGATCTCGCGAATGC

GAATCTTCCAGCTCCATTCTTCACACTTCCACAACTTAAGGATTCT

TTTAGAAATGTTGGTTTAAACCGTTCTTCTGATCTCGTTGCCCTCA

GCGGTGGTCACACATTTGGTAAAAATCAATGTCGATTTATTATGG

ACAGATTATACAACTTCAGCAACACCGGGTTACCCGACCCTACCC

TCAACACTACTTACCTTCAAACTCTTCGTGGACTATGTCCCCTTAA

TGGCAACCTAAGCGCCTTGGTCGATTTCGATCTGCGTACGCCAAC

AATTTTCGATAACAAATACTATGTGAATCTTGAAGAGCAAAAAGG

TCTCATCCAGAGTGATCAAGAGTTGTTCTCTAGCCCCAATGCCAC

TGACACAATCCCACTGGTGAGATCATTTGCTAATAGCACACAAAC

ATTCTTCAACGCGTTTGTGGAGGCCATGGATAGGATGGGAAACAT

TACACCTCTTACAGGAACTCAAGGACAAATCAGGTTGAACTGTAG

GGTGGTGAACTCCAACTCT 
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Table 3.1 (Continued).  
 
Gene Block 2 ATGGTTTTCACCTTAGAGGATTTCGTAGGCGACTGGAGACAGACG

GCAGGCTATAACTTGGACCAAGTGCTGGAACAGGGCGGTGTCAG

CTCCTTATTCCAGAATCTGGGGGTATCCGTTACTCCTATACAGAG

AATAGTTCTTTCCGGAGAAAACGGGCTAAAGATAGATATTCATGT

CATTATTCCTTACGAAGGATTGTCCGGCGACCAAATGGGTCAAAT

CGAAAAGATTTTCAAGGTGGTTTACCCGGTAGACGATCATCACTT

CAAGGTGATTTTGCATTACGGTACATTAGTTATTGACGGGGTAAC

GCCAAACATGATAGACTACTTTGGCAGACCCTACGAGGGAATTGC

AGTTTTCGATGGTAAAAAGATCACGGTTACGGGTACTCTGTGGAA

CGGGAATAAAATTATAGATGAGCGTTTAATCAATCCAGATGGATC

ACTACTTTTTAGAGTGACAATTAACGGTGTCACTGGCTGGAGGTT

ATGCGAAAGAATACTTGCG 

Gene Block 3 TTCGAAATTCCCGACGATGTGCCGCTGCCAGCCGGTTGGGAGATG

GCCAAAACTTCCTCAGGCCAGCGTTACTTCTTAAACCACATAGAT

CAGACAACTACCTGGCAGGATCCGCGGAAAGCGATGTTAAGTCA

AATGAATGTGACGGCACCTACATCCCCGCCAGTCCAGCAGAATAT

GATGAACTCTGCTAGTGGTCCTCTTCCTGATGGGTGGGAACAGGC

GATGACGCAAGACGGCGAAATTTATTACATAAACCACAAGAACA

AAACAACCTCGTGGCTTGATCCACGGCTGGACCCACGCTTTGCGA

TGAATCAG 
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Table 3.1 (Continued).  
 
Gene Block 4 ATGTCTTCAATCCTTCCGTTTACTCCGCCGATCGTCAAGAGGCTAT

TAGGCTGGAAAAAGGGCGAACAAAATGGGCAGGAAGAAAAGTG

GTGTGAAAAAGCCGTCAAATCACTGGTGAAGAAACTGAAAAAAA

CTGGCCAGCTAGATGAGTTGGAAAAGGCGATTACGACCCAGAAT

GTAAACACTAAGTGCATCACCATTCCTAGATCTCTGGACGGCCGT

CTACAGGTTTCTCACAGAAAGGGGCTACCGCATGTGATCTATTGT

AGGCTTTGGCGTTGGCCTGATCTGCATTCCCACCATGAATTAAGG

GCTATGGAGCTGTGTGAATTTGCATTCAACATGAAGAAGGATGAG

GTGTGCGTTAACCCCTATCATTATCAAAGGGTCGAGACCCCCGTC

CTGCCCCCCGTTCTGGTGCCACGTCACACTGAGATACCAGCGGAG

TTCCCCCCGCTTGACGACTATTCCCACTCTATCCCAGAGAATACG

AATTTTCCGGCTGGTATTGAGCCTCAAAGCAACATCCCAGAGACG

CCGCCGCCTGGCTACCTGTCTGAAGATGGAGAGACTAGCGACCAC

CAGATGAACCATAGTATGGACGCTGGCTCCCCCAATCTAAGCCCC

AATCCAATGAGTCCAGCGCACAACAACCTGGATTTGCAGCCGGTC

ACTTATTGTGAACCAGCATTTTGGTGTTCAATAAGCTACTATGAA

CTTAACCAAAGGGTTGGAGAGACTTTCCATGCTTCCCAGCCATCC

ATGACGGTTGATGGATTCACCGATCCCTCTAATTCAGAGAGGTTC

TGTTTGGGGCTATTGTCCAACGTTAACCGTAACGCTGCGGTTGAG

CTGACTCGTAGGCACATAGGCAGGGGCGTAAGACTTTATTATATT

GGTGGGGAGGTGTTTGCTGAGTGTCTGTCTGACAGCGCAATTTTC

GTCCAGAGCCCGAATTGCAATCAAAGGTATGGATGGCATCCAGC

GACGGTCTGCAAGATCCCCCCTGGGTGTAACTTAAAGATCTTTAA

TAATCAAGAATTTGCTGCACTTCTTGCTCAAAGTGTGAACCAAGG

GTTTGAGGCAGTGTATCAATTAACCAGGATGTGTACGATCCGTAT

GAGCTTCGTAAAGGGGTGGGGAGCAGAATACCGTAGGCAGACCG

TTACCTCCACACCTTGTTGGATAGAGCTGCACTTAAACGGCCCTCT

GCAATGGCTGGATAAAGTTTTAACACAAATGGGTTCACCTTCAAT

TAGATGCTCTTCAGTTAGC 
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Table 3.1 (Continued).  
 
Gene Block 5 GGTGGTTCAGCTAGCAGATATAGTCCACCTCCGCCGTACTCTTCTC

ATAGTGGATCCGAACAAAAG 

Gene Block 6 GGTGGTTCAGCTAGCGAATTGGAATCCCCGCCCCCGCCGTATTCC

CGTTACCCTATGGACGGATCCGAACAAAAG 

Gene Block 7 GCGCCCGACTCTCCTGATAATGATCTTCGTGCTGGACAGTTCGGC

ATAAGTGCCAGGAAGCCATTTACGACCCTGGGCGAAGTCGCGCCC

GTATGGGTTCCCGATTCTCAGGCTCCGAACTGTATGAAGTGCGAG

GCGAGATTTACGTTTACGAAACGTAGACACCACTGC 

Gene Block 8 GAAACTGACCCAGAAGCAGAACCGGAATTAGAGCTATCTGACTA

TCCTTGGTTTCACGGGACATTGTCTAGGGTTAAGGCGGCCCAGTT

GGTGCTGGCAGGTGGTCCTCGTAACCATGGTTTATTCGTTATCCGT

CAAAGTGAAACTAGGCCAGGGGAGTACGTCCTAACTTTTAATTTC

CAGGGGAAAGCGAAACACTTGCGTCTTTCTCTAAATGGTCACGGA

CAGTGCCATGTCCAACACCTTTGGTTTCAATCTGTTCTTGACATGT

TAAGGCACTTTCATACACATCCTATACCTCTGGAGTCCGGTGGTA

GCGCCGATATTACACTTCGTAGCTACGTGCGTGCCCAGGACCCTC

CTCCCGAACCAGGGCCAACC 
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Table 3.1 (Continued).  
 
Gene Block 9 GGTACCCTATTATAATTCATCGTGTTCAAACCATGGAAACATGGT

TTCGAACGCCTGGTGAATCTCAGCGAAGGAGGGTCTATCTGATGG

ATTCCACTGCCAGCACGCACGCATTAATTCGTATACTTTTTCGGGA

CAGCCCTCAGGACGTTCCATACGATAATCTTTTTCCAGTAGCTCGT

ACACTTGAGACAGGTCTATCCCGGGATAAGGAGACATTCCGTAGG

TGGCAATCTCCCATAGCAGCACTCCAAATGCCCAGACGTCTGACT

TAATGCTGAACTTATTATAAGCTAGTGATTCCGGCGCTGTCCATTT

AATGGGAAATTTTGCACCAGCATGGGCGGTATAGGTATCTCCAGT

CATAAGCCTGGAAAGTCCGAAATCAGCCACCTTGACAAGGTGATT

CTCACCAACTAAGCAGTTTCTGGCCGCTAAGTCTCTGTGTATGAA

ATTTTTCTTTTCCAGATATTCCATTGCACTGCTTATCTGGGTAGCC

ATGTAAAGTAAAACCACGGCATTGACTTCCTGACGATTACACTCT

CTAAGATAGTCAAGCAAGTTGCCATATGTCATAAACTCTGTAATA

ATATAAAACGGGGGCTCCCTAGTACATACCCCCAACAGCTGAACT

AGATTCGGATGTTTAATTTCCTTCATAACAGCCGCTTCTTTCAAGA

ACTCTTCAACTTCCATTGTATCTTCTTTCAACGTCTTTACGGCAAC

CGTTAGGGAGTACTTCTTCCATACTCCTTCGTATACTTCGCCGTAC

TGACCCCCTCCTAGTTTGTGTTTCATTGTAATGTCTGTACGTTCCA

TCTCCCAGGCTAGTACGCTCGCGATTACGGAGAAGATACTAAAAC

AACGTAGAAGCTGCATCCTAGGAATTCCTTGTTGAATTCGAATTT

TCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAAT

AATCATATTACATGGCATTACCACCATATACATATCCATATACAT

ATCCATATCTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCC

CCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTCAGTAA

TACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCC

GCCGAGCGGGTGACAGCCCTCCGAAGGAAGACTCTCCTCCGTGCG

TCCTCGTCTTCACCGGT 
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Table 3.1 (Continued).  
 
Gene Block 10 GAATTCATGCAATTGTTGAGATGTTTCTCTATCTTCTCTGTTATCG

CTTCTGTTTTGGCTCAGGAACTGACAACTATATGCGAGCAAATCC

CCTCACCAACTTTAGAATCGACGCCGTACTCTTTGTCAACGACTA

CTATTTTGGCCAACGGGAAGGCAATGCAAGGAGTTTTTGAATATT

ACAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCCCTCAA

CAACTAGCAAAGGCAGCCCCATAAACACACAGTATGTTTTTTATC

CGTACGACGTTCCAGACTACGCTGGTGGTGGTGGTTCCGGTGGTG

GTGGTTCTGGTGGTGGTGGTTCAGCTAGCTTCAAGGGTTCTACTG

CTGAAAACGCTGAATACTTGAGAGTTGCTCCACAATCTTCTGAAT

TTGGATCCGAACAAAAGCTTATCTCCGAAGAAGACTTGTTCGAAC

ACGACGAATTGGAGGGAAGGGGATCTTTGCTAACGTGCGGGGAT

GTCGAAGAAAACCCTGGCCCTATGCAGTTGTTAAGATGCTTCTCT

ATCTTTTCCGTTATCGCTTCTGTTTTAGCGCAGGAACTTACTACAA

TTTGTGAACAAATACCTAGTCCCACGTTGGAGTCAACACCGTACT

CCCTGTCTACTACAACAATACTTGCGAACGGTAAGGCCATGCAAG

GAGTCTTTGAATACTACAAGTCAGTTACCTTCGTATCTAACTGCG

GGAGTCACCCGAGCACCACATCCAAGGGGAGTCCTATAAACACT

CAGTATGTATTCGACTATAAGGATGACGATGACAAGGGCGGCGG

AGGCTCCGGTGGAGGCGGAAGCGGCGGTGGAGGTAGTACTAGTG

CGACCGTGAAATTTAAATATAAAGGCGAAGAAAAACAGGTGGAT

ATTAGCAAAATTAGACGGGTGCGTCGCAAGGGCAAATGCATTAG

GTTTTACTATGATCTGGGCGGCGGCAAATATGGCAGGGGCATAGT

GAGCGAAAAAGATGCGCCGAAAGAACTGCTGCAGATGCTGGAAA

AACAGAAAAAAGTCGACTTTGAGCATGATGAGTTGTAATAGCTCG

AG 
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Table 3.2. List of oligonucleotide primers described in Chapter 3. 
 
Primer   Sequence 

Pf1 GATTACCCTAGGATGCAGACTCTCCTTGTGAGCTCGCTT  

Pr1 GAGCACCATATGCTGCATGGAAGCATAATCTTCCAAGATAG  

Pf2 TCACATCCTAGGCAACTTACCCCTACCTTCTAC 

Pr2 GACCGTCATATGAGAGTTGGAGTTCACCACCC 

Pf3 TCGGCACCTAGGATGGTTTTCACCTTAGAGGATTTC 

Pr3 TCGTCACATATGCGCAAGTATTCTTTCGCATAACC 

Pf4 GAAGTCGCTAGCATGGCGACCGTGAAATTTAAATATAAAG 

Pr4 GCACTTGGATCCTTTTTTCTGTTTTTCCAGCATCTGCAG 

Pf5 GAAGTCGCTAGCATGGCGACCGTGAAATTAAAATAT 

Pf6 GTCTCGGCTAGCGCACAAGTTCAGCTTGTAGAGT 

Pr6 GTCACTGGATCCCGATGATACAGTTACTTGGGTAC 

Pf7 TCGGCAGCTAGCATGGTTTTCACCTTAGAGGATTTC 

Pr7 TCGTCAGGATCCCGCAAGTATTCTTTCGCATAACC 

Pf8 TCCGGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCGCAGAG 

TGGCCATTACGGCC 

Pr8 CTCCAAGTCTTCTTCGGAGATAAGCTTTTGTTCGGATCCGAGGCC 

GAGGCGGCC 

Pf9 GGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCTTCGAAAT 

TCCCGACGATGTGC 

Pr9 CAAGTCTTCTTCGGAGATAAGCTTTTGTTCGGATCCCTGATTCA 

TCGCAAAGCGTGG 

Pf10 AGCACTGCTAGCATGTCTTCAATCCTTCCGTTTACTC 

Pr10 ACGTGCGGATCCGCTAACTGAAGAGCATCTAATTGAA 

Pf11 GGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCAGA 
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Table 3.2 (Continued).  
 
Pr11 CAAGTCTTCTTCGGAGATAAGCTTTTGTTCGGATCCACTATG 

Pf12 GGTGGTGGTGGTTCTGGTGGTGGTGGTTCAGCTAGCGAA 

Pr12 CAAGTCTTCTTCGGAGATAAGCTTTTGTTCGGATCCGTCCAT 

Pf13 GTTGGAGCTAGCGCGCCCGACTCTCCTGAT 

Pr13 GTTGGAGGATCCGCAGTGGTGTCTACGTTTCG 

Pf14 CGTCCGGCTAGCGAAACTGACCCAGAAGCAGAAC 

Pr14 GGTCGTGGATCCGGTTGGCCCTGGTTCGGG 

Pf15 GGTCGGGCTAGCGGACTCAGATCTAGTGGCAGC 

Pr15 GGTCGTGGATCCTGCCCCATAATCGGGTTCAGC 

Pf16 GGTTACGCTAGCCGCCTTTCAGAGCCTGTTCCA 

Pf17 GCTATCGGTACCCTATTATAATTCATCGTGTTCAAACC 

Pr17 GTACTGACCGGTGAAGACGAGGACGCACGGAGG 

Pf18 CTGACGGAATTCATGCAATTGTTGAGATGT 

Pr18 CTGATCCTCGAGCTATTACAACTCATC 

 
 

3.4.3 Magnetization of bait expressing cells  

Yeast cells co-expressing the bait and SsoFe2 were magnetized and blocked as previously 

described19. Briefly, 5x108 cells co-expressing the bait protein and SsoFe2 were incubated with 2.6 

mL of an iron oxide solution (4 mg/mL iron oxide in water) in a total volume of 13 mL using 1% 

PBSA (PBS pH 7.4, 1% BSA) for 20 minutes at room temperature. Non-magnetized cells were 

removed using a magnet. OD600 of the cells prior to the addition of the iron oxide (ODi) and after 

the removal of yeast bound to iron oxide (ODf) was measured using 100 μL of the sample. The 

number of cells bound to the iron oxide was calculated as (ODi-ODf). The magnetized cells were 

washed 3X with 1% PBSA and then aliquoted for use in each assay. The number of magnetized 
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cells aliquoted varied with the particular assay being performed. The aliquoted magnetized bait 

cells were then blocked for 1 hour using 2 mL of 1% PBSA and then washed two more times with 

0.1% PBSA (PBS  pH 7.4, 0.1% BSA). 

 
3.4.4 Luciferase-based binding quantification assays using bait-expressing magnetic yeast  

Briefly, 1x107 magnetic bait cells were incubated with varying concentrations of yeast cells 

co-expressing the prey and NanoLuc in addition to 1x109 EBY100 cells in 2 mL of 0.1% PBSAT 

(PBS pH 7.4, 0.1% BSA, 0.05% tween-20) for 1 hour. When comparing the binding of mutants 

for a signal prey concentration, only 1x107 prey cells were incubated. When generating titration 

curves to estimate binding affinity values, the number of prey cells incubated ranged from 1x105 

- 4x108 cells. After, any cells not bound to the magnetic bait cells were removed using a magnet. 

The magnetic bait cells and any bound prey cells were washed 3X with 0.1% PBSAT and then 

resuspended in 100 μL of PBS. The Nano-Glo Luciferase Assay system (Promega) was used to 

detect binding of prey cells to the immobilized bait proteins. 100 μL of the Nano-Glo reagent was 

added to the magnetic bead solution. The reaction proceeded for 3 minutes before placing the tube 

onto the magnet and plating 100 μL of the reaction in duplicate onto a 96 white-well plate with a 

clear bottom. The luminescence was read using a Tecan Infinite 200 plate reader using an 

integration time of 1000 ms, settle time of 0 ms, and no attenuation.  

A calibration curve was made for each prey construct to develop a relationship between 

luminescence signal and the number of prey cells present. Luminescence assays were carried out 

as previously described to determine the points in the calibration curve. The curve was generated 

using 1x103 - 1x106 prey cells resuspended in 100 μL of PBS. The luminescence of just PBS and 

the Nano-Glo reagent was also measured as a blank. The calibration curves were generated by 

plotting background subtracted luminescence signals vs number of cells and fitting a linear 
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regression. Accordingly, the generated calibration curve was used to predict the exact number of 

prey cells captured by the magnetic bait cells by relating the luminescence signal produced by the 

captured prey cells.  

 
3.4.5 Luciferase-based binding quantification assays using bait-functionalized magnetic 

beads  

          25 μL of Dynabeads Biotin Binder Beads (Thermo Fisher Scientific) were functionalized 

overnight with biotinylated, soluble bait protein (10.8 μM biotinylated lysozyme or 0.1 μM 

biotinylated IgG) using 0.1% PBSA. The following morning the beads were washed 3X with 0.1% 

PBSA followed by blocking in 1 mL of 1% PBSA for two hours. After, the beads were incubated 

with varying concentrations of yeast cells co-expressing the prey protein and NanoLuc along with 

1x109 EBY100 cells in 2 mL of 0.1% PBSAT for 1 hour at room temperature. After, any cells not 

bound to the bait-functionalized magnetic beads were removed using a magnet. The beads were 

washed 3X with 0.1% PBSAT and then resuspended in 100 μL of PBS. The Nano-Glo Luciferase 

Assay was performed as previously described to detect binding of the prey cells to the bait-

functionalized magnetic beads. Subsequently, a luminescence calibration curve was used to 

quantify the number of prey cells captured.  

          The lysozyme protein used as the bait was biotinylated by incubating a 3:1 molar excess of 

Ez-LinkTMSulfo-NHS-LC-Biotin (Thermo-Fisher Scientific) for two hours at 4°C. Excess reagent 

was removed through dialysis against 50 mM Tris-HCl, 300 mM NaCl pH 7.5. A BCA assay was 

used to estimate the protein concentration. Biotinylated IgG was purchased from Immunoreagents.  
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3.4.6 GOx-based binding quantification assays using bait-functionalized magnetic beads  

Magnetic beads were functionalized with lysozyme by incubating 25 μL of Dynabeads 

Biotin Binder Beads (Thermo-fisher Scientific) with 10.8 μM biotinylated lysozyme overnight at 

4°C using 0.1% PBSA. The beads were washed 2 times with 1% PBSA the next day and blocked 

with 1 mL of 1% PBSA for 3 hours at 4°C. Next, the magnetic beads were washed two times with 

0.1% PBSA followed by incubation with 1x108 cells co-expressing the prey protein and GOx along 

with 1x109 EBY100 cells in 2 mL of 0.1% PBSA for 2 hours. The prey proteins considered were 

Sso7d.BVL.Lys, Sso7d.CTL.Lys, and Sso7d.NTL.Lys as well as an irrelevant protein, Sso7d.hFc. 

After, the incubations were placed onto a magnet to isolate any cells bound to the magnetic beads. 

The magnetic beads and any associated prey cells were then washed 3X with PBS. The beads were 

resuspended in 100 μL of PBS prior to adding 100 μL of the 2X TMB solution (0.1 mg/mL TMB, 

0.4 M dextrose, 1.5 μg/mL HRP diluted in PBS). This reaction took place in the dark for 1 hour at 

room temperature before it was quenched with 50 μL of 2 M sulfuric acid. The reaction tubes were 

placed onto a magnet, and 100 μL aliquots were transferred onto a 96 well plate in duplicate. Each 

well’s absorbance was measured at 450 nm using a plate reader.  

The cell surface expression level of the co-displayed prey and GOx proteins was estimated 

using immunofluorescence detection. The expression of the prey protein was detected using a 

chicken anti-c-myc antibody (Thermo Fisher Scientific) while the expression of the GOx protein 

was detected using a mouse anti-V5 antibody (Thermo Fisher Scientific). To begin, 5x106 cells 

were labeled with a 1:100 dilution of the primary antibodies for 15 minutes at room temperature. 

After, a secondary labeling was performed using a 1:250 dilution of goat-anti-chicken 488 or a 

donkey anti-mouse 633 antibody (Immunoreagents) for 10 minutes on ice. All labelings were 
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conducted in 50 μL of 0.1% PBSA. Washes took place between each labeling. The binding of the 

antibodies was detected using a Miltenyi Biotec MACsQuant VYB cytometer.  

An activity control was also carried out for each prey construct. Briefly, 1x106 cells co-

expressing the prey and GOx were washed two times with PBS and ultimately resuspend in 100 

μL of PBS prior to the addition of 100 μL of the 2X TMB solution. The control reactions were 

allowed to proceed for 5 minutes prior to being quenched with 50 μL of sulfuric acid. The 

quenched reactions were centrifuged. 100 μL aliquots of the supernatant plated in duplicate were 

read at 450 nm using a plate reader as previously described.  

          The background absorbance associated with an equal volume mixture of PBS and the TMB 

solution at 450 nm was subtracted from each raw, experimental absorbance value. For each prey, 

the background subtracted absorbance value associated with bait-prey binding was normalized by 

first dividing by the prey cells’ mean fluorescence of c-myc expression and then dividing by the 

background subtracted absorbance of that particular prey’s activity control. These normalizations 

were performed to account for differences in prey and GOx expression levels, respectively.  

 
3.4.7 GOx-based binding quantification assays using bait expressing magnetic yeast  

          Yeast cells co-expressing hFc and SsoFe2 (pCT302-SsoFe2-T2A-hFc) were used as bait as 

previously described19. The bait cells were magnetized and blocked as previously described. 

However, tris based buffers (50 mM Tris, 300 mM NaCl pH 7.4) were used instead of PBS based 

buffers; This includes 1% TBSA (50 mM Tris, 300 mM NaCl, 1% BSA pH 7.4) and 0.1% TBSA 

(50 mM Tris, 300 mM NaCl, 0.1% BSA pH 7.4). 1x107 magnetized target cells were incubated 

with 5x108 yeast cells co-expressing the prey protein and GOx along with 1x109 EBY100 for 2 

hours at room temperature in 2 mL of 0.1% TBSA (50 mM Tris, 300 mM NaCl, 0.1% BSA pH 

7.4). The incubations were then placed onto a magnet, and unbound cells were removed. The 
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magnetic bait cells and any bound prey cells were washed 3X with 0.1% PBSA prior to being 

resuspended in 100 μL of PBS. 100 μL of the 2X TMB solution was subsequently added. The 

reaction proceeded for 1 hour in the dark prior to quenching with 50 μL of sulfuric acid. The 

reactions were placed onto a magnet and a similar process, as previously described for the magnetic 

beads, was used to measure the absorbance of the reactions. Activity control assays and flow 

cytometry analysis of the prey cells were completed as previously described for normalization.  

 
3.4.8 Semi-empirical framework to estimate KD using qYY2H 

Using the qYY2H system, titration curves were generated from bait-prey binding assays 

using luminescence quantification as described. 1x107 magnetic bait cells were used for each assay 

while the number of the number of prey cells varied from 1x105 cells - 4x108 cells. Also included 

were 1x109 EBY100 cells. The Nano-Glo assay described in the main text was used to detect 

binding of the prey cells to the magnetic bait cells. A luminescence standard curve was used to 

predict the number of prey cells captured as described in the main text. Three or four repeats were 

completed for each bait-prey pair. Prey considered with affinity for hFc included Sso7d.hFc, 

Sso7d.his.hFc, and Sso7d.ev.hFc25. Prey considered with affinity for TOM22 included 

Sso7d.TOM22.1, Sso7d.TOM22.2, NB.TOM22.1, and NB.TOM2.219. Bait cells expressing hFc 

and SsoFe2 (pCT302-SsoFe2-T2A-hFc) as well as TOM22 and SsoFe2 (pCT302-SsoFe2-T2A-

TOM22) were previously generated19. 

The number of prey cells incubated and subsequently captured were converted to a 

concentration using the following relationship: 

 
[Cell] = F

FGAD
 (Equation 3) 
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Where [Cell] is the concentration of cells in moles, N is the number of cells, NID is Avogadro’s 

number, and V is the volume the assay took place in (i.e.: 2 mL).  

Curves were generated comparing the concentration of prey cells captured vs the 

concentration of prey cells initially incubated. Using Equation 1, the concentration of bait-prey, 

yeast-yeast complexes isolated by magnetic separation was related to the concentration of prey 

cells initially incubated through a KD,MV term that is similar, but not directly analogous, to the KD 

parameter used when fitting a monovalent binding isotherm to yeast surface titrations that rely on 

soluble prey protein.  

Typically, all data points in the titration curve were used when fitting the monovalent 

isotherm. However, some data points in the titration curves for individual repeats were not 

included when fitting the non-linear regression to estimate [Max] and KD,MV values due to non-

specific binding or observation of the Hook effect. When evaluating non-specific binding, the 

slope between adjacent data points was calculated and plotted against the concentration of prey 

cells incubated. When generating this plot, the larger of the incubated prey cell concentrations, 

among the data points, was used as the x coordinate. For a given replicate, the first four slope 

points were ignored. When the slope reached ~0 (generally <0.005), we assumed that binding was 

reaching saturation. Sometimes multiple instances of a slope ~0 would occur for a particular plot. 

In these instances, we chose to not include data that occurred for concentrations higher than the 

second instance of slope ~0 to eliminate bias if the first minimum slope occurred due to error. For 

some prey, the slope increased, after reaching a minimum, therefore this data was not included 

when fitting the monovalent binding isotherm, as we assumed this increase in binding was due to 

non-specific binding. Data was also not included if the number of cells captured was significantly 

greater than the number of cells captured at the neighboring concentrations of incubated prey cells. 
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For yeast-yeast binding, Figures A.1 – A.7 in Appendix A describe the data used when fitting the 

monovalent binding isotherm to the generated titration curves for each repeat as well as the slope 

plots used to determine what data to include. For each bait-prey interaction, a global fit was used 

to estimate [Max] values for each repeat and a single KD,MV  across all repeats by minimizing the 

sum of the squared error.  

Using Equation 2, it was assumed that a quantitative relationship exists between the 

binding affinity of the monovalent bait-prey interaction (KD) and KD,MV. For each bait-prey 

considered, estimates for KD had been previously predicted by performing yeast surface titrations 

using soluble protein. We used the fitted values of  KD,MV  and the previously estimated KD values 

to calculate m for five of the bait-prey pairs. We used a random number generator to choose which 

interaction prey to consider (TOM22.NB.1, Sso7d.hFc, Sso7d.TOM22.1, Sso7d.his.hFc, 

Sso7d.ev.hFc). After, we generated a plot of comparing m and KD for the interaction pairs 

considered. This data fit a power law relationship where  

 
m = 10.277KCO.PPQR (Equation 4) 

 
 
This relationship can be inserted into Equation 2 to predict KD, MV  as a function of KD as follows 

 
KC,6D = (KC)PO.QUU*=>

+.WWXY
 (Equation 5) 

 
 
We used estimates of KD,MV for the other considered prey, Sso7d.TOM22.2 and NB.TOM22.2, to 

predict values of KD using Equation 5 to evaluate the accuracy of our developed semi-empirical 

model.   

          A relationship between [Max] and KD was also established for the five bait-prey pairs 

randomly chosen above. For each repeat, the [Max] value estimated when applying the monovalent 
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binding isotherm to the titration curve data was normalized by dividing by the average 

concentration of prey cells captured for the data included when applying the non-linear regression 

model. If a particular piece of data was not included when fitting the monovalent binding isotherm, 

then it was not used to calculate this cell capture average. For a given interaction pair, normalized 

[Max] values were averaged across the repeats. A plot was generated of the averaged, normalized 

[Max] values vs KD and a power law regression was applied. KD values were previously estimated 

for these bait-prey pairs using yeast surface titrations of soluble protein.  

A similar procedure was used to generate titration curves when soluble bait protein was 

immobilized onto magnetic beads. We only considered human IgG (hFc) as a bait when evaluating 

this system using the NanoLuc reporter, but it could be extended to other soluble bait proteins. 

First, 25 μL of Dynabeads Biotin Binder Beads were washed two times with 0.1% PBSA. After, 

the beads were incubated overnight with 100 μL of 0.1 μM biotinylated human IgG 

(Immunoreagents) diluted in 0.1% PBSA based on the manufacturer’s recommendations. The next 

day the beads were washed 3X with 0.1% PBSA followed by blocking in 1 mL of 1% PBSA for 

two hours. After, the beads were washed an additional two times in 0.1% PBSA prior to incubation 

with the prey cells and 1x109 EBY100 in 2 mL of 0.1% PBSAT. The number of prey cells 

incubated varied ranging from 1x105 cells - 4x108 cells. After separation of unbound cells and 

washing (3X with 0.1% PBSAT), the Nano-Glo assay was used to detect binding of the prey cells 

to the magnetic beads as described in the main text. Standard curves generated using known 

quantities of prey cells were used to estimate the number of prey cells captured. Three repeats were 

repeated for each prey. The monovalent binding isotherm as described in Equation 1 was fit to this 

data, in a similar manner as previously described, to estimate [Max] values for each repeat and a 

single KD,MV across all repeats for each prey. Previously described methods were used to determine 
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which points to include when applying the fit (Figures A.8-A.10). Plots of m vs KD and normalized 

[Max] vs KD were generated and fit using a power law regression as previously described (Figure 

3.8).  

 
3.4.9 Construction of a yeast displayed cDNA library with a luciferase reporter 

The Clontech Mate & Plate Library- Universal Mouse (Normalized) cDNA library was 

obtained from Takara Bio Inc. The library was grown in SDSCAA (-Leu) media at 30°C. Plasmids 

were extracted from these cells using a Zymoprep Yeast Plasmid Miniprep Kit II (Zymo Research). 

Twenty four plasmid extractions using 9x106 cells were performed. The prey DNA was amplified 

using primers Pf8 and Pr8 in 24 identical 50 μL PCR reactions to add DNA homologous with the 

pCTCON vector to the ends of the amplified prey DNA. PCR products were combined and purified 

using phenol:chloroform extraction. DNA was concentrated using ethanol precipitation where a 

1/10 volume of potassium acetate was added to the extracted DNA along with 10 μL of linear 

acrylamide followed by 2 volumes of ice-cold ethanol. The mixture was incubated at -20°C 

overnight followed by centrifugation at 15,000 g for 10 minutes the next day. After, the pellet was 

washed once with 70% ethanol followed by a 100% ethanol wash and allowed to dry prior to 

resuspension in water. PCR amplification and the DNA purification/concentration steps were 

repeated to obtain enough DNA for library construction.  

In parallel, the NanoLuc protein was cloned into a dual display T2A construct that uses 

pCTCON as its backbone to generate pCTCON-T2A-NanoLuc. A similar procedure was used as 

described for the pCT302-T2A-NanoLuc construct. However, the pCTCON-T2A-SSoFe2-hFc 

construct as previously described in Bacon et al. was digested19. 40 μg of pCTCON-T2A-NanoLuc 

was digested with NheI and BamHI and concentrated by phenol:chloroform extraction and ethanol 

precipitation.  
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The yeast-displayed cDNA library was generated by completing four electroporation 

reactions using a Bio-Rad Gene Pulser system (Bio-Rad) where 12 μg of amplified cDNA PCR 

product and 4 μg of digested vector was added to 400 μL of electrocompetent EBY100 cells. The 

electroporation settings used were 2.5 KV, 25 µF, and 250 Ω. An additional electroporation using 

only the digested vector was also performed. The number of transformed cells was estimated as 

1x107 as determined by plating serial dilutions of the combined transformation reactions onto 

SDCAA plates. However, the manufacturer of the cDNA library used for prey DNA amplification 

listed the diversity of their library as 6.64x106.  

 
3.4.10 Plasmid construction for dual display of bait protein and SsoFe2 as yeast surface 

fusions 

          The cDNA library screens were carried out against magnetic yeast co-displaying the bait 

protein and SsoFe2. To generate these cells, DNA encoding the bait proteins was cloned into the 

pCT302-SsoFe2-T2A-TOM22 plasmid between the NheI and BamHI sites as previously 

described19. This plasmid confers the concurrent display of a target protein of interest and SsoFe2 

as Aga2-yeast surface fusions using a T2A ribosomal skipping peptide. The bait proteins cloned 

into this construct include the WW domain of YAP (F164 – Q270) and SMAD3 by amplifying 

from gene block 3 using primers Pf9 and Pr9 and gene block 4 using Pf10 and Pr10, respectively. 

The WW domains of YAP were cloned using homologous recombination while SMAD3 was 

cloned via restriction digest using the NheI and BamHI sites. For homologous recombination, 200 

ng of cut plasmid and 250 ng of insert were transformed into competent EBY100 cells generated 

using the Frozen-EZ Yeast Transformation Kit II. The plasmid and insert were concentrated using 

ethanol precipitation to ensure the total volume of DNA used in the transformation was less than 

5 μL.  
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3.4.11 Screening a yeast-displayed cDNA library with a luciferase reporter to discover 

putative PPIs 

          Two rounds of magnetic sorting were carried out to isolate putative binders to SMAD3 and 

the WW domains of YAP. In these sorts, the bait protein was displayed on the surface of magnetic 

yeast cells. For the first screening round, 5x107 magnetic bait cells were prepared as previously 

described followed by incubation with 1x108 induced cDNA, NanoLuc library cells and 1x109 

EBY100 cells in 2 mL of 0.1% PBSAT for 2 hours at room temperature. Any library cells bound 

to the magnetic bait cells were isolated using a magnet followed by washing with 0.1% PBSAT 

(5X) prior to expansion in 20 mL of SDCAA (-TRP) media.  

          In the second magnetic screening round, 5x106 magnetic bait cells were incubated with 

1x107 library cells from the first screening round and 1x109 EBY100 cells. The library cells bound 

to the magnetic bait cells were expanded in 5 mL of SDCAA (-TRP) media after washing. DNA 

was recovered from 30 individual clones using a Zymoprep Yeast Plasmid Miniprep II kit (Zymo 

Research) and sequenced. Additional details can be found in the supplemental methods. 

 
3.4.12 Cloning to perform qYY2H assays on identified cDNA bait-prey pairs 

          Some clones obtained from the cDNA screens were initially out of frame with the luciferase 

DNA due to the length of their poly A tail. For these constructs, the protein encoded by the cDNA 

was expressed correctly on the yeast surface, but luciferase was not displayed. Cloning was carried 

in a similar fashion as previously described using primers that changed the length of each clone’s 

poly A tail. DNA encoding the in frame clones was inserted between the NheI and BamHI sites of 

pCTCON-T2A-NanoLuc.  

All positive control peptides and proteins were cloned into the pCT302-T2A-NanoLuc 

construct via the NheI and BamHI sites as previously described. PTCH was amplified using gene 
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block 5 with primers Pf11 and Pr11 while SMAD7 was amplified using gene block 6 with primers 

Pf12 and Pr12. The inserts were incorporated into the plasmid backbone using homologous 

recombination as previously described. The SMAD binding domain of SARA (A664 – C720) was 

amplified from gene block 7 using primers Pf13 and Pr13 and inserted into the plasmid backbone 

using restriction digest cloning via the NheI and BamHI sites.  

 
3.4.13 qYY2H assays to analyze identified cDNA bait-prey pairs 

          A similar procedure as the other qYY2H assays was performed where 1x107 magnetic bait 

cells (SMAD3 or WW domains of YAP) were incubated with 1x107 prey cells co-expressing 

NanoLuc for 1 hour at room temperature along with 1x109 EBY100. Complete titration curves 

were generated for prey cells expressing BRD7 and GGNBP2 binding to magnetic bait cells 

expressing SMAD3 as previously described. The individual titration curves from each repeat are 

described in Figures A.11-A.12 along with details on which points were included when fitting the 

monovalent binding isotherm to predict KD,MV. Equation 5 was used to estimate KD values for these 

prey.  

 
3.4.14 Cloning for analysis of bait-prey pairs that depend on post-translational modifications 

          All prey proteins were cloned into pCTCON-T2A-NanoLuc construct via the NheI and 

BamHI sites as previously described. The SH2 domains of APS (E400 – T526) were amplified 

using gene block 8 with primers Pf14 and Pr1463. tSH2 was amplified using primers Pf15 and Pr15 

while cSH2 and mSH2 were amplified using primers Pf16 and Pr15. SPY992 was amplified using 

primers Pf4 and Pr4. The DNA encoding tSH2, cSH2, mSH2, and SPY992 was amplified from 

plasmids described in Tiruthani et al 68.  
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          The plasmid conferring expression of an EGFR peptide (F1163 – F1183, assuming no signal 

peptide) phosphorylated at the 1173 tyrosine was cloned in multiple steps. First, gene block 9 was 

amplified with primers Pf17 and Pr17. This DNA piece was inserted into the pCTCON plasmid 

via the AgeI and KpnI sites to generate pCTCON-AblTK. This part of the plasmid affords 

expression of the Abelson tyrosine kinase (AblTK) in the endoplasmic reticulum under the 

direction of the Gal10 promoter. Next, gene block 10 was amplified with primers Pf18 and Pr18 

and inserted into the pCTCON-AblTK plasmid via the EcoRI and XhoI sites to generate pCTCON-

AblTK-EGFR-T2A. Gene block 10 encodes the EGFR peptide substrate to be modified by AblTK 

as an Aga2 fusion as well as an Aga2-SsoFe2 fusion both under the direction of the Gal1 promoter. 

The DNA encoding the EGFR peptide substrate and SsoFe2 fusions are separated by a T2A 

ribosomal skipping peptide sequence that affords separate products of these two fusions after 

translation. N-terminal ER targeting tags are included for all expressed proteins as well as C-

terminal ER retention tags to increase the residence time of the proteins within the ER. The final 

plasmid construct is described in Figure 3.11.  

In a similar manner, pCTCON-EGFR-T2A was generated by only inserting gene block 10 

between the EcoRI and XhoI sites of pCTCON. This plasmid encodes a non-phosphorylated 

version of the described EGFR peptide as well as SsoFe2 as Aga2-yeast surface fusions.  

 
3.4.15 qYY2H assays for binding analysis of bait-prey pairs that depend on post-

translational modifications 

Yeast cells containing the pCTCON-AblTK-EGFR-T2A plasmid were induced for protein 

expression for at least 24 hours at 20°C. These bait cells were magnetized as previously described. 

A similar procedure as the other qYY2H assays was performed where 1x107 magnetic bait cells 
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were incubated with 1x107 prey cells co-expressing NanoLuc for 1 hour at room temperature along 

with 1x109 EBY100.  

A fraction of cells from the population that co-expresses Abelson kinase and the substrate 

peptide (pCTCON-AblTK-EGFR-T2A) will display non-phosphorylated peptides. Accordingly, 

flow cytometry analysis was used to estimate the percentage of peptide displaying cells that are 

express phosphorylated versions of the peptide. Peptide display, irrespective of phosphorylation 

state, was analyzed by labeling with an anti-c-myc antibody. Display of the phosphorylated peptide 

was analyzed by labeling with an anti-phosphotyrosine antibody. Briefly, 2x106 cells were labeled 

with a 1:100 dilution of chicken anti-c-myc antibody (Thermo Fisher Scientific) or a 1:50 dilution 

of Alexa Fluor 647 anti-phosphotyrosine (Biolegend) for 15 minutes at room temperature. 

Subsequently, cells were washed and secondary labeling was carried out for the cells labeled with 

the anti-c-myc antibody using a 1:250 dilution of goat-anti-chicken 488 (Immunoreagents) for 10 

minutes on ice. All labeling were conducted in 50 µL of 0.1% PBSA, and washes with 0.1% PBSA 

took place after each labeling. Cells were analyzed using a Miltenyi Biotec MACsQuant VYB 

cytometer. The cells were not double labeled for c-myc and phosphorylation expression as it was 

observed that the binding of the anti-phosphotyrosine antibody decreased during double labeling 

due to steric hindrance. Similar analysis was completed for cells containing the pCTCON-EGFR-

T2A plasmid (no modifying enzyme) to quantify their c-myc expression. For the pCTCON-

AblTK-EGFR-T2A cells, 75.2% of the total cell population expressed a peptide while only 37.6% 

of the total cell population expressed a phosphorylated version of the peptide (Figures 3.12A-B). 

Therefore, only around ~50% of the peptide-displaying pCTCON-AblTK-EGFR-T2A cells are 

actually displaying a phosphorylated version of the peptide.  
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Prey cell recovery by the phosphorylated bait cell population was normalized by the 

percentage of peptide-displaying cells expressing a phosphorylated version of the peptide. This 

normalization took place as it is likely a higher number of prey cells could have been recovered if 

all cells within the bait population displayed a phosphorylated version of the EGFR peptide.  
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CHAPTER 4 

Use of Target-Displaying Magnetized Yeast in Screening mRNA-Display Peptide Libraries 
to Identify Ligands 

 
 
 
 
 
 
Adapted from Bacon K, Bowen J, Reese H, B.M Rao, and Menegatti S. (2020) Use of Target-
Displaying Magnetized Yeast in Screening mRNA Display Peptide Libraries to Identify Ligands. 
ACS Combinatorial Science 22(12): 738-744. 
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4.1 Introduction 

          Cell-free combinatorial libraries, such as ribosomal- and mRNA-display, are attractive tools 

in ligand discovery owing to their chemical diversity and ease of post-translational modifications1. 

In the mRNA-display platform, a peptide sequence is connected to its coding mRNA via a 

puromycin linkage2. The mRNA is reverse transcribed to form mRNA-cDNA-peptide fusions that 

can be used in library screening to identify peptide affinity ligands. Following library selection, 

the DNA linked to the peptide fusions that bind the target is amplified and sequenced. This 

technology is widely utilized in the discovery of short peptides3, which are of great interest for use 

as tags or modulators of protein-protein interactions4; short peptides are also amenable to post-

translational modifications, such as cyclization, which typically imparts higher target binding 

affinity and proteolysis resistance5. In prior work, our group developed a method to generate 

mRNA-display libraries of cyclic peptides via head-to-side chain chemical crosslinking of peptide-

mRNA fusions adsorbed on a solid phase6. 

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

protein conjugated onto synthetic magnetic nanoparticles6. Generally, recombinant expression and 

subsequent purification is required to obtain a soluble form of the target protein to be immobilized. 

As an alternative, the target protein can be expressed as a yeast cell surface fusion using the yeast 

surface display platform.7 The use of yeast-displayed targets is particularly impactful for proteins 

that require a eukaryotic host for appropriate expression8. Yeast-displayed targets have been 

employed to identify binding proteins specific to membrane protein targets from both phage- and 

yeast-display libraries7,9. However, their use in screening mRNA-display libraries has not been 

previously explored.  
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         The use of yeast-displayed targets for screening mRNA-display libraries poses a challenge: 

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, 

removal of the unbound fusions is tedious. Unbound fusions from even small amounts of residual 

liquid may lead to a significant fraction of false positives. This highlights the need for improved 

isolation techniques capable of reducing carryover and increasing selection stringency. 

 

 

Figure 4.1. Selection of a mRNA-display peptide library against non-specifically magnetized target yeast cells. Yeast 
cells expressing WW-YAP or TOM22 were incubated with iron oxide magnetic nanoparticles (ION magnetic beads). 
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. After, the positively bound mRNA-display peptide fusions were eluted from the 
target cells. DNA linked to the eluted clones was amplified, and a new library was synthesized using this DNA as the 
template for the next round of screening. Additional rounds of selection against the target cells were performed. The 
stringency of elution increased for each selection round. 
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          To address this challenge, this work presents the use of magnetized yeast cells as protein-

display particles to increase the efficiency of isolating lead mRNA-peptide fusions (Figure 4.1). 

Yeast are magnetized by adsorbing iron oxide nanoparticles (IONs) onto anionic moieties that 

constellate on the cell wall in a pH-controlled environment10. Yeast expressing proteins with 

varying isoelectric points can be magnetized by adjusting the pH of the buffer in which the IONs 

are adsorbed11. 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 generally takes place at a pH of 7.4. If yeast cells are magnetized at a different 

pH, IONs can dissociate when the magnetic yeast cells are incubated in the selection buffer. 

mRNA-peptide hybrids associated with a demagnetized yeast cell are subsequently lost. 

Nonetheless, more than 50% of non-specifically magnetized cells maintain their magnetized state 

over the course of a selection7. As an alternative, affinity-based magnetization methods can be 

used, which result in lower losses due to target cell de-magnetization (~30% loss)7. 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 cell12,13) ensure ample 

contact between the library and the target proteins. Also, because there are multiple copies of each 

peptide in the library, it is likely that any peptide with affinity for the target will 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 peptides with affinity for mitochondrial 

surface protein TOM22. TOM22 is a mitochondrial membrane protein involved in the recognition 

and translocation of mitochondrial pre-proteins produced in the cytosol14. Peptides with affinity 

for TOM22 have the potential be used for targeted delivery of therapeutic payloads to treat patients 
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with mitochondrial deficiencies15. TOM22 was expressed on the surface of EBY100 yeast using 

the yeast surface display platform (surface expression levels detailed in Figure 4.2)16. The cells 

were magnetized with IONs and utilized as targets during subsequent selections of mRNA-display 

peptide libraries.  

 

Figure 4.2. Expression of TOM22 on the surface of yeast. Expression levels were quantified through the 
immunofluorescent detection of a fused c-myc tag. In the plasmid used for yeast display, a c-myc tag is included that 
is c-terminal to surface expressed WW-YAP and TOM22. To analyze expression, yeast cells displaying WW-YAP or 
TOM22 were labeled with an anti-c-myc antibody. Goat-anti-chicken-488 was used to detect binding of the anti-c-
myc antibody via flow cytometry.  
 
 
4.2 Results and Discussion 

4.2.1 Screening a mRNA-display library of cyclic peptides against magnetic yeast displaying 

target protein 

A mRNA-display library of cyclic peptides was constructed using a previously developed 

method of head-to-side chain cyclization that employs a glutarate linker to tether amine groups 

within methionine and lysine residues flanking the variable peptide segment (NNN 

degeneracy)6,17. Prior to selecting against target yeast cells, the library was negatively screened 

against magnetized yeast displaying a non-target protein (i.e., Fc portion of human IgG, hFc) to 

remove fusions bound to non-specific, yeast surface proteins. Throughout the library selection 

process, the stringency of the elution conditions was increased to promote isolation of high-affinity 
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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 cDNA linked to the isolated mRNA-peptide fusions was amplified to generate a focused sub-

library for subsequent screening rounds. We noted that, during the generation of the sub-libraries, 

heptamer and decamer sequences emerged. While potentially present as minor contaminants in the 

original library, these longer peptides may have outcompeted the original pentamers; the longer 

peptides likely benefit from a higher enthalpic contribution to their binding free energy due to the 

presence of more residues that can contact the target protein. Accordingly, the longer peptides 

were identified as lead fusions after multiple rounds of selection. 

 
4.2.2 Isolation of cyclic peptides specific to TOM22 

After five rounds of selection of the mRNA-display cyclic peptide library against magnetic 

yeast displaying TOM22, ten individual colonies were sequenced, and seven complete sequences 

were returned (Figure 4.3A). The majority of these sequences exhibit an overall positive charge, 

which likely promotes interaction with negatively charged TOM22 (isoelectric point ~4)18. Only 

two of the isolated sequences exhibit either a neutral or negative overall charge, TOM22.4 and 

TOM22.7 respectively. The anionic character of TOM22 is instrumental for protein translocation 

across mitochondria, as translocating proteins contain positively charged pre-sequences. Previous 

studies identified a TOM22-binding peptide, KTGALLLQ19, which is cationic and rich in 

hydrophobic residues, like the sequences identified in our selection. Another TOM22-binding 

sequence identified in the same study, LCTKVPEL, contains 1 cationic and 1 anionic residue, and 

a balance of hydrophobic and hydrophilic amino acids, similar to cyclo[M-PELNRAI-K] 
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identified in this work. Based on the diversity of these previously identified TOM22-binding 

peptides, it is not surprising that we also isolated a diverse set of peptides from our screens.  

 
4.2.3 Binding specificity evaluation of isolated cyclic peptides for TOM22 using a luciferase 

based binding assay 

We resolved to study the TOM22 binding of cyclo[M-PELNRAI-K]. The chemical 

diversity of this peptide, which contains positively (R) and negatively charged (E), polar (N), and 

hydrophobic (A, I, L, and P) residues, is conducive to TOM22-binding by true affinity. Briefly, 

yeast cells co-expressing TOM22 and luciferase were incubated with magnetic beads 

functionalized with cyclo[M-PELNRAI-K] in the presence of non-displaying EBY100 yeast cells, 

which were included to reduce non-specific binding. Yeast cells bound to the peptide-

functionalized beads were isolated using a magnet and subjected to a luminescence-based assay, 

wherein the luminescence signal is proportional to the number of TOM22-displaying cells 

captured by the magnetic beads. A study by Bacon et al. describes how this assay can be used to 

quantitatively rank ligands with different affinities for a target protein20; the correlation between 

the number of TOM22-displaying cells and luminescence signal is reported in a calibration curve 

detailed in Figure 4.4. 

We also considered the binding of cells co-displaying a non-target protein (c-Kit) and 

luciferase to magnetic beads functionalized with peptide cyclo[M-PELNRAI-K]. We observed 

that TOM22+ yeast cells were captured by the peptide-functionalized beads at a statistically (~4.5-

fold) higher level than TOM22—/c-KIT+ cells (Figure 4.3B), suggesting that cyclo[M-PELNRAI-

K] is selective for TOM22. Based on the capture levels of the TOM22+ cells by the magnetic 

peptide beads, in comparison to other protein interactions studied previously using this luciferase 

assay, it is likely that the binding strength of the TOM22:cyclo[M-PELNRAI-K] complex is rather 
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moderate20. Nonetheless, the described luminescence-based assay was capable of detecting mild 

interactions owing to the multi-point binding mechanism (avidity) between cells and the peptide-

functionalized beads as well as the inherent sensitivity of the luciferase reporter. Due to its low 

affinity, we did not evaluate this peptide in the context of targeted delivery to mitochondria. 

 

 

Figure 4.3. Identified TOM22-binding cyclic peptides and specificity characterization. (A) Amino acid sequences of 
peptides isolated from the selection of a mRNA-display cyclic peptide library against yeast-displayed TOM22.  (B) 
Recovery of yeast cells displaying TOM22 or c-Kit by magnetic beads functionalized with cyclo[M-PELNRAI-K]. 
Yeast cells expressing TOM22 or c-Kit also displayed an engineered luciferase protein as a yeast surface fusion. Cell 
capture was quantified as a function of the luminescence signal produced by the recovered population using a 
generated luminescence standard curve. * represents p < 0.05 for a two tailed, paired t-test in comparison to the 
recovery of c-Kit displaying yeast cells. 
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Figure 4.4. Calibration curves used to correlate luminescence signal to the number of cells incubated. Curves were 
generated for cells expressing TOM22 (A) or c-Kit (B). These cells also co-expressed a luciferase protein. For each 
repeat, a new calibration curve specific to each cell type was generated. A linear regression was fit to the data to relate 
the number of cells present (C) to the produced luminescence signal (L). This relationship was used to estimate the 
number of TOM22 or c-Kit cells captured by the peptide functionalized magnetic beads based on the luminescence 
signal produced by the isolated cells. 
 
 

Here, we have demonstrated the isolation of cyclic peptide affinity ligands for TOM22 by 

combinatorial screening of mRNA display libraries using magnetic yeast displaying the target 

proteins. This method was also used to identify cyclic peptide affinity ligands for a different protein 

target, the WW domains of YAP (data not shown). 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 length21. It is however possible to enhance the affinity of peptide ligands selected 

combinatorially to reach a low-μM/high-nM range by adjusting the sequence length of the protein-

binding segment to increase the enthalpic component of the binding energy21. Care should be taken 

in adjusting the protein-binding segment of cyclic peptides 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 throughout the successive screening rounds, and only the elution conditions were 
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adjusted; alternatively, competitive conditions can be adopted when incubating the library with the 

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

concentration, and pH of the selection buffer. Additional wash steps can also be performed to 

eliminate weak-affinity binders. 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 larger 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 peptides22; nonetheless, this work has shown that specific binding peptides can be 

identified using fewer rounds of screening.  

 
4.3 Conclusions 

          Collectively, our results show that the use of magnetic yeast displaying a target protein is an 

effective tool to increase the throughput of library screening. Our approach limits the need for 

recombinant soluble protein and provides an alternative approach for screening mRNA display 

libraries. The use of yeast-displayed targets will be most effective for proteins that do not require 

complex post-translational modifications for their function, since glycosylation patterns may vary 

between yeast and other higher order eukaryotes. 

4.4 Materials and Methods 

4.4.1 Plasmids and yeast culture 

          The pCTCON and pCT302 vectors containing TRP or LEU selectable markers, respectively, 

were 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 plasmid1. Similarly, cells harboring 
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pCT302 plasmids were grown and induced with Leu-deficient SDSCAA (-Leu) and SGSCAA (-

Leu) media.2 Both Trp-deficient and Leu-deficient media have similar compositions. However, the 

Leu-deficient media does not contain casamino acids, but rather uses synthetic dropout mix (1.62 

g/L; US Biological Life Sciences) 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 SGSCAA medium at an OD600 of 1 and incubated 

overnight at 20 °C with shaking at 250 rpm. 

 
4.4.2 Plasmid construction for display of proteins as yeast surface fusions  

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

negative selections of the mRNA display libraries as yeast surface fusions. These proteins were 

encoded as fusions to Aga2, a yeast cell mating protein. pCTCON-TOM22, affording the 

expression of TOM22, was constructed by amplifying gene block 1 with Pf1 and Pr1. Similarly, 

pCTCON-hFc, affording the expression of hFc (Fc portion of human IgG), was constructed by 

amplifying gene block 2 with primers Pf2 and Pr2. DNA amplified from gene blocks 1 and 2 were 

inserted into pCTCON between the NheI and BamHI cut sites.   

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 Table 4.1-4.2, respectively. 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 enzyme 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 appropriate 

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 
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9K series gel and PCR extraction kit (BioBasic). Overnight ligations using T4 DNA ligase 

(Promega) were performed with the digested plasmid backbones and 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 plasmid from overnight E.coli 

cultures. 

Table 4.1. List of gene fragments described in Chapter 4.  
 
Gene Block 1 GCTGCCGCCGTCGCTGCTGCCGGTGCAGGGGAACCCCAGTCCCCG

GACGAATTGCTCCCGAAAGGCGACGCGGAGAAGCCTGAGGAGGA
GCTGGAGGAGGACGACGATGAGGAGCTAGATGAGACCCTGTCGG
AGAGACTATGGGGCCTGACGGAGATGTTTCCGGAGAGGGTCCGGT
CCGCGGCCGGAGCCACTTTTGATCTTTCCCTCTTTGTGGCTCAGAA
AATGTACAGGTTTTCCAGGGCA 

Gene Block 2 CCCAAATCTTGTGACAAAACTCACACATGCCCACCGTGCCCAGCA
CCTGAACTCCTGGGGGGACCGTCAGTCTTCCTCTTCCCCCCAAAAC
CCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACATGCG
TGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACT
GGTACGTGGACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGC
GGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGCGTCCTCA
CCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCA
AGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCT
CCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGC
CCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCT
GCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGG
AGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCCC
GTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCG
TGGACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCG
TGATGCATGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCT
CCCTGTCTCCGGGTAAA 
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Table 4.1 (Continued).  
 
Gene Block 3 CAACCATCTGTGAGTCCAGGGGAACCGTCTCCACCATCCATCCATC

CAGGAAAATCAGACTTAATAGTCCGCGTGGGCGACGAGATTAGGC
TGTTATGCACTGATCCGGGCTTTGTCAAATGGACTTTTGAGATCCT
GGATGAAACGAATGAGAATAAGCAGAATGAATGGATCACGGAAA
AGGCAGAAGCCACCAACACCGGCAAATACACGTGCACCAACAAA
CACGGCTTAAGCAATTCCATTTATGTGTTTGTTAGAGATCCTGCCA
AGCTTTTCCTTGTTGACCGCTCCTTGTATGGGAAAGAAGACAACGA
CACGCTGGTCCGCTGTCCTCTCACAGACCCAGAAGTGACCAATTAT
TCCCTCAAGGGGTGCCAGGGGAAGCCTCTTCCCAAGGACTTGAGG
TTTATTCCTGACCCCAAGGCGGGCATCATGATCAAAAGTGTGAAA
CGCGCCTACCATCGGCTCTGTCTGCATTGTTCTGTGGACCAGGAGG
GCAAGTCAGTGCTGTCGGAAAAATTCATCCTGAAAGTGAGGCCAG
CCTTCAAAGCTGTGCCTGTTGTGTCTGTGTCCAAAGCAAGCTATCT
TCTTAGGGAAGGGGAAGAATTCACAGTGACGTGCACAATAAAAGA
TGTGTCTAGTTCTGTGTACTCAACGTGGAAAAGAGAAAACAGTCA
GACTAAACTACAGGAGAAATATAATAGCTGGCATCACGGTGACTT
CAATTATGAACGTCAGGCAACGTTGACTATCAGTTCAGCGAGAGT
TAATGATTCTGGAGTGTTCATGTGTTATGCCAATAATACTTTTGGA
TCAGCAAATGTCACAACAACCTTGGAAGTAGTAGATAAAGGATTC
ATTAATATCTTCCCCATGATAAACACTACAGTATTTGTAAACGATG
GAGAAAATGTAGATTTGATTGTTGAATATGAAGCATTCCCCAAAC
CTGAACACCAGCAGTGGATCTATATGAACAGAACCTTCACTGATA
AATGGGAAGATTATCCCAAGTCTGAGAATGAAAGTAATATCAGAT
ACGTAAGTGAACTTCATCTAACGAGATTAAAAGGCACCGAAGGAG
GCACTTACACATTCCTAGTGTCCAATTCTGACGTCAATGCTGCCAT
AGCATTTAATGTTTATGTGAATACAAAACCAGAAATCCTGACTTAC
GACAGGCTCGTGAATGGCATGCTCCAATGTGTGGCAGCAGGATTC
CCAGAGCCCACAATAGATTGGTATTTTTGTCCAGGAACTGAGCAG
AGATGCTCTGCTTCTGTACTGCCAGTGGATGTGCAGACACTAAACT
CATCTGGGCCACCGTTTGGAAAGCTAGTGGTTCAGAGTTCTATAGA
TTCTAGTGCATTCAAGCACAATGGCACGGTTGAATGTAAGGCTTAC
AACGATGTGGGCAAGACTTCTGCCTATTTTAACTTTGCATTTAAAG
GTAACAACAAAGAGCAAATCCATCCCCACACCCTGTTCACTCCT 
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Table 4.2. List of oligonucleotide primers described in Chapter 4.  
 
 Sequence 
Pf1 GTTCTCGCTAGCGCTGCCGCCGTCGCTG 
Pr1 GCACTTGGATCCTGCCCTGGAAAACCTGTACATTT 
Pf2 GTTGACGCTAGCCCCAAATCTTGTGACAAAACTCACA 
Pr2 GCACTTGGATCCTTTACCCGGAGACAGGGAGA 
Pf3 GCAAATTTCTAATACGACTCACTATAGGGACAATTACTATTTACAATTAC 
Pr3 ATAGCCGGTGCCAGATCCAGACATTCCCATATGGTGATGGT 
Pf4 GTTGACGCTAGCCAACCATCTGTGAGTCCAGGG 
Pr4 GCACTTGGATCCAGGAGTGAACAGGGTGTGGG 

 
 
4.4.3 Surface expression analysis 

Cell surface expression levels of TOM22 as an Aga2 fusion was estimated using 

immunofluorescence detection. A c-myc tag is encoded as a c-terminal fusion to the displayed 

proteins. Accordingly, the expression of each protein fusion was detected using a chicken anti-c-

myc antibody (Thermo Fisher Scientific). To begin, 5x106 cells were labeled with a 1:100 dilution 

of the primary antibody for 15 minutes at room temperature. After, a secondary labeling was 

performed using a 1:250 dilution of goat-anti-chicken 488 (Immunoreagents) for 10 minutes on 

ice. All labelings were conducted in 50 μL of 0.1% PBSA. Washes took place between each 

labeling. The binding of the antibodies was detected using a Miltenyi Biotec MACsQuant VYB 

cytometer.  

 
4.4.4 Construction of the cyclic peptide mRNA-display libraries 

           mRNA display libraries of randomized peptides were constructed using previously 

described protocols for guidance3,4. Oligonucleotides 1-3 (Table 4.3) encoding either a 

pentapeptide (MX1X2X3X4X5K), heptapeptide (MX1X2X3X4X5X6X7K), or decapeptide 

(MX1X2X3X4X5X6X7X8X9X10K) library were PCR-amplified using primers Pf3 and Pr3 (Table 

4.2) X represents any of the 20 amino acids. All oligonucleotides and primers were purchased from 
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IDT. 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 μM 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.  

 
Table 4.3. Oligonucleotides encoding randomized peptides described in Chapter 4. 
 
 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' 

 
 
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 extraction 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 

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 
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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 

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 
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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 

hours 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 adding 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 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.  
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The cyclized, oligo(dT) purified product underwent a reverse transcription reaction the 

following day. Initially, 25 μL of 100 μM 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. 

 
4.4.5 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 in water) for 30 minutes at room 

temperature. Yeast cells displaying TOM22 were magnetized in 50 mM sodium acetate pH 5, 50 

mM NaCl buffer. Yeast cells displaying hFc were magnetized in 50 mM Tris-HCl pH 7.4, 300 
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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 were used as targets in the selection of mRNA display libraries. 

 
4.4.6 mRNA-display screening to identify affinity peptides using magnetic yeast target 

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

peptide binders to TOM22. Five rounds of screening were performed. During each round, a 

negative selection was initially performed against yeast cells expressing hFc. The mRNA-cDNA-

peptide fusions were incubated with 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 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 or 

TOM22. After a 1-hour incubation, the selection mixture was placed on a magnet and the 
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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 cDNA associated with the eluted fusions 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. For elution, peptide 

bound cells 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 by 2X incubation in 0.15 M potassium 

hydroxide for 1 hour at room temperature. The library was remade for the next screening round 

with cDNA obtained after elution using potassium hydroxide to bias the isolation of 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. All eluates 

were neutralized using 5N HCl. 

 
4.4.7 Library reconstruction for subsequent screening rounds 

          For each elution condition, the mRNA-cDNA-peptide fusions eluted in each incubation 

were pooled together. For rounds three through five, only the fusions eluted using the harsher 

potassium hydroxide buffer were pooled and precipitated for DNA amplification. cDNA was 

precipitated using ethanol precipitation and 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 Pf3 and Pr3. A 50 μL PCR reaction 
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was performed containing 1 U Phusion HF DNA polymerase, 1X HF Phusion buffer, 0.2 mM 

dNTPS, 0.2 μM 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 amplified 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. 

 
4.4.8 Specificity analysis of a TOM22 binding peptide using a luminescence binding assay 

          The specificity of cyclo[M-PELNRAI-K] for TOM22 was evaluated using a luminescence 

based binding assay that takes advantage of a luciferase reporter to quantify recovery40. We used 

plasmids that afford the co-expression of a target protein and NanoLuc, an engineered luciferase. 

Previously described plasmid pCT302-T2A-NanoLuc was digested between its NheI and BamHI 

sites.40 Gene block 1 encoding the DNA for TOM22 was amplified using primers Pf1 and Pr1, 

digested, and inserted into the digested plasmid backbone to create pCT302-TOM22-T2A-
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NanoLuc. Similarly, Gene block 3 encoding the DNA for the extracellular domain of c-Kit was 

amplified using primers Pf4 and Pr4, digested, and inserted into the digested plasmid backbone to 

construct pCT302-cKit-T2A-NanoLuc.  

Peptide cyclo[M-PELNRAI-K] was synthesized in its cyclic form by the UNC High-

Throughput Peptide Synthesis and Array facility. The synthesized peptide included a C-terminal 

biotin and was cleaved from resin. The peptide was purified by RP18 HPLC (purity 95%) and its 

mass was confirmed by MALDI mass spec.  

cyclo[M-PELNRAI-K] was immobilized onto the surface of magnetic streptavidin beads. 

Briefly, 25 μL of magnetic biotin binder DyanbeadsTM (Invitrogen) were washed 2X with 0.1% 

PBSA. After, the beads were incubated with 11 μM of the TOM22 binding peptide overnight in a 

total volume of 100 μL using 0.1% PBSA at 4°C. The next morning the beads were washed 3X 

with 0.1% PBSA followed by an hour incubation in PBS pH 7.4, 1% BSA for blocking. The beads 

were then washed 2X with 0.1% PBSA, 0.05% tween-20 (0.1% PBSAT). Subsequently, the 

functionalized beads were incubated with either 1x107 cells co-expressing TOM22 and NanoLuc 

or c-Kit and NanoLuc in a total volume of 2 mL using 0.1% PBSAT for 1 hour at room 

temperature. Also included were 1x109 EBY100 cells to reduce non-specific binding. When the 

incubation was complete, the beads were washed 3X with 0.1% PBSAT and then resuspended in 

100 μL of PBS.  

The binding of the cells to the functionalized magnetic beads was detected using the Nano-

Glo Luciferase Assay system (Promega). 100 μL of the reconstituted reagent was incubated with 

the magnetic beads. The reaction proceeded for 3 minutes. After, the tube was placed on a magnet 

and 100 μL of the supernatant was plated onto a 96 white-well plate with a clear bottom (Corning) 
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in duplicate. A Tecan Infinite 200 Plate Reader was used to read the luminescence signal with the 

following settings: integration time of 1000 ms, settle time of 0 ms, and no attenuation.  

Calibration curves were made for the TOM22 and c-Kit reporter cells to develop a 

relationship between luminescence signal and number of reporter cells incubated. A known 

number of reporter cells ranging from 1x105 - 1x107 were resuspended in 100 μL of PBS. 

Luminescence assays were carried out as previously described for each concentration of cells to 

determine the points in the calibration curve. The luminescence of an equal volume of PBS and 

the Nano-Glo Luciferase Assay Reagent was also considered as a blank. Background subtracted 

luminescence signals were plotted against the number of reporter cells incubated to generate a 

standard curve. A linear regression was also fit to the data points. For each pull down assay, the 

fitted linear regression was used to estimate the number of reporter cells captured by the peptide 

functionalized beads using the luminescence signal produced by the captured cells. 
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CHAPTER 5 

Isolation of Chemically Cyclized Peptide Binders Using Yeast Surface Display 
 
 
 
 
 
 
Adapted from Bacon K, Blain A, Burroughs M,  McArthrur N, B.M Rao, and Menegatti S. (2020) 
Isolation of Chemically Cyclized Peptide Binders Using Yeast Surface Display. ACS 
Combinatorial Science 22(10): 519-532. 
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5.1 Introduction 

Cyclic peptides have emerged as a promising class of affinity ligands for use in basic 

research as well as diagnostic and therapeutic applications1–4 owing to their favorable properties 

such as higher binding affinity5 and stability relative to linear peptides6,7. In particular, they are 

ideal for inhibiting protein-protein interactions as their small size and modularity allows them to 

interact efficiently with viable binding sites on protein surfaces8. Other attractive features of cyclic 

peptides include scalable and affordable synthesis9, metabolic stability10, and biocompatibility11. 

Additionally, they can be easily modified with labels (e.g., fluorescence or radioactive probes)12–

14 or conjugated to other biomolecules15 to endow further biochemical functionalities.  

Cyclic peptides are commonly isolated from combinatorial libraries that are either 

chemically synthesized or genetically encoded. Among chemical synthesis-based approaches, one-

bead-one-peptide libraries are frequently employed16; these libraries are a collection of beads, each 

displaying multiple copies of a unique peptide variant that can be sequenced by Edman degradation 

or mass spectrometry for identification17,18. As an alternative, genetically-encoded peptide libraries 

have gained widespread application as high-affinity candidates can be isolated using convergent 

steps of library selection (i.e., directed evolution). Commonly used methods for generating 

genetically-encoded peptide libraries include mRNA display19–21, ribosomal display22–24, phage-

display25–28, and bacterial display29,30. Multiple strategies have been developed for the cyclization 

and stabilization of displayed peptides, both chemical31 and enzymatic32–34, although disulfide 

bond formation remains the most widely employed35–37. Recently, there has been interest in 

designing cyclic peptides that target intracellular proteins for therapeutic and research applications. 

Cyclic peptide sequences specific to intracellular targets can be attached to cell penetrating peptide 

sequences for intracellular delivery15,38–40. However, disulfide-containing cyclic peptides are 
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unlikely to maintain a stable cyclic structure in vivo due to the reducing environment of the 

cytosol41,42. Accordingly, a general cyclization method that affords stable bond formation is 

desired that can be applied to identify cyclic peptides for both intracellular and extracellular 

application. Alternative routes to stable peptide cyclization, involving the formation of thioether 

and amide bonds via chemical crosslinking, have been demonstrated with mRNA display42–45 and 

phage-display libraries31,46. The inclusion of noncanonical amino acids has also been explored to 

expand the types of chemical crosslinking chemistries available47–51. 

Chemically synthesized and genetically encoded peptide libraries are typically screened 

using a “panning” method, wherein the library is incubated with a surface that is functionalized 

with the target protein. Any clones that bind the surface are isolated. However, panning-based 

selections do not provide an efficient means to discriminate high-affinity binders from low affinity 

binders52. Further, panning methods typically yield pools of peptide sequences whose biochemical 

characterization (e.g., binding affinity) requires prior chemical synthesis. To overcome these 

limitations, we describe the use of yeast surface display for the construction of chemically cyclized 

peptide libraries that can be subjected to fluorescence activated cell sorting (FACS) to efficiently 

isolate the highest affinity library clones. While frequently employed, phage display libraries are 

not amenable to sorting via traditional FACS due to the small size of phage particles53. Only a few 

instances are reported of using yeast display to express cyclic peptides34,54–56, most of which are 

limited to disulfide-constrained peptides, like knottins57–60. However, to our knowledge, chemical 

crosslinkers have not been commonly used for the cyclization of yeast-displayed peptides, despite 

their widespread use for cyclizing mRNA, phage, and bacterial display peptide libraries. 

In our approach, a linear peptide precursor is displayed on the yeast cell surface as an N-

terminal fusion to the Aga2p subunit of the yeast mating protein α-agglutinin. The Aga2p subunit 
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forms a disulfide bond with the Aga1p subunit of α-agglutinin, thereby tethering the linear peptide 

to the yeast cell surface. Peptide cyclization is mediated by disuccinimidyl glutarate (DSG) 

crosslinking between the peptide’s N-terminal amine and an ε-amine of an included lysine residue 

(Figure 5.1). Amino acid residues between a N-terminal methionine and a C-terminal lysine are 

randomized to generate a combinatorial library. It is important to note that a prepro secretory signal 

sequence precedes the linear peptide precursor61–63. A portion of this sequence directs the nascent 

polypeptide through the secretion pathway involving the endoplasmic reticulum and the Golgi 

apparatus64–68. Before leaving the Golgi, the secretory sequence is cleaved between its C-terminal 

lysine and arginine residues69,70, resulting in an arginine residue at the N-terminus of the displayed 

peptide. Thus, the surface displayed peptides are crosslinked between the α-amine of the N-

terminal arginine and the ε-amine of the lysine residue located at the C-terminus of the peptide 

sequence. Other components of the displayed peptide fusion include a HA epitope tag to 

characterize the expression of the fusion; no lysine residues are present in this tag. Whilst Aga2p 

includes three lysine residues, DSG-mediated crosslinking between these residues and other amine 

groups within the linear precursor peptide is unlikely due to the large spatial separation between 

these moieties. 

To evaluate the use of yeast surface display for isolating cyclic peptide binders, we first 

screened a combinatorial library of chemically crosslinked cyclic peptides against a model target 

protein, lysozyme, using magnetic selection and FACS. We further evaluated if yeast-displayed 

cyclic peptides can be used to efficiently assess binding selectivity and to obtain quantitative 

estimates for equilibrium binding dissociation constants (KD), thereby avoiding the need to 

chemically synthesize isolated peptides for such evaluation. Finally, we investigated if our 
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approach could be used to isolate and characterize cyclic peptides that bind human interleukin-17 

(IL-17). 

  
Figure 5.1. Yeast surface display of chemically crosslinked cyclic peptides. A linear peptide sequence is displayed as 
an N-terminal fusion to Aga2p, which is tethered to the yeast cell surface through a disulfide bond with Aga1p. The 
displayed peptides are crosslinked between the α-amine of an arginine residue and the ε-amine of a lysine residue, 
located at the C-terminus of the peptide’s variable region, using a disuccinimidyl glutarate (DSG) crosslinker. 
 
 
5.2 Results and Discussion 

5.2.1 Confirmation of linear peptide cyclization on the yeast surface 

In our approach, the cyclization of a yeast-displayed linear peptide is mediated by a DSG 

crosslinker. While previously utilized to cyclize peptide fusions in solution42,44, to our knowledge, 

DSG has not been commonly used to cyclize peptide sequences expressed as cell surface fusions. 

Accordingly, we utilized a protein-binding assay to indirectly assess DSG-mediated cyclization of 

yeast-displayed linear peptide precursors. It is generally accepted that cyclic peptides exhibit 

higher target-binding affinity compared to their linear counterparts71. We hypothesized that the 

target protein would bind the DSG-treated cells more efficiently if DSG appropriately cyclized the 

linear displayed peptides as crosslinked peptide sequences would exhibit a higher binding affinity 

for the target protein. Consequently, we considered yeast displaying known IgG-binding cyclic 
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peptide sequences; the peptides cyclo-[DSG-MWFPHY-K], cyclo-[DSG-MHGFRG-K], and 

cyclo-[DSG-MWFRHY-K] had been selected in prior work to bind IgG44. We compared the 

binding of IgG to yeast cells displaying these peptide sequences with or without DSG treatment. 

To promote complete cyclization of all linear displayed peptides, DSG was incubated 550-fold 

over the assumed total amount of peptides displayed on the yeast surface (~50,000 per cell72,73) in 

two consecutive crosslinking reactions. Subsequently, DSG-treated and untreated cells were 

incubated with biotinylated IgG, followed by immunofluorescent detection using Streptavidin R-

phycoerythrin (SA-PE) (Figure 5.2). In comparison to the non-treated cells, the binding of IgG to 

DSG-treated cells was significantly higher, as evaluated by the mean fluorescence signal. This 

difference in binding is likely attributed to DSG appropriately crosslinking the linear displayed 

peptides resulting in higher affinity for IgG. It is important to note that we observed detectable 

binding of IgG at high labeling concentrations (2 µM and 5 µM vs. 450 nM for studies in Figure 

5.2) to DSG-treated EBY100 yeast not displaying the peptides (Figure 5.3). However, this non-

specific binding was significantly lower than the binding of IgG to DSG-treated cells displaying 

the IgG-binding peptides (Figure 5.2). In addition, other proteins (i.e., BSA, lysozyme) bound to 

a negligible extent to DSG-treated EBY100 yeast (Figure 5.3). 
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Figure 5.2. Evaluation of disuccinimidyl glutarate-mediated crosslinking of linear peptides displayed as yeast surface 
fusions. The binding of IgG to yeast cells displaying a linear peptide sequence that were subjected to DSG crosslinking 
(blue) or not subjected to DSG crosslinking (red) is compared to an unlabeled control (no IgG, black). Three cyclic 
peptide sequences with known binding to IgG were tested: (A) cyclo-[DSG-MWFPHY-K], (B) cyclo-[DSG-
MHGFRG-K], and (C) cyclo-[DSG-MWFRHY-K]. Representative data from three independent experiments is 
shown. (D) Mean fluorescence values describing IgG binding to yeast cells displaying a linear peptide sequence that 
were treated or not treated with DSG are reported. The mean fluorescence of the unlabeled cell (no IgG) control is 
also shown. The mean fluorescence values are not background subtracted. The reported mean fluorescence values 
represent the average of three independent repeats while the values in parentheses represent the standard error of the 
mean for the repeats. * represents statistical significance (p<0.05) for IgG binding compared to the non-DSG treated 
cells using a two-tailed, paired t-test.  
 
 

While these results suggest that DSG can be used to cyclize yeast-displayed linear peptides 

containing six residues between the N and C terminal linking residues, it may be desirable to 

generate cyclic peptides of different sizes. Accordingly, we explored the impact of peptide length 

on cyclization through in silico studies (Figure 5.4) using the IgG binding peptide sequence 

RMWFPHYK as a model cyclic peptide template. An arginine residue was included at the N-

terminus, as all yeast-displayed peptides contain this residue. Variations of this peptide were 

designed using the molecular editor Avogadro74,75 and equilibrated using atomistic molecular 

dynamics (MD) simulations. Amino acids were eliminated in the N-to-C terminal direction along 
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the peptide sequence to reduce the peptide length, or a glycine residue was added to the N-terminus 

to elongate the peptide sequence. The resultant free energy of each peptide structure cyclized by 

DSG was estimated via MD simulations using the OPLS all atom force field76–78. Figure 5.4G 

suggests that the peptide free energy normalized against the peptide length does not significantly 

vary with the number of amino acids for the peptide sequences considered herein. It is important 

to note that peptides containing different amino acid residues will likely cyclize with different free 

energies. Nevertheless, these studies suggest DSG-mediated cyclization may be reliably used for 

generating cyclic peptides of varying lengths.  

 
Figure 5.3. Detection of different biotinylated proteins (lysozyme, bovine serum albumin (BSA), and human IgG) 
interacting with disuccinimidyl glutarate-treated, non-displaying EBY100 at varying concentrations. The binding of 
each biotinylated protein was detected by flow cytometry after SA-PE labeling. Each mean fluorescence value 
associated with protein binding was normalized by dividing the mean fluorescence of SA-PE binding to DSG-treated 
EBY100 cells. The normalized mean fluorescence values of protein binding were averaged across two independent 
repeats (blue). Error bars represent the standard deviation of the two independent repeats. The mean fluorescence of 
protein binding for each repeat is also shown (green and orange).  
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Figure 5.4. In silico structure of peptide sequences of varying lengths cyclized using disuccinimidyl glutarate as 
predicted by molecular dynamics. Each peptide in A-H is based on the starting sequence RMWFPH. The peptides are 
crosslinked by DSG between their N-terminal residue and a C-terminal lysine (denoted as linking residues). (G) The 
peptide free energy per mole of amino acids are compared for the different sized peptides. The peptide free energy 
does not significantly differ between the different sized cyclic peptides, suggesting DSG cyclization is feasible for 
each of the peptide lengths considered in this work based on the starting sequence RMWFPHY.   
 
 
5.2.2 Isolation of lysozyme-binding cyclic peptides using yeast surface display 

To identify novel cyclic peptide binders, we generated a yeast-display combinatorial 

library of linear peptide precursors with a diversity of ~ 5x107 variants as estimated by plating of 

the transformed yeast. The library variants were encoded as RMX1X2X3X4X5X6X7K, where X is 

a randomized amino acid residue. It is worth noting that the methionine that precedes the variable 

residue region is not required. We chose to include a methionine residue near the N-terminus since 

it is present in the IgG-binding peptide sequences used to confirm cyclization of surface displayed 
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linear peptides. Yeast-displayed linear peptides were cyclized using DSG as described earlier. We 

initially screened the library against a model target protein, lysozyme, using one round of magnetic 

selection against lysozyme-coated magnetic beads, followed by two rounds of FACS. 

Interestingly, we observed that simultaneous labeling of yeast cells with both lysozyme and an 

anti-HA antibody resulted in a decrease of lysozyme binding, relative to the case when the anti-

HA antibody was not present (Figure 5.5). The binding of lysozyme to the yeast-displayed cyclic 

peptides is likely affected by steric hindrance if the anti-HA antibody is bound. Therefore, unlike 

typical protocols used for the FACS selection of yeast display libraries, the cyclic peptide library 

was solely labeled with the target protein for sorting.  

 
Figure 5.5. Comparison of single and double labeled populations when sorting a yeast displayed cyclic peptide library 
via fluorescence activated cell sorting. Population (A) was double labeled for target binding and HA expression while 
population (B) was single labeled for target binding only when performing fluorescence activated cell sorting.  
 
 

After FACS, plasmid DNA was isolated from 13 different colonies and sequenced (Table 

5.1). Sequence homology, especially the presence of arginine (R) at position X7, and the 

enrichment in cationic (R and K), aromatic (W, F, and Y), and hydrogen-bonding (Q and S) 

residues is apparent throughout the selected sequences. The cationic character of the sequences is 
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surprising given that lysozyme is a basic protein (pI ~ 1179). It is noted that one of the sequences 

(Lys.7) contains multiple lysine residues within the randomized residue segment. Lysine residues 

within the randomized segment introduce additional amine groups that are available for 

crosslinking via DSG. Consequently, we cannot predict the exact cyclization of peptides 

containing multiple lysine residues. The surface of yeast cells expressing these peptide sequences 

will likely feature a heterogenous population of peptides with varying crosslinking patterns, 

making characterization using yeast surface display difficult. Therefore, we chose to not evaluate 

peptide Lys.7 further. Similarly, the peptide sequence Lys.6 was abandoned due to the presence of 

arginine in five out of the seven randomized residues positions. 

 
Table 5.1. Lysozyme binding peptides isolated from a yeast-displayed library of cyclic 
heptapeptides. Mutagenized positions are denoted with an X. Numbers in parentheses represent 
the number of times a sequence occurred.  
 

 M X1 X2 X3 X4 X5 X6 X7 K 
LYS.1 (4)  W W R W V Y R  
LYS.2 (3)  I C W F L C N  
LYS.3 (2)  R Q Y R S R R  

LYS.4   W W R L V Y R  
LYS.5  R R Q G L R R  
LYS.6  R R R R P V R  
LYS.7  K R F K T R R  

 
 
5.2.3 Binding affinity analysis of lysozyme cyclic peptides  

Lysozyme binding isotherms were generated for yeast cells displaying cyclo-[DSG-

RMWWRWVYR-K], cyclo-[DSG-RMICWFLCN-K], cyclo-[DSG-RMRQYRSRR-K], cyclo-

[DSG-RMWWRLVYR-K], and cyclo-[DSG-RMRRQGLRR-K]. Yeast cells displaying these 

cyclic peptides were incubated with varying concentrations of biotinylated lysozyme (20 nM - 8 

μM). The fraction of cell surface fusions bound by biotinylated lysozyme was quantified via 
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immunofluorescent detection of SA-PE. The resulting data were fit using a monovalent binding 

isotherm (Figures 5.6A-E) to estimate the apparent binding affinity (KD,Yeast) of the yeast-displayed 

cyclic peptides for lysozyme (Figure 5.6F). It is important to note that the Hook effect was 

observed at high concentrations of lysozyme (> 8 μM). This phenomenon, where the fluorescence 

corresponding to target binding decreases at high target concentrations, has been observed 

previously when performing yeast surface titrations to estimate binding affinity80. Consequently, 

fluorescence values at concentrations greater than 8 μM were not included when calculating the 

apparent binding affinity (KD, Yeast). 

Cyclo-[DSG-RMWWRLVYR-K] exhibited the highest affinity for lysozyme as estimated 

via yeast surface titration. Accordingly, this cyclic peptide was chemically synthesized and 

characterized via isothermal titration calorimetry (ITC). The binding affinity of cyclo-[DSG-

MWWRLVYR-K] for lysozyme, as measured by ITC (2996 nM +/-1410 nM, Figure 5.7), is of a 

similar magnitude (low micromolar) as the binding affinity predicted via yeast surface titration 

(862 – 1641 nM, 68% confidence interval) (Figure 5.6G). The minor difference in the predicted 

binding affinity between the two methods may be attributed to non-affinity binding interactions 

(e.g., lysozyme-lysozyme, peptide-peptide, and lysozyme-peptide binding) that can occur during 

ITC titrations due to high concentrations of titrant (500 μM of peptide) and titrand (50 μM of 

lysozyme), thereby resulting in a lower predicted binding affinity between the titrant and titrand 

when performing ITC81.  Alternatively, the binding affinity of the chemically synthesized peptide 

may be slightly different from the yeast-displayed peptide due to the absence of the  N-terminal 

arginine residue in the former. The N-terminal arginine residue present in the yeast-displayed 

peptide was not included in the chemically synthesized peptide, as arginine residues contain bulky 

side chains that can negatively impact cyclization efficiency82. 
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Figure 5.6. Estimation of apparent KD describing the affinity of lysozyme for yeast-displayed cyclic peptides. The 
cyclic peptides considered include (A) cyclo-[DSG-RMWWRLVYR-K], (B) cyclo-[DSG-RMRQYRSRR-K], (C) 
cyclo-[DSG-RMICWFLCN-K], (D) cyclo-[DSG-RMWWRWVYR-K], and (E) cyclo-[DSG-RMRRQGLRR-K]. A 
normalized mean fluorescence describing lysozyme binding to the yeast-displayed cyclic peptides as a function of the 
concentration of lysozyme incubated is reported. Error bars represent the standard error of the mean for three 
independent experiments. (F) A global, non-linear regression was used to estimate KD,Yeast describing the apparent 
affinity between the yeast-displayed cyclic peptides and lysozyme as well as the corresponding 68% confidence 
interval (CI). The reported mean fluorescence values associated with lysozyme binding were first background 
subtracted and then normalized relative to the maximum fluorescence values fit by the non-linear regression (A-E). 
The mean background fluorescence values originate from the signals produced after incubation of the cells with SA-
PE alone. (G) The binding affinity (KD,ITC) of soluble cyclo-[DSG-MWWRLVYR-K] for lysozyme was also estimated 
using isothermal calorimetry and compared to KD,Yeast. In parentheses, a 68% confidence interval is provided for 
KD,Yeast while a range representing the standard deviation of the mean for four independent experiments is described 
for KD,ITC.  
 
 

Overall, these results suggest that yeast surface titrations can be used to reasonably estimate 

the binding affinity of cyclic peptides, similar to proteins72. Quantitative assessment of binding 

affinity using yeast-displayed cyclic peptides is particularly attractive as this method can be high 

throughput and circumvents the need to chemically synthesize peptides.  

The low micromolar affinity of the lysozyme binding peptides was anticipated based on 

the affinity of previously identified cyclic peptides that are similar in size83. Other groups, using 

display-based technologies, have identified cyclic peptides with low nanomolar affinities84; these 



   

187 
 

cyclic peptides, however, feature a larger ring structure (up to 14 randomized amino acid 

positions), and therefore benefit from a higher enthalpic contribution to the binding free energy. 

In other instances, the peptide macrocycle is constrained via multifunctional crosslinkers to 

increase both the enthalpic and entropic contributions of binding free energy85. While larger ringed 

structures likely exhibit increased binding affinity due to enthalpic gains, the efficiency of yeast 

transformation limits library size, and, consequently, the fraction of the theoretical diversity that 

can be captured in a yeast library; combinatorial libraries generated using yeast surface display 

typically do not contain more than 1010 variants86. This limitation was highlighted by Sieber et 

al87. who showed that a heptapeptide library using NNK codon degeneracy with a library size of 

108 will only contain ~5.6x107 unique sequences, corresponding to ~6.3% of the theoretical 

diversity for a peptide this size. Further, chemical synthesis of cyclic peptides becomes more 

challenging as the number of amino acid residues increases and/or additional macrocycles are 

included. Due to these aforementioned considerations, we chose to focus our analysis on screening 

heptapeptide libraries. We anticipate monocyclic peptides of this size will be useful for 

applications where low micromolar affinities are desired, like affinity chromatography. 
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Figure 5.7. Isothermal titration calorimetry profiles describing the binding of cyclo-[DSG-MWWRLVYR-K] to 
lysozyme. The integrated heats of binding obtained from the raw data after subtracting the heat of dilution are shown 
in (A-D) for each repeat. The dashed line represents the best curve fit to the experimental data using the Independent 
model. Associated fitted and calculated parameters are described in (E). These values as well as the standard deviations 
presented were averaged across the four repeats.  
 
 
5.2.4 Selectivity of cyclic peptides for lysozyme and effect of peptide cyclization on binding 

affinity 

To assess the binding selectivity of the lysozyme-targeting peptides, we incubated yeast 

cells displaying the isolated cyclic peptides with varying concentrations (0.1 - 2 μM) of lysozyme 

or bovine serum albumin (BSA). Lysozyme binding was significantly higher than BSA binding to 

the yeast cells displaying each cyclic peptide (Figures 5.8A-E), demonstrating selectivity of the 
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cyclic peptides for lysozyme over BSA. Even at higher concentrations (5 μM), lysozyme bound at 

a higher level than BSA to the yeast-displayed cyclic peptides (Figure 5.9). BSA was adopted as 

a model protein to test binding selectivity owing to its anionic character (pI ~ 4.7)88 and because 

it was included in the buffers used during library screening.  

 

 
Figure 5.8. Specificity analysis of lysozyme binding cyclic peptides. The normalized mean fluorescence associated 
with lysozyme binding to yeast cells displaying cyclic peptides (red), (A) cyclo-[DSG-RMWWRLVYR-K], (B) cyclo-
[DSG-RMRQYRSRR-K], (C) cyclo-[DSG-RMICWFLCN-K], (D) cyclo-[DSG-RMWWRWVYR-K], and (E) cyclo-
[DSG-RMRRQGLRR-K], was compared to the normalized mean fluorescence associated with lysozyme binding to 
yeast cells displaying their linear counterparts (blue). Additionally, for a given yeast-displayed cyclic peptide, the 
normalized mean fluorescence associated with lysozyme binding (red) was compared to the normalized mean 
fluorescence associated with BSA binding (green). Binding of each biotinylated protein was detected by flow 
cytometry after SA-PE labeling. Error bars represent the standard error of the mean for three independent experiments. 
For a given lysozyme concentration, * represents statistically significant lysozyme binding (p< 0.05) for a yeast-
displayed cyclic peptide in comparison to its linear counterpart. For a given antigen concentration, † represents 
statistically significant lysozyme binding (p< 0.05) in comparison to the binding of BSA for a given yeast-displayed 
cyclic peptide. A two-tailed, paired t-test was performed to evaluate statistical significance. All mean fluorescence 
values describing protein binding were normalized by first subtracting the mean background fluorescence and then 
dividing by the background subtracted mean fluorescence associated with HA expression. The mean background 
fluorescence values are derived from the signals produced after incubation of the secondary detection agents (SA-PE 
or DAR488) alone.  



   

190 
 

 
Figure 5.9. Selectivity analysis of cyclic peptides for lysozyme compared to bovine serum albumin. Yeast cells 
displaying each lysozyme binding cyclic peptide were labeled with either 5 μM biotinylated lysozyme or 5 μM 
biotinylated bovine serum albumin (BSA). Binding of each protein was detected by flow cytometry after SA-PE 
labeling. For each mutant, the background subtracted mean fluorescence value of lysozyme binding was normalized 
by dividing the background subtracted mean fluorescence value of BSA binding. The mean background fluorescence 
originates from the signals produced after incubating the cyclic peptide displaying cells with SA-PE alone. The 
normalized mean fluorescence values were averaged across two independent repeats (blue). Error bars represent the 
standard deviation of the two independent repeats. The normalized mean fluorescence for each repeat is also shown 
(green and orange). 
 

 
We also tested other proteins to further characterize the binding selectivity of the isolated 

lysozyme binding cyclic peptides. At a concentration of 2 and 5 μM, green fluorescent protein 

(GFP, pI ~ 5)89 was found to bind to a similar extent to cells expressing the lysozyme binding 

cyclic peptides and DSG-treated, non-displaying EBY100 cells, suggesting that the lysozyme 

binding cyclic peptides have no significant affinity for GFP (Figure 5.10). This is noteworthy due 

to the anionic nature of GFP and the enrichment of basic residues in the selected peptides. As 

discussed earlier (Figure 5.3), detectable binding of human IgG to DSG-treated, non-displaying 

EBY100 cells was observed at 2 µM and 5 µM IgG, whereas lysozyme bound negligibly at these 
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concentrations. IgG also interacts with cells displaying the lysozyme-targeting cyclic peptides, 

producing a signal above background, when labeling at 2 µM and 5 µM IgG (Figure 5.11). 

However, at a concentration of 5 µM, the cyclic peptides are selective for binding to lysozyme 

over IgG as the background subtracted signal of lysozyme binding to yeast cells displaying each 

cyclic peptide was higher than the corresponding signal produced after IgG labeling (Figure 

5.11B). This selectivity is notable given that IgG is known to have an increased propensity for 

non-specific binding due to ionic and hydrophobic interactions90. 

Nevertheless, the detectable interaction of the identified lysozyme binding cyclic peptides 

with IgG (Figure 5.11), a protein that the library was not selected against, highlights an important 

limitation of using monocyclic peptides as affinity ligands. Cyclic peptides are likely to be less 

specific than binders derived from protein scaffolds, such as antibodies, due to their smaller size 

and simple structure. Unlike  antibodies, which typically form multiple points of contact with a 

target protein, thereby providing greater specifcity83, monocyclic peptides are likely to form only 

a single continuous point of contact. Consequently, monocyclic peptides are less likely to 

distinguish between proteins that have similar regions of amino acids.  Therefore, negative 

selections are critical when screening peptide combinatorial libraries to ensure desired peptide 

selectivity against particular proteins. Note that the selected peptides, despite their strong cationic 

and amphiphilic character, showed no or minimal binding to BSA, the only protein we performed 

a negative selection against. Collectively, these results show that with appropriate negative 

selection steps, selective cyclic peptide binders can be isolated from a yeast display library of 

chemically modified peptides.   
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Figure 5.10. Interaction of a non-specific protein, green fluorescent protein, with yeast cells displaying the lysozyme 
binding cyclic peptides. Yeast cells displaying each lysozyme binding cyclic peptide as well as DSG-treated, non-
displaying EBY100 cells were labeled with 2 μM (A) or 5 μM green fluorescent protein (GFP) (B). The binding of 
GFP to each yeast population was analyzed using flow cytometry. The mean fluorescence associated with GFP binding 
to the cyclic peptide displaying yeast cells was normalized by dividing by the mean fluorescence associated with GFP 
binding to DSG-treated EBY100 cells. The normalized mean fluorescence values were averaged across two 
independent repeats (blue). Error bars represent the standard deviation of the two independent repeats. The normalized 
mean fluorescence for each repeat is also shown (green and orange). 
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Figure 5.11. Selectivity analysis of cyclic peptides for lysozyme compared to human IgG. Yeast cells displaying each 
lysozyme binding cyclic peptide were labeled with biotinylated lysozyme or biotinylated IgG at a concentration of 2 
μM (A) or 5 μM (B). DSG-treated, non-displaying EBY100 cells were also labeled in a similar manner. Binding of 
each protein was detected by flow cytometry following SA-PE labeling. For each mutant, the background subtracted 
mean fluorescence value associated with lysozyme binding was normalized by dividing the background subtracted 
mean fluorescence value associated with IgG binding. For each respective protein and concentration tested, the mean 
background fluorescence is derived from the signals produced after incubating DSG-treated EBY100 cells with that 
respective concentration of protein. The normalized mean fluorescence values were averaged across two independent 
repeats (blue). Error bars represent the standard deviation of the two independent repeats. The normalized mean 
fluorescence for each repeat is also shown (green and orange). 
 

 
We also evaluated the effect of peptide cyclization on lysozyme binding activity by 

comparing the extent of lysozyme binding (0.1 - 2 μM) to yeast cells expressing either the linear 

or cyclized form of each peptide. Lysozyme binding was significantly higher to the yeast cells 
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displaying the DSG-treated, cyclic form of each peptide (Figures 5.8A-E) for concentrations as 

high as 2 μM. This indicates that DSG-mediated cyclization critically confers binding activity to 

the selected sequences, and that the biorecognition activity of cyclized peptides cannot be inferred 

from their linear counterparts alone.  

 
5.2.5 Discovery of IL-17-binding cyclic peptides 

To demonstrate broader applicability, we screened the previously described cyclic 

heptapeptide library against Interleukin-17A (IL-17), a proinflammatory cytokine. The interaction 

of IL-17 with its receptor, IL-17RA, results in the stimulation of inflammatory signaling. Several 

autoimmune diseases, like plaque psoriasis and psoriatic arthritis, are characterized by excessive 

levels of IL-1791. Cyclic peptides specific to IL-17 can potentially be used as labeling agents92 or 

inhibitors of the IL-17:IL-17RA interaction93. 

Cyclic peptide binders specific to IL-17 were isolated from the yeast display heptapeptide 

library using magnetic selection and FACS. The magnetic selection was performed using 

magnetized yeast cells displaying IL-17 in lieu of target-functionalized magnetic beads94. The use 

of a yeast-displayed target circumvents the need for purified target protein. The population 

resulting from FACS was subjected to Illumina Next Generation Sequencing (NGS). The isolated 

sequences (Table 5.2) are enriched in hydrophobic and basic residues, especially tryptophan (W) 

and arginine (R). The latter was not anticipated given the cationic character of IL-17 (sequence-

based pI of 8.82).  

We also performed NGS on the populations obtained after each round of screening against 

IL-17. As expected, the majority of the sequenced clones contained 7 randomized amino acid 

positions. There did not appear to be any bias for particular amino acid residues in the sequences 
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obtained after MACS (Figure 5.12A). However, the screened populations became enriched in 

hydrophobic and basic residues after FACS (Figures 5.12B-C). 

 
Table 5.2. Sequences of IL-17 binders isolated from a yeast-displayed library of cyclic 
heptapeptides. Mutagenized positions are denoted with an X. Numbers in parentheses represent 
the number of times a sequence appeared during Illumina Next Generation Sequencing. 
 

 M X1 X2 X3 X4 X5 X6 X7 K 
IL17.1 (4191)  R W L R G R R  
IL17.2 (3446)  L F H W P F P  
IL7.3 (2914)  S Y F W R W L  
IL17.4 (2906)  A W E W L W K  
IL17.5 (2742)  L F F D W L L  
IL17.6 (2324)  R V P W L W L  
IL17.7 (2099)  W R N F A W R  
IL17.8 (2030)  F P W V Q W R  
IL17.9 (1895)  W L N D L W R  
IL17.10 (1891)  F L W H F R T  

 
 

 
Figure 5.12. Evalution of peptide sequences returned after screening a yeast-displayed cyclic peptide library against 
IL-17. The distribution of amino acid redues at each position in peptide RMXXXXXXXK is described for the mutants 
isolated from the (A) MACS, (B) FACS Round 1, and (C) FACS Round 2 selections. The top 50 hits obtained from 
Ilumina Next Generation Sequencing were analyzed. Each sequence logo was generated using WebLogo. 
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5.2.6 In silico analysis of IL-17:cyclic peptide complexes  

Given the strong amphiphilic nature of the selected peptides, we used the hydropathy index 

(GRAVY) to select specific peptides for in silico analysis from the NGS results95. We chose 

peptides that were likely to be water soluble and exhibit low-nonspecific binding resulting from 

potential hydrophobic interactions (GRAVY < -0.5). Ultimately, seventeen selected peptides 

(Table 5.3) were chosen to be docked against IL-17 (PDB ID: 4HSA)96. It is important to note that 

the simulated peptide sequences lacked a N-terminal arginine residue, as peptides lacking this 

residue would likely be easier to chemically synthesize. In preparation for the docking studies, the 

crystal structure of each peptide was generated via atomistic MD simulation, and the structure of 

IL-17 was prepared using Schrödinger’s Protein Preparation Wizard97,98. After, the peptide 

structures were docked against IL-17 using HADDOCK99–101. The IL-17-binding linear peptide 

IHVTIPADLWDWINK93 and cyclo-[DSG-MGSGGGGSG-K] were also docked against IL-17 as 

positive and negative controls, respectively. Subsequently, representative IL-17:peptide 

complexes selected from the top docking clusters were further refined via MD simulations and 

analyzed using the MM/GBSA method to estimate the free energy of binding (ΔGb) and calculate 

the corresponding values of affinity (KD,in silico) (Table 5.4)102,103. Twelve of the tested cyclic 

peptides were predicted to form stable complexes with IL-17, featuring KD,in silico ~ 23 nM – 1 μM 

(Figure 5.13 and Figure 5.15A). Each of these peptides docked at the interface between IL-17 and 

IL-17RA, suggesting that they may have the potential to modulate this interaction. As anticipated, 

the positive control peptide was predicted to bind IL-17 with a high affinity, KD,in silico ~ 49 nM. 

Similarly, the negative control cyclic peptide returned a KD,in silico of 80 µM. 
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Table 5.3. Sequences of IL-17 binding cyclic peptides analyzed in a molecular docking study with 
the IL-17 interface. Mutagenized positions are denoted with an X. Numbers in parentheses 
represent the number of times a sequence appeared during Illumina Next Generation Sequencing. 
 

 M X1 X2 X3 X4 X5 X6 X7 K 
IL17.1 (4191)  R W L R G R R  
IL17.2 (1197)  F G L L H R G  
IL17.3 (1082)  D L W R W R R  
IL17.4 (747)  S F R F W R L  
IL17.5 (498)  S F F D I W R  
IL17.6 (428)  I G Q W W R R  
IL17.7 (318)  R F W P F R V  
IL17.8 (307)  F L F R L G R  
IL17.9 (285)  E F C L F R C  
IL17.10 (275)  Y R F H R H G  
IL17.11 (251)  F R I F L P R  
IL17.12 (229)  C L L W C R R  
IL17.13 (228)  F K G Y Y R W  
IL17.14 (219)  N R L K F W F  
IL17.15 (145)  K H R P F R Y  
IL17.16 (141)  F G W R M R L  
IL17.17 (119)  P F G H W R R  

  

          It is important to note that the in silico method used to evaluate the isolated cyclic peptide 

sequences is more rigorous than traditional docking simulations104. Molecular docking alone, in 

fact, is not sufficient to predict the binding energies with sufficient accuracy to reproduce 

experimental values, since the scoring functions used to rank the docked complexes provide a 

rather approximative evaluation of the binding energy105,106. In this work, we used scoring 

functions to select top hits that were subsequently refined via MD simulations. Upon stabilization 

of the simulation trajectories, the IL-17:peptide binding energies were calculated using the 

MM/GBSA method, which has been shown to provide results that compare well with experimental 

measurements102,105,107–109. We selected six peptide sequences predicted to bind IL-17 with in silico 

affinities reasonably comparable to the positive control peptide for further in vitro evaluation. 
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Table 5.4. Estimation of binding energy (ΔGB) and calculated affinity (KD) of the IL-17:peptide 
complexes refined using molecular dynamics simulations. IHVTIPADLWDWINK and cyclo-
[DSG-MGSGGGGSG-K] were used as positive and negative controls, respectively.   

Sequence 
 

Site 1 
ΔGB (kcal/mol) 

 
Site 1 

KD (nM) 

 
Site 2 

ΔGB (kcal/mol) 

 
Site 2 

KD (nM) 
IHVTIPADLWDWINK -9.97 49   

Cyclo-[DSG-MGSGGGGSG-K] -5.57 81000   

Cyclo-[DSG-MRWLRGRR-K] -10.14 36 -9.59 91 

Cyclo-[DSG-MIGQWWRR-K] -9.26 160 -9.93 51 

Cyclo-[DSG-MNRLKFWF-K] -9.97 48 -9.34 140 

Cyclo-[DSG-MSFFDIWR-K] -8.93 280 -9.88 56 

Cyclo-[DSG-MYRFHRHG-K] -9.67 79 -9.83 61 

Cyclo-[DSG-MFGLLHRG-K] -8.20 950 -9.67 80 

Cyclo-[DSG-MDLWRWRR-K] -9.68 78 -8.57 510 

Cyclo-[DSG-MEFCLFRC-K] -9.29 150   

Cyclo-[DSG-MFGWRMRL-K] -8.67 430 -9.02 240 

Cyclo-[DSG-MFKGYYRW-K] -9.02 240 -9.00 250 

Cyclo-[DSG-MFRIFLPR-K] -9.63 86 -8.18 1000 

Cyclo-[DSG-MRFWPFRV-K] -8.96 270 -8.74 390 
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Figure 5.13. In silico IL-17:cyclic peptide complexes obtained by molecular docking and refined by molecular 
dynamic simulations. The monomers of IL-17 are denoted in green and brown while the respective cyclic peptide is 
modeled in cyan or magenta. The positive control, linear peptide, IHVTIPADLWDWINK, is modeled in (A).  
 
 
5.2.7 Binding affinity and selectivity of selected cyclic peptides for IL-17 

The binding of IL-17 to yeast cells displaying peptides cyclo-[DSG-RMRWLRGRR-K], 

cyclo-[DSG-RMIGQWWRR-K], cyclo-[DSG-RMNRLKFWF-K], cyclo-[DSG-RMSFFDIWR-

K], cyclo-[DSG-RMYRFHRHG-K], and cyclo-[DSG-RMFGLLHRG-K] was evaluated at a fixed 

IL-17 concentration (500 nM).  No significant difference in binding was observed between the 
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various mutants (Figure 5.14). Hence, cyclo-[DSG-RMRWLRGRR-K] was chosen for subsequent 

evaluation, as this sequence had the highest predicted in silico affinity and was the most abundant 

mutant in the population after FACS, as identified by NGS. Note that the in silico results do not 

provide an absolute binding affinity estimation, but rather suggest, through binding affinity rank 

ordering, that cyclo-[DSG-MRWLRGRR-K] is likely the highest affinity mutant from those 

simulated. Also, the abundance of a particular clone in a sorted population does not necessarily 

correlate with the clone’s affinity in that population110,111. 

 

 
Figure 5.14. Binding of IL-17 to yeast-displayed cyclic peptides. The interaction of IL-17 (500 nM) to the yeast-
displayed cyclic peptides was detected using SA-PE (red). The binding of SA-PE alone was also considered (black). 
Cyclic peptides considered include: (A) cyclo-[DSG-RMRWLRGRR-K], (B) cyclo-[DSG-RMIGQWWRR-K], (C) 
cyclo-[DSG-RMNRLKFWF-K], (D) cyclo-[DSG-RMSFFDIWR-K], (E) cyclo-[DSG-RMYRFHRHG-K], and (F) 
cyclo-[DSG-RMFGLLHRG-K]. 
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Figure 5.15. Affinity and specificity analysis of cyclo-[DSG-RMRWLRGRR-K] for IL-17. (A) In silico IL-17:cyclo-
[DSG-MRWLRGRR-K] complex obtained by molecular docking and refined by molecular dynamic simulation. The 
monomers of IL-17 are denoted in green and brown while cyclo-[DSG-MRWLRGRR-K] is modeled in cyan or 
magenta. (B) Estimation of apparent KD describing the affinity between IL-17 and yeast-displayed cyclo-[DSG-
RMRWLRGRR-K]. Normalized mean fluorescence values describing the binding of biotinylated IL-17 to yeast-
displayed cyclo-[DSG-RMRWLRGRR-K] as a function of the concentration of IL-17 incubated are reported. Error 
bars represent the standard error of the mean for three independent experiments. A global, non-linear regression was 
used to estimate the apparent KD as 279 nM (243 – 320 nM, 68% confidence interval). The reported mean fluorescence 
values associated with IL-17 binding were first background subtracted and then normalized relative to the maximum 
fluorescence values estimated by the non-linear regression for each repeat. The mean background fluorescence is 
associated with the signals produced after incubation of the cyclic peptide displaying cells with SA-PE alone. (C) 
Background subtracted mean fluorescence of biotinylated IL-17, biotinylated lysozyme, and biotinylated BSA binding 
to yeast-displayed cyclo-[DSG-RMRWLRGRR-K] at 500 and 1000 nM. Binding of these biotinylated proteins was 
detected by flow cytometry after SA-PE labeling. * denotes statistical significance in comparison to IL-17 binding at 
500 nM for p<0.05 while ** denotes statistical significance in comparison to IL-17 binding at 1000 nM for p<0.05. 
The mean background fluorescence is derived from the signals produced after the incubation of the cyclic peptide 
displaying cells with SA-PE alone. (D) Mean fluorescence of non-biotinylated GFP (500 and 1000 nM) binding to 
yeast-displayed cyclo-[DSG-RMRWLRGRR-K] and DSG treated, non-displaying EBY100 yeast as detected using 
flow cytometry. (E)  Mean fluorescence of SA-PE (500 nM) binding to yeast-displayed cyclo-[DSG-RMRWLRGRR-
K] and DSG treated, non-displaying EBY100 yeast as detected using flow cytometry. (F) Background subtracted mean 
fluorescence of IL-17 binding to yeast-displayed cyclo-[DSG-RMRWLRGRR-K] and DSG-treated, non-displaying 
EBY100 yeast. Binding of biotinylated IL-17 was detected by flow cytometry after SA-PE labeling. * represents 
statistical significance (p< 0.05) in comparison to the binding of IL-17 to yeast cells displaying cyclo-[DSG-
RMRWLRGRR-K]. Here, the mean background fluorescence stems from the signals produced after incubation of 
each respective cell population with SA-PE alone. Error bars represent the standard error of the mean for three 
individual replicates throughout. Statistical significance was evaluated using a two-tailed, paired t-test throughout. 
Mean fluorescence values were scaled by a factor of 100 throughout.  

 

The apparent affinity of cyclo-[DSG-RMRWLRGRR-K] for IL-17 was evaluated using the 

yeast surface titration method established earlier (Figure 5.15B). The apparent binding affinity of 
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cyclo-[DSG-RMRWLRGRR-K] was estimated as 279 nM (243 – 320 nM, 68% confidence 

interval). It is worth noting that the soluble IL-17 protein used in this assay is a homodimer, which 

results in a multi-site interaction with the yeast-displayed peptides. The true binding affinity of 

cyclo-[DSG-RMRWLRGRR-K] for IL-17, as estimated when both the cyclic peptide and the IL-

17 are in solution, is likely lower. 

To confirm that DSG-mediated cyclization is needed to elicit binding of this identified 

sequence,  we simulated the binding of the linear version of cyclo-[DSG-RMRWLRGRR-K] to 

IL-17 in silico using the previously described method (Figure 5.16). The linear form of this peptide, 

MRWLRGRR, did not significantly bind to IL-17 during the simulation. This provides further 

confidence that DSG cyclization contributes to the binding specificity of cyclo-[DSG-

RMRWLRGRR-K] for IL-17, rather than simply the particular amino acids in the sequence.  

The binding selectivity of cyclo-[DSG-RMRWLRGRR-K] was evaluated by comparing 

the binding of IL-17 and multiple putative, non-specific proteins to yeast cells displaying this 

peptide. Our results indicate that IL-17 bound to yeast-displayed cyclo-[DSG-RMRWLRGRR-K] 

at a significantly higher level (p<0.05) than lysozyme (pI ~ 11)79 and BSA (pI ~ 4.7)88 (Figure 

5.15C). While the poor binding of lysozyme can be imputed to electrostatic repulsion from the 

cationic cyclic peptide, it should be noted that IL-17 readily bound despite its mild cationic 

character (sequence-based pI of 8.82), indicating true binding affinity. The binding selectivity of 

the peptide against BSA, while engineered through the inclusion of BSA in the buffers utilized for 

library screening, is nonetheless notable, given the potential of BSA binding solely due to 

Coulomb interaction. Finally, green fluorescent protein (GFP) (pI ~ 5)89 and  phycoerythrin (pI ~ 

4.2)112 conjugated streptavidin (pI ~ 5-6)113, otherwise known as SA-PE, were found to bind 

similarly to cells expressing cyclo-[DSG-RMRWLRGRR-K] and non-displaying EBY100 yeast 
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(Figures 5.15D-E), suggesting that cyclo-[DSG-RMRWLRGRR-K] has no affinity for these 

proteins.  

Lastly, we confirmed that IL-17 exhibits no interactions with non-specific proteins 

displayed on the surface of DSG-treated yeast. The large excess of DSG employed during the 

cyclization of linear displayed peptides is likely to promiscuously modify other yeast surface 

proteins. The possibility of IL-17 interacting with DSG-modified surface proteins cannot be 

excluded a priori. To evaluate this, we compared the binding of IL-17 to DSG-treated, null 

EBY100 cells vs. DSG-treated, peptide-displaying yeast cells (Figure 5.15F). The lack of binding 

to the null cells corroborates the claim that yeast-displayed cyclo-[DSG-RMRWLRGRR-K] 

specifically interacts with IL-17 and provides confidence that off-target DSG modifications did 

not influence the identification of peptide binders during the library screening process to discover 

IL-17 affinity ligands. 

 

 
Figure 5.16. In silico IL-17:MRWLRGRRK complex obtained by molecular docking and refined by molecular 
dynamic simulations. MRWLRGRRK is simulated in its linear form. MRWLRGRRK does not appreciably bind to 
IL-17 and can be seen flying off of the IL-17 structure (transition from red to grey molecule) during the simulation. 
The monomers of IL-17 are denoted in green and brown while the respective linear peptide is modeled in red or grey.  
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5.2.8 Evaluation of cyclo-[DSG-MRWLRGRR-K] as a modulator of the IL-17:receptor 

interaction 

While the selectivity of cyclo-[DSG-RMRWLRGRR-K] for IL-17 supports the use of this 

peptide as an affinity ligand, we also explored the use of cyclo-[DSG-MRWLRGRR-K] to 

modulate the interaction between IL-17 and its receptor. Peptides and other small molecules have 

been used to modulate protein-protein interactions, typically as inhibitors8,114. Specific to the IL-

17:receptor interface, linear peptide IHVTIPADLWDWINK was previously developed as an 

inhibitor of this interaction for potential use as an anti-inflammatory agent93.  

Initially, we evaluated whether cyclo-[DSG-MRWLRGRR-K] modulates the interaction 

between IL-17 and IL-17RA using in silico simulations. We first used MD-refined, docking 

simulations to model the interaction of cyclo-[DSG-MRWLRGRR-K] with IL-17. Subsequently, 

the binding of IL-17RA to IL-17 was superimposed on the simulated IL-17:peptide complex 

(Figure 5.17A). The results show that cyclo-[DSG-MRWLRGRR-K] likely binds to IL-17 in a 

similar region as IL-17RA, thereby suggesting that the peptide could potentially inhibit the 

interaction between IL-17 and IL-17RA.  

To evaluate the effect of cyclo-[DSG-MRWLRGRR-K] on IL-17:IL-17RA binding, we 

used a two-step approach. First, yeast cells displaying IL-17 were incubated with soluble IL-17RA 

(20 nM or 50 nM) in the presence of varying concentrations of soluble cyclo-[DSG-MRWLRGRR-

K]. The binding of IL-17RA to yeast-displayed IL-17 was detected by flow cytometry following 

biotinylated protein A and SA-PE labeling; note that the IL-17RA used in this work is a Fc fusion. 

For concentrations less than 30 µM of cyclo-[DSG-MRWLRGRR-K], the binding of IL-17RA to 

yeast-displayed IL-17 was not significantly altered, indicating no inhibition of the IL-17:IL-17RA 
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interaction (Figures 5.17B-C). For high peptide concentrations, a slight increase in IL-17RA 

binding was observed. However, this increase was not statistically significant (p>0.05).  

 

 
Figure 5.17. Evaluation of cyclo-[DSG-MRWLRGRR-K] as a potential modulator of IL-17’s interaction with its 
receptor, IL-17RA. (A) In silico modeling of cyclo-[DSG-MRWLRGRR-K] (cyan or magenta) interacting with IL-17 
(monomers denoted in green and brown). IL-17RA was not present during the simulation. Rather, the interaction of 
IL-17RA with IL-17 was superimposed after modeling and is visualized in grey. This visualization suggests cyclo-
[DSG-MRWLRGRR-K] interacts with IL-17 in the same region as IL-17RA. To evaluate the in silico results, a two-
step in vitro approach was explored. (B-C) First, yeast cells displaying IL-17 were incubated with soluble cyclo-[DSG-
MRWLRGRR-K] and IL-17RA. The binding of IL-17RA to the IL-17 displaying cells was detected using flow 
cytometry after labeling with biotinylated protein A and SA-PE. The concentration of peptide was varied from 0 nM 
to 50 µM while the concentration of receptor was held at either 20 nM (B) or 50 nM (C). Background subtracted mean 
fluorescence values describing IL-17RA binding to yeast-displayed IL-17 in the presence and absence of the peptide 
are reported. The mean background fluorescence is derived from the signals produced after the incubation of the cyclic 
peptide displaying cells with biotinylated protein A and SA-PE alone. The binding of IL-17RA when no peptide was 
present is denoted with a yellow triangle for comparison. No significant inhibition of the interaction between IL-17 
and IL-17RA is observed likely due to the peptide not having sufficient affinity in its monovalent form to compete 
with IL-17RA for binding to IL-17. (D-E) In the second approach, yeast cells displaying cyclo-[DSG-RMRWLRGRR-
K] were incubated with biotinylated IL-17 (100 nM) in the presence (blue) or absence (red) of IL-17RA (500 nM) 
followed by flow cytometry analysis using SA-PE detection. Yeast cells displaying cyclo-[DSG-RMRWLRGRR-K] 
were also incubated with only SA-PE (black). A representative histogram of three repeats is shown (D). The  mean 
fluorescence values describing the binding of biotinylated IL-17 to the yeast-displayed peptides in the presence and 
absence of IL-17RA are reported (E). The binding of IL-17 to yeast-displayed cyclo-[DSG-RMRWLRGRR-K] is 
statistically lower when IL-17RA is present (* denotes p<0.001 for a two tailed, two sample unequal variance t-test). 
Here, the mean fluorescence values are not background subtracted. In this approach, it is probable that the yeast-
displayed peptides can partially inhibit the interaction between IL-17 and its receptor as the peptide decorated yeast 
surface provides sufficient avidity. Error bars represent the standard error of the mean for three individual replicates 
throughout. The mean fluorescence values were multiplied by a factor of 100 throughout.  
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          When considering the results of this assay, it is important to note that the binding affinity of 

IL-17 for IL-17RA is ~ 2.8 nM115, whereas yeast-displayed cyclo-[DSG-MRWLRGRR-K] binds 

IL-17 with an apparent KD ~ 279 nM, as determined by yeast titration. In this first in vitro 

inhibition assay, the binding affinity of the soluble peptide for IL-17 is likely significantly lower 

than the apparent affinity predicted via yeast-surface titration (KD ~ 279 nM), as the interaction 

between IL-17 and the soluble peptide is monovalent in nature. In contrast to the yeast-displayed 

peptides, the soluble peptide cannot take advantage of avidity to increase its apparent binding 

affinity for IL-17. Moreover, the strength of interaction between the yeast-displayed IL-17 and the 

dimeric IL-17RA Fc fusion is increased due to avidity. Therefore, it is not surprising that the 

monomeric cyclic peptide does not inhibit the IL-17:IL-17RA interaction in this first approach, as 

the binding affinity of soluble cyclo-[DSG-MRWLRGRR-K] is not sufficient to compete with IL-

17RA for binding to IL-17.  

          For the second approach, yeast cells displaying cyclo-[DSG-RMRWLRGRR-K] were 

incubated with soluble, biotinylated IL-17 (100 nM) in either the presence or absence of IL-17RA 

(500 nM). The binding of biotinylated IL-17 to the cells was measured by flow cytometry using 

SA-PE for detection (Figure 5.17D). The fluorescence signal corresponding to the binding of IL-

17 was lower (p<0.001) in presence of IL-17RA (Figure 5.17E), suggesting that cyclo-[DSG-

RMRWLRGRR-K] and IL-17RA compete for binding to IL-17. It is  also important to note that 

yeast cells displaying cyclo-[DSG-RMRWLRGRR-K] do not interact with IL-17RA (Figure 5.18). 

The outcome of these two in vitro approaches vary due to differences in the avidity of the IL-

17:peptide interaction. In the second approach, the interaction strength between the peptide-

decorated yeast surface and the IL-17 homodimer is increased, due to avidity, as the IL-17 

homodimer can interact with multiple copies of the yeast surface expressed peptides (Figures 
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5.17D-E). This is in contrast to the first approach where the interaction between the soluble peptide 

and IL-17 is monovalent in nature (Figures 5.17B-C). Consistent with this explanation, Liu et al. 

observed increased inhibition of the IL-17:IL-17RA interaction when using a dimeric form of their 

linear peptide specific to IL-1793. Taken together with in silico simulations, our results show that 

cyclo-[DSG-RMRWLRGRR-K] may inhibit the interaction between IL-17 and IL-17RA by 

competing for binding to IL-17 when the peptide is expressed in a form with sufficient avidity.  

 
Figure 5.18. Evaluation of Cyclo-[DSG-RMRWLRGRR-K]’s interaction with IL-17RA. Yeast cells displaying cyclo-
[DSG-RMRWLRGRR-K] and DSG-treated EBY100 yeast were incubated with 500 nM of IL-17RA followed by flow 
cytometry detection after labeling with biotinylated protein A and SA-PE. The background subtracted mean 
fluorescence of IL-17RA binding to each cell type is reported. The mean background fluorescence stems from the 
signals produced after incubating each cell type with biotinylated protein A and SA-PE alone. Error bars represent the 
standard error of the mean for three individual repeats. Cyclo-[DSG-RMRWLRGRR-K] does not interact with IL-
17RA.  
 
 
5.3 Conclusions 

        Collectively, our results demonstrate the successful development of a method for the efficient 

identification and characterization of cyclic peptide ligands with selective protein-binding activity. 

Of note is the integration of FACS, which accelerates the library screening process. Due to the 
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limitations of monocyclic peptides, binding selectivity must be engineered into the peptides during 

combinatorial library screening by performing negative selections against specific proteins. The 

use of yeast-displayed cyclic peptides allows on-the-fly selectivity and affinity evaluation of 

potential peptide ligands. We envision this method will enable the identification of cyclic peptides 

to be used as affinity ligands for protein purification44 and biosensor116 applications that require 

moderate affinity biorecognition moieties as well as inhibitors of moderate affinity protein-protein 

interactions.   

 
5.4 Materials and Methods 

5.4.1 Plasmids and yeast culture 

Cells containing a pCTCON-based plasmid were cultured using TRP-deficient SDCAA 

media, whereas SGCAA medium was used to induce cell surface protein expression for these cells, 

as described previously72. Leu-deficient SDSCAA (-Leu) and SGSCAA (-Leu) media was 

similarly used for cells containing a pCT302-based plasmid117. Leu-deficient media is similar in 

composition to SDCAA and SGCAA media except it does not contain casamino acids, but rather 

synthetic drop out mix (1.62 g/L) lacking leucine (US Biological Life Sciences). Yeast cells were 

cultured in the appropriate growth media, SDCAA or SDSCAA, at 30°C with shaking at 250 RPM. 

To induce protein expression, yeast cells were transferred to SGCAA or SGSCAA medium at an 

OD600 of 1 and cultured overnight at 20 °C with shaking at 250 rpm. EBY100 yeast without plasmid 

was grown 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. Plasmid DNA was transformed into chemically competent 

Saccharomyces cerevisiae strain EBY100 using the Frozen-EZ Yeast Transformation Kit II (Zymo 

Research). 
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5.4.2 Construction of plasmids for linear peptide yeast surface display   

pCTCON-Nterm was constructed by amplifying gene block 1 with Pf1 and Pr1 and 

introduced into pCTCON via the EcoRI and XhoI sites. This particular gene block displays a 

random linear peptide, between the NheI and BamHI restriction sites. To display specific linear 

peptide sequences on the yeast surface, pCTCON-Nterm was cut with NheI and BamHI, and DNA 

encoding a linear peptide sequence was introduced via homologous recombination. The linear 

peptide sequence DNA was purchased with the necessary homology arms as single stranded 

oligonucleotides and amplified using Pf2 and Pr2. These homology arms eliminate the NheI and 

BamHI sites present in pCTCON-Nterm (Figure 5.19A). The linear sequence of three previously 

identified DSG-cyclized peptides44, with affinity for IgG, were displayed on the yeast surface using 

oligonucleotide DNA blocks that encode the sequences MWFPHYK, MHGFRGK, and 

MWFRHYK, respectively.  

 

 
Figure 5.19. Plasmid design for the expression of a linear peptide sequence as a N-terminal Aga2p fusion. Two 
different plasmid designs were used when expressing the (A) IgG binding peptides and (B) variants from the 
heptapeptide yeast display library.  
 

 
            All double stranded gene block fragments were purchased from Integrated DNA 

Technologies (IDT).  All primer oligonucleotides and oligonucleotide DNA fragments were 
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purchased from IDT or Eton Biosciences. Gene block fragments, oligonucleotide primers, and 

oligonucleotide DNA fragments can be found in Tables 5.5 – 5.7, respectively. PCR reactions were 

performed at a 50 µL scale using Phusion Polymerase (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. The amplified DNA was purified using the 9K Series Gel and PCR 

extraction kit from BioBasic. Restriction enzymes were bought from New England Biolabs. 

Plasmids and PCR products were digested in a 50 µL reaction volume with a 5X excess of each 

restriction enzyme for 4 hours at 37°C. Digested plasmid backbones were subsequently incubated 

with Antarctic Phosphatase purchased from New England Biolabs for 1 hour at 37°C. After, 

digested plasmids and PCR products were purified using the BioBasic 9K Series Gel and PCR 

extraction kit. Ligations combining digested plasmid backbone and inserts were carried out 

overnight at 16°C using T4 DNA Ligase (Promega) prior to transformation into electrocompetent 

Novablue E. coli cells. Transformations were carried out at 1.6 KV, 25 µF, and 200 Ω. The 

GeneJET plasmid miniprep kit (Thermo Fisher Scientific) was used to harvest DNA plasmids from 

overnight E.coli cultures.  

            When cloning via homologous recombination, 200 ng of cut plasmid and 250 ng of insert 

were transformed into chemically competent EBY100 cells prepared with the Frozen-EZ Yeast 

Transformation Kit II. Here, the digested plasmid was not treated with Antarctic Phosphatase. The 

plasmid and insert were concentrated using ethanol precipitation such that the volume of DNA 

used in the transformation step was less than 5 µL in total. Briefly, a 1/10 volume of potassium 

acetate and 10 µL of linear acrylamide was added to the DNA to be concentrated followed by 2 

volumes of ice-cold ethanol. The mixture was stored at -20 °C overnight. The next day, the DNA 

was centrifuged at 15,000 g for 10 minutes followed by removal of the supernatant. The DNA 

pellet was washed once with 70% ethanol followed by a wash with 100% ethanol and dried prior 
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to resuspension in water. Recombined plasmid was extracted from the transformed yeast cells 

using the ZymoprepTM Yeast Plasmid Miniprep II kit following the manufacturer’s 

recommendations. The recovered plasmids were transformed into electrocompetent Novablue E. 

coli cells, and the DNA was recovered from overnight E. coli cultures using the GeneJET plasmid 

miniprep kit. 

 
Table 5.5. List of gene block fragments described in Chapter 5.  
 
Gene Block 1 GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT

GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAGCTAGCGGACAATTACTA
TTTACAATTACAATGAGTCATAGAGCAGGTCTGGAGAAGGGCAGC
GGCGGCAGCGGATCCGAGAACCTGTACTTCCAAGGGTATCCGTAC
GACGTTCCAGACTACGCTACTAGTCAGGAACTGACAACTATATGC
GAGCAAATCCCCTCACCAACTTTAGAATCGACGCCGTACTCTTTGT
CAACGACTACTATTTTGGCCAACGGGAAGGCAATGCAAGGAGTTT
TTGAATATTACAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCA
CCCCTCAACAACTAGCAAAGGCAGCCCCATAAACACACAGTATGT
TTTTTAATGACTCGAG 

Gene Block 2 GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGNNKNNKNNKNNKNN
KNNKNNKAAGCCCGGGGGTGGTGGTGGTTCTGGAGGAGGCTCTGG
TG 

Gene Block 3 ATGACGCCTGGGAAAACGAGCTTGGTCTCACTACTATTGCTTCTGA
GCCTTGAGGCGATAGTTAAGGCGGGTATCACAATACCTAGAAACC
CAGGCTGCCCGAACAGTGAAGACAAAAACTTCCCGAGAACTGTGA
TGGTCAACCTAAACATACACAATAGGAATACAAACACTAATCCAA
AGAGGAGCAGTGATTACTACAATAGATCAACCTCTCCTTGGAACT
TACATCGTAATGAGGACCCTGAGAGGTATCCTTCAGTCATCTGGG
AGGCTAAGTGTAGACATTTGGGCTGCATCAACGCTGACGGTAACG
TCGATTATCACATGAACTCCGTGCCTATTCAACAGGAAATTCTGGT
ATTGAGGCGTGAGCCTCCTCATTGTCCCAATAGTTTCAGGCTTGAG
AAGATCCTTGTTTCAGTTGGCTGCACTTGCGTCACTCCAATCGTAC
ACCACGTTGCA 
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Table 5.5 (Continued). 
 
Gene Block 4 
 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGCGTTGGTTAAGGGGA
AGAAGGAAACCCGGGGGTGGTGGTGGTTCT 

Gene Block 5 
 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGATAGGCCAATGGTGG
AGAAGAAAGCCCGGGGGTGGTGGTGGTTCT 

Gene Block 6 
 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGAACCGTCTTAAATTT
TGGTTTAAACCCGGGGGTGGTGGTGGTTCT 

Gene Block 7 
 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGTCCTTCTTCGACATAT
GGCGTAAACCCGGGGGTGGTGGTGGTTCT 

Gene Block 8 
 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGTACCGTTTCCATAGG
CATGGAAAGCCCGGGGGTGGTGGTGGTTCT 

Gene block 9 GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTT
GCCATTGGCCTTAGCTCAACCAGTAATTTCTACTACCGTCGGTTCC
GCTGCAGAAGGCTCTTTGGACAAGAGAATGTTTGGCTTGTTGCACC
GTGGCAAGCCCGGGGGTGGTGGTGGTTCT 
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Table 5.6. List of oligonucleotide primers described in Chapter 5.  
 
Prime
r   

Sequence 

Pf1  CTGGACGAATTCATGAAGGTTTTGATTGTCTT 

Pr1 CTGGACCTCGAGTCATTAAAAAACATACTGT 

Pf2 GCAGAAGGCTCTTTGGACAA 

Pr2 ATACCCTTGGAAGTACAGGTT 

Pf3 GTATTACTTCTTATTCAAATGTAATAAAAGATCGAATTCATGAAGGTTTT
G ATTGTCTTGTTG 

Pr3 CACCAGAGCCTCCTCCAGA 

Pf4 CATAGCGCTAGCATGACGCCTGGGAAAACGAG 

Pr4 CACTGCGGATCCTGCAACGTGGTGTACGATTGG 

Pf5 GAATTCATGAAGGTTTTGATTGTCT 

Pr5 AGCGTAGTCTGGAACGTCGT 

Pf6 GCACGAGAATTCATGAAGGTTTTGATTGTC 

Pr6 GCACGAAGAACCACCACCACCCC 

 
 
Table 5.7. Oligonucleotide DNA fragments described in Chapter 5.   
 
Oligo   Sequence 

Oligo 1 GCAGAAGGCTCTTTGGACAAGAGAATGTGGTTTCCGCATTACAAGGAG
AACCTGTACTTCCAAGGGTAT 

Oligo 2 GCAGAAGGCTCTTTGGACAAGAGAATGCACGGTTTTAGAGGCAAGGAG
AACCTGTACTTCCAAGGGTAT 

Oligo 3 GCAGAAGGCTCTTTGGACAAGAGAATGTGGTTTAGGCACTACAAGGAG
AACCTGTACTTCCAAGGGTAT 
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5.4.3 Cyclization of linear peptides expressed as yeast surface fusions 

          1x108 yeast cells expressing a linear peptide sequence were washed 3X with crosslinking 

buffer (0.2 M NaCl, 1 mM EDTA). The cells were then resuspended in 2 mL of crosslinking buffer 

and 10 µL of DSG crosslinker (Thermo Fisher Scientific) dissolved in N,N’-dimethylformamide 

(DMF) at 1.5 mg/mL. The crosslinking reaction was performed for 2 hours at 4°C with rotation. 

After, the cells were washed 3X with crosslinking buffer, and the crosslinking reaction was 

repeated. Finally, the cells were washed three times with 50 mM Tris, 300 mM NaCl pH 7.4 and 

stored in this buffer overnight prior to subsequent use.  

 
5.4.4 Binding analysis to confirm cyclization of yeast-displayed linear peptides 

          The interaction of IgG with DSG-treated or non-treated yeast cells expressing the linear 

form of select IgG binding cyclic peptides was characterized via flow cytometry. 5x106 cells were 

labeled with 450 nM biotinylated IgG (Immunoreagents) for 15 minutes at room temperature. 

After, the cells were washed and labeled with a 1:250 dilution of SA-PE (Thermo Fisher Scientific) 

for 12 minutes on ice. Cells were analyzed using a Miltenyi Biotec MACsQuant VYB cytometer.  

 
5.4.5 Generation of a cyclic heptapeptide yeast display library  

A yeast display combinatorial library of linear peptides was generated by first amplifying 

gene block 2 with primers Pf3 and Pr3, that contain consensus sequences with pCT-NT-F2A-

Sso7dhFc118, in eight identical 50 µL reactions. Gene block 2 encodes a linear peptide sequence 

that contains seven randomized amino acid positions flanked between a N-terminal methionine 

and a C-terminal lysine. The peptide sequence is expressed as a N-terminal fusion to Aga2p (Figure 

5.19B). A HA tag follows the peptide sequence to confirm expression of the peptide on the yeast 

surface via immunofluorescence. The amplified product from gene block 2 was purified using 
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phenol: chloroform extraction followed by DNA concentration using ethanol precipitation as 

previously described. Concurrently, 40 μg of a previously engineered plasmid, pCT-NT-F2A-

Sso7dhFc118, was linearized using EcoRI and XmaI. The digested backbone was purified and 

concentrated using phenol: chloroform extraction and ethanol precipitation. The yeast library was 

generated using a previously described lithium acetate transformation protocol where the amplified 

product from gene block 2 and the digested backbone vector were transformed into EBY100 yeast 

via electroporation86. Three electroporations were performed using a Bio-Rad Gene Pulser system 

where 12 μg of PCR product and 4 μg of digested vector were combined with 400 μL of 

electrocompetent EBY100. The electroporation settings used were 2.5 KV, 25 µF, and 250 Ω. A 

vector only electroporation was performed as a control. The library diversity was determined by 

plating serial dilutions of the combined transformation reactions onto SDCAA plates and estimated 

as 5x107.  

 
5.4.6 Screening a cyclic heptapeptide yeast display library against lysozyme 

The cyclic heptapeptide yeast display library was screened against lysozyme in one round 

of magnetic selection and two rounds of fluorescence activated cell sorting (FACS). To perform 

the magnetic selection, 25 μL of Biotin Binder Dynabeads (Thermo Fisher Scientific) were pre-

coated with 10.8 μM biotinylated lysozyme overnight at 4°C in 100 μL of 0.1% BSA PBS, pH 7.4 

(0.1% PBSA). The biotin binder beads were washed 3X with 0.1% PBSA prior to 

functionalization. Lysozyme (Thermo Fisher Scientific) was previously biotinylated by incubating 

a 3:1 molar excess of Ez-LinkTMSulfo-NHS-LC-Biotin (Thermo Fisher Scientific) for two hours 

at 4°C (resulted in ~2 biotins per molecule). Excess reagent was removed by performing dialysis 

against 50 mM Tris-HCl, 300 mM NaCl pH 7.4. Protein concentrations were estimated using a 

BCA assay.  
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For selection, the library was induced and cyclized as described in the main methods 

section. The following day, a negative selection was performed where 5x108 cyclized library cells 

were incubated with 25 μL of non-functionalized Biotin Binder Dynabeads at room temp for 1 

hour. Unbound cells were recovered, and an additional negative selection was carried out using 

the recovered cells and a new set of non-functionalized beads. Any unbound cells were 

subsequently removed and used in a positive selection against the pre-coated lysozyme beads for 

1 hour at room temperature. Cells that did not bind the lysozyme-functionalized magnetic beads 

were removed using a magnet. After, the lysozyme-functionalized magnetic beads and any bound 

library cells were washed 3X with 0.1% PBSA, resuspended in SDCAA media, and incubated for 

48 hours at 30°C to allow for expansion of the positively bound cell population. All selections took 

place in 4 mL of 0.1% PBSA. All beads were washed 3X with 0.1% PBSA prior to incubation 

with the library cells.  

          The pool of cells obtained from the magnetic selection were cyclized, and FACS was 

performed on this population using a MoFlo Cell Sorter (Beckman Coulter) as previously 

described72. For FACS, 1x107 cells were labeled with biotinylated lysozyme on ice for 1 hour. 

After, the cells were labeled with SA-PE (1:250 dilution) on ice in the dark for 12 minutes. All 

labelings took place in 100 μL of 0.1% PBSA. Washes with 0.1% PBSA were performed after 

each incubation. The cells were not double labeled for lysozyme binding and HA expression as 

the binding of the anti-HA antibody appeared to hinder the peptide’s ability to interact with 

lysozyme. Two rounds of FACS were performed where the library cells were labeled with 1 μM 

of lysozyme for each round. The population obtained after sorting was expanded in SDCAA 

media. After the second round of FACS and expansion, the isolated cells were plated on SDCAA 

plates (20 g/L dextrose, 5 g/L casamino acids, 6.7 g/L yeast nitrogen base, 182 g/L sorbitol, 5.4 
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g/L Na2HPO4, 8.6  g/L NaH2PO4 ∙ H2O, 12 g/L Agar), and 13 clones were selected for sequencing. 

Plasmids were extracted from yeast cultures of the individual clones using a ZymoprepTM Yeast 

Plasmid Miniprep II kit. For each clone, the extracted plasmid DNA was transformed into 

electrocompetent Novablue E.coli cells. An overnight E.coli culture was grown for each clone 

followed by DNA extraction and sequencing.  

 
5.4.7 Binding affinity estimation using yeast surface titrations  

          The apparent binding affinity (KD) between the isolated cyclic peptides and their target 

protein (lysozyme or IL-17) was estimated using a yeast surface titration method. Briefly, yeast-

displayed linear peptide sequences were cyclized using the technique described in the main 

methods section. Subsequently, the yeast cells displaying a cyclic peptide of interest were labeled 

with varying concentrations of the target antigen, either biotinylated lysozyme (20 nM – 8 μM) or 

biotinylated IL-17  (30 nM – 3 μM;  R&D Systems), for 1 hour at room temperature. This was 

followed by secondary labeling with SA-PE (1:250 dilution) for 12 minutes on ice. The cells were 

then analyzed by flow cytometry as previously described72. All labeling took place in 50 μL of 

0.1% PBSA. Washes with 0.1% PBSA were performed after each incubation. A SA-PE only 

labeling was also performed using the cyclic peptide displaying yeast cells to quantify the mean 

background fluorescence. The KD describing the binding affinity between the yeast-displayed 

peptides and a target protein was estimated using the following relationship: 

 
𝐹 = $%&'[)]Z

,-.[)]Z
  (Eq. 1) 

 
 

Where F is the mean background subtracted fluorescence, [L]0 is the concentration of antigen used 

to label the cells, and FMax is the background subtracted fluorescence intensity when surface 

saturation is attained. The fluorescence binding data was fit to Eq.1 using a global, non-linear least 
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squares regression across three repeats as previously described72. A single KD value and a unique 

FMax for each repeat were used as the fitted parameters. At high antigen concentrations, the 

fluorescence signal decreased due to the Hook effect80. We ignored these points when applying 

the non-linear regression. Error bars represent the standard error of the mean for three independent 

experiments. The titration curves reported in Figure 5.6 and Figure 5.15 are generated using 

normalized fluorescence values that describe the background subtracted mean fluorescence of 

protein binding (lysozyme or IL-17) to the cyclic peptide displaying yeast cells relative to the 

maximum fluorescence for that respective repeat as estimated from the non-linear regression fit.  

 
5.4.8 Binding affinity estimation using isothermal calorimetry   

          The affinity of cyclo-[DSG-MWWRLVYR-K] for lysozyme was also estimated using a 

nano-ITC calorimeter (TA Instruments). A soluble form of this peptide was synthesized by the 

UNC High-Throughput Peptide Synthesis and Array Facility44. The chemically synthesized, 

soluble peptide lacks the N-terminal arginine residue that is present in the yeast-displayed peptides. 

500 μM of the peptide dissolved in water was injected into 50 μM of lysozyme dissolved in water. 

20 injections of 2.5 μL were carried out 250 seconds apart at 25°C. The reference cell contained 

water. We performed this titration in quadruplicate. A blank titration was also performed where 

water was injected into 50 μM of lysozyme using the same conditions.  The blank titration was 

only performed once. We used software provided by TA instruments to obtain the integrated heats 

of binding from the raw data after subtracting the heat of dilution associated with the blank 

titration. The experimental data was fit using the Independent model to estimate and calculate 

associated parameters, like KD, N, ΔH, and ΔS, for each repeat. Ultimately, we averaged these 

values across the repeats as well as the associated standard deviations.  
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5.4.9 Selectivity characterization of lysozyme-binding cyclic peptides  

The selectivity of the lysozyme-binding cyclic peptides was evaluated using two different 

approaches. First, the binding of biotinylated lysozyme to yeast cells displaying the cyclic form of 

each peptide was compared to the binding of biotinylated lysozyme to yeast cells displaying the 

linear counterpart. Briefly, 2x106 cells displaying either the linear or cyclic form of each peptide 

were incubated with 100, 500, 1000, or 2000 nM of biotinylated lysozyme for 1 hour at room 

temperature followed by secondary labeling with SA-PE (1:250 dilution) for 12 minutes on ice 

and immunofluorescence detection using flow cytometry. Using a similar approach, we also 

compared the binding of biotinylated lysozyme and biotinylated BSA (100, 500, 1000, and 2000 

nM) to yeast cells displaying cyclic peptides of interest. BSA was biotinylated in a similar manner 

as previously described for lysozyme (~2 biotins per molecule). The peptide expression level of 

each cell population was analyzed by labeling with a 1:100 dilution of an anti-HA antibody 

(Thermo Fisher Scientific) for 1 hour at room temperature followed by labeling with a 1:250 

dilution of a donkey anti-rabbit 488 antibody (DAR488; Immunoreagents) for 12 minutes on ice 

and immunofluorescence detection using flow cytometry. For each peptide sequence, expression 

and secondary only (SA-PE and DAR488) labelings were performed for both the linear and cyclic 

populations. All labelings took place in 50 μL using 0.1% PBSA. Washes with 0.1% PBSA were 

performed after each incubation. The presented values describing the mean fluorescence of 

biotinylated lysozyme and biotinylated BSA binding were background subtracted. Here, the mean 

background fluorescence originates from the signals produced after incubating each cell 

population with SA-PE alone. Similarly, the mean fluorescence values associated with HA 

expression were background subtracted. For these samples, the mean background fluorescence 

was derived from the signals produced after the incubation of each cell population with the 
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DAR488 detection antibody alone. For each experimental sample, the background subtracted mean 

fluorescence values for lysozyme and BSA binding were further divided by the background 

subtracted mean fluorescence values associated with HA expression for that particular cell 

population. Error bars represent the standard error of the mean for three independent experiments.   

Similar immunofluorescence experiments were performed to detect the binding of 

biotinylated BSA (5 μM), GFP (2 and 5 μM), and biotinylated IgG (2 and 5 μM) to yeast cells 

displaying each identified lysozyme binding cyclic peptide as well as DSG-treated, non-displaying 

EBY100 cells. Non-displaying EBY100 yeast were subjected to the DSG crosslinking procedure 

in a similar manner as the yeast cells displaying the linear peptide sequences. Cells were also 

labeled with SA-PE alone as a negative control. Biotinylated Human IgG was purchased from 

Immunoreagents. The mean fluorescence values derived from the signals produced after labeling 

with the biotinylated proteins were background subtracted using one of the following approaches: 

1) by subtracting the mean fluorescence originating from the signals produced after labeling with 

SA-PE alone (comparison of biotinylated lysozyme vs biotinylated BSA) or 2) by subtracting the 

mean fluorescence stemming from the signals produced when labeling the DSG-treated EBY100 

cells with the same respective protein and concentration (comparison of biotinylated lysozyme vs 

biotinylated IgG). The GFP protein used was not biotinylated. Its binding was detected using the 

488 laser within the flow cytometer. Accordingly, the mean fluorescence values associated with 

the signals produced after incubation of the cells with GFP were not background subtracted.   

We recombinantly expressed and purified the GFP protein used in this analysis. 

Specifically, GFP was expressed in Rosetta E.coli cells using the plasmid pet22B. DNA for GFP 

was inserted between the NdeI and XhoI cut sites of pet22B. Expression was carried out in 2XYT 

media (10 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) plus 1X ampicillin. A 5 mL overnight 
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culture was used to inoculate a 1 L culture of 2XYT. GFP expression was induced using 0.5 mM 

isopropyl β-D-1-thiogalactopyr-anoside (IPTG) when the OD600 reached between 0.6 and 0.8. 

Expression was performed overnight at 20°C. The GFP protein was purified using hydrophobic 

interaction chromatography. Briefly, the induced cells were collected and lysed using sonication 

in 35 mL of Buffer A (50 mM sodium phosphate, 1.5 M ammonium sulfate, pH 7.0). After, the 

supernatant collected from lysis was loaded onto a 5 mL HiTrap Phenyl FF (High Sub) column 

(GE Healthcare Life Sciences), washed with 40 mL of Buffer A, and eluted over a 40 mL linear 

gradient of Buffer B (50 mM sodium phosphate, pH 7.0). Pure fractions were dialyzed into PBS 

7.4.  

 
5.4.10 Screening a cyclic heptapeptide yeast display library against IL-17 

          Cyclic peptides with affinity for IL-17 were discovered by performing magnetic selections 

against yeast-displayed IL-17 followed by FACS selections against soluble, biotinylated IL-17. 

Initially, IL-17 was co-displayed on the yeast surface with SsoFe2, an iron oxide binding protein, 

using the pCT302-T2A-SSoFe2 plasmid as previously described94. To generate pCT302-T2A-

SSoFe2-IL17 (-Leu), DNA corresponding to human IL-17 (Met1-Ala155, gene block 3) was 

amplified using primers Pf4 and Pr4 followed by insertion between the NheI and BamHI sites of 

the pCT302-T2A-SSoFe2 plasmid. For the magnetic selection, a negative selection against 

magnetic yeast cells expressing TOM2294 (-Leu) and a positive selection against magnetic yeast 

cells expressing IL-17 was performed. To begin, 7x108 cells co-expressing IL-17 and SsoFe2 were 

resuspended in 10 mL of 1% PBS BSA, pH 7.4 (1% PBSA). Cells co-expressing TOM22 and 

SsoFe2 were also treated in a similar manner. The cells were magnetized by adding 2 mL of an 

iron oxide solution (4 mg/mL in water) followed by a 20-minute, rotating incubation at room 

temperature. Any unbound cells were removed. The magnetized cells were then washed 3X with 
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1% PBSA. Based on the OD600 of the solution prior to the addition of the iron oxide and after the 

removal of the yeast bound to the iron oxide, 1x108 magnetized cells were aliquoted for the 

magnetic selections. The aliquoted cells were blocked with 1% PBSA for 1 hour at room 

temperature (10 mL). Subsequently, the TOM22 magnetized cells were washed 3X with 0.1% 

PBSA prior to the addition of 5x108 DSG-cyclized heptapeptide library cells and 1x109 EBY100 

cells in 10 mL of 0.1% PBSA. After an hour incubation, library cells that did not bind the 

magnetized TOM22 cells were recovered. The IL-17 magnetized cells were washed three times 

with 0.1% PBSA after blocking and then incubated for 1 hour with the cells recovered from the 

negative selection at room temperature. Library cells bound to the magnetized IL-17 cells were 

isolated using a magnet. Magnetic IL-17 cells and any complexed library cells were washed 5 

times with 0.1% PBSA prior to expansion in 20 mL of SDCAA (-TRP) media.  

          Using the library cells isolated from the magnetic selection, FACS selections were 

performed against soluble IL-17 in a similar manner as the FACS selections against lysozyme. 

Briefly, 1x107 cyclized, library cells were labeled with biotinylated IL-17 (R&D systems) for 1 

hour on ice followed by secondary labeling using SA-PE (1:250 dilution) for 12 minutes on ice. 

The cells were labeled with 1 µM and 500 nM of biotinylated IL-17 for the first and second rounds 

of FACS, respectively. All labelings took place in 100 μL of 0.1% PBSA. Washes with 0.1% 

PBSA were performed after each incubation. DNA was extracted from the yeast cells isolated from 

the final IL-17 FACS round using a ZymoprepTM Yeast Plasmid Miniprep II kit following the 

manufacturer’s recommendations. DNA encoding the isolated cyclic peptide sequences was 

amplified from the extracted plasmid DNA using primers Pf5 and Pr5. Multiple rounds of PCR 

were performed to obtain the concentration of DNA required for sequencing. After the first round 

of PCR, amplified DNA was purified by phenol: chloroform extraction and concentrated using 
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ethanol precipitation, as previously described. For subsequent PCR rounds, the amplified DNA 

was purified using the BioBasic 9K Series Gel and PCR extraction kit. Partial Illumina adapters 

were added to the amplified DNA by Genewiz. The DNA was sequenced using Genewiz’s 

Amplicon Ez protocol. Genewiz provided bioinformatic details about the recovered sequences, 

including how many times a particular sequence occurred in the sequenced population. In total, 

102,896 reads were obtained after performing Illumina sequencing on the final FACS population.   

 
5.4.11  In silico evaluation of IL-17:cyclic peptide complexes 

The crystal structure of IL-17 (PDB ID: 4HSA)96 was initially prepared using 

Schrödinger’s Protein Preparation Wizard97,98 to identify and correct missing atoms and/or side 

chains, remove salt ions and other small molecules, add explicit hydrogens, assign tautomeric 

states with EPIK, optimize the hydrogen-bonding networks, and minimize the protein energy using 

the OPLS force field76–78. The adjusted structure was subjected to a “druggability” study using 

SiteMap to identify putative binding sites capable of accommodating the cyclic heptapeptides119–

121. The SiteMap algorithm by Schrödinger identifies binding pockets by locating spherical “site 

points” onto the protein surface; these points are clustered based on (i) their ability to form 

favorable protein-ligand interactions, (ii) solvent exposure, and (iii) hydrophobic/philic character. 

The regions on the protein surface that possess a sufficient number of site points and volume are 

scored using an S-score (likelihood of the protein’s surface to be a binding pocket) and D-score 

(measure of the pocket’s “druggability”). Sites with S-score and D-score values greater than or 

equal to 0.7 and 0.9, respectively, were selected as putative sites for ligand binding. In this work, 

given the topology of IL-17, the SiteMap analysis was performed with the ‘detect shallow binding 

sites’ option selected, which adjusts amino acid atomic van der Waals radii to be more 

accommodating for peptide binding when locating potential binding pockets. 
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An ensemble, containing 17 cyclic peptides identified from the library screen, was 

designed using the molecular editor Avogadro74,75, and equilibrated via atomistic molecular 

dynamics (MD) simulations in the GROMACS package122–124 using the OPLS all‐atom force 

field76–78 and periodic boundary conditions125–127. Every peptide was placed in a simulation box 

with periodic boundary conditions containing 800 water molecules (TIP3P water model)128. The 

system was minimized by running 10,000 steps of the steepest gradient descent, heated to 300 K 

in an NVT ensemble for 250 ps (1 fs time steps), and equilibrated to 1 atm by running a 500-ps 

NPT simulation (2 fs time steps). The production run for every peptide was performed in the NPT 

ensemble at 300 K and 1 atm using the Nosé-Hoover thermostat129–131 and Parrinello-Rahman 

barostat, respectively132,133. The leap-frog algorithm was used to integrate the equations of motion. 

All covalent bonds were constrained by means of the LINCS algorithm134. The short‐range 

electrostatic and Lennard-Jones interactions were calculated within a cutoff of 1.0 nm and 1.2 nm, 

respectively, whereas the particle-mesh Ewald method was utilized to treat the long-range 

electrostatic interactions135–137. The atomic coordinates were saved every 2 ps, and the non-bonded 

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

The resulting IL-17 specific peptide structures were then docked in silico against the 

selected putative binding sites on IL-17 using the docking software HADDOCK (High Ambiguity 

Driven Protein-Protein Docking) (v.2.1)99–101. The residues within IL-17’s binding sites 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’. A GSG 

tripeptide segment located on the C-terminus of the peptide was defined as not involved in the 

interaction to account for the directionality of binding. When displayed on the surface of yeast, in 

fact, the peptide is connected to the Aga2p display system through its C-terminus. Docking in 
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HADDOCK proceeded through a 3-stage protocol: (i) rigid, (ii) semi-flexible, and (iii) water-

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

stage, respectively. Final structures were clustered using the cutoff of Cα RMSD < 7.5 Å as 

calculated in ProFit (Martin, A.C.R, http://www.bioinf.org.uk/software/profit/). The peptides in 

the identified clusters were ranked using FireDock138,139 and Xscore140,141. The selected binding 

poses were finally refined via 100-ns atomistic MD simulations using the GROMACS simulation 

package. The IL-17:peptide complexes were embedded in a cubic box of 9.7 nm side and periodic 

boundary 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 used for 

processing the refined IL-17:peptide complexes and to estimate the free energy of binding 

(ΔGB)102,103. The in silico predicted KD values were calculated directly from the estimated ΔGB 

values assuming ΔGB=RTln(Kd). The binding of IL-17RA to IL-17 was superimposed over the 

refined IL-17:peptide complexes to visualize if the peptides bind to IL-17 in a similar region as 

IL-17RA. Similar methods were also used to simulate the binding of the linear version of cyclo-

[DSG-MRWLRGRR-K] to IL-17.  

When evaluating the effect of peptide length on cyclization efficiency (Figure 5.4), similar 

methods were used to simulate the peptide structures based off the parent sequence RMWFPHYK. 

These peptides were designed using the molecular editor Avogadro followed by equilibration 

using atomistic MD simulations within the GROMACS package as well as the OPLS all‐atom 

force field and all other previously described parameters and algorithms.  

 
5.4.12 Cloning of IL-17 cyclic peptide sequences for yeast display  

Gene blocks 4 – 9 encoding the linear peptide sequences for cyclo-[DSG-RMRWLRGRR-

K], cyclo-[DSG-RMIGQWWRR-K], cyclo-[DSG-RMNRLKFWF-K], cyclo-[DSG-
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RMSFFDIWR-K], cyclo-[DSG-RMYRFHRHG-K], and cyclo-[DSG-RMFGLLHRG-K], 

respectively, were amplified using primers Pf6 and Pr6. These gene blocks were digested and 

inserted between the EcoRI and XmaI cut sites of the pCT-NT-F2A-Sso7dhFc vector118. 

 
5.4.13 Affinity and binding selectivity characterization of the IL-17 cyclic peptides 

The interaction of the yeast-displayed IL-17 binding cyclic peptides with IL-17 and other 

putative, non-specific proteins was evaluated using flow cytometry. Induced yeast cells displaying 

linear peptide sequences were cyclized using the DSG crosslinking protocol as previously 

described. Non-displaying EBY100 yeast cells were also subjected to the DSG crosslinking 

protocol. The binding of biotinylated IL-17 at a concentration of 500 nM was studied for yeast-

displayed cyclo-[DSG-RMRWLRGRR-K], cyclo-[DSG-RMIGQWWRR-K], cyclo-[DSG-

RMNRLKFWF-K], cyclo-[DSG-RMSFFDIWR-K], cyclo-[DSG-RMYRFHRHG-K], and cyclo-

[DSG-RMFGLLHRG-K] as well as for DSG-treated EBY100 cells. The binding of biotinylated 

lysozyme (500 & 1000 nM), biotinylated BSA (500 & 1000 nM), GFP (500 & 1000 nM), and SA-

PE (500 nM) to yeast-displayed cyclo-[DSG-RMRWLRGRR-K] was evaluated using 

immunofluorescence detection. Binding of GFP and SA-PE at the described concentrations was 

also evaluated for the DSG-treated EBY100 cells. All primary incubations using biotinylated 

protein took place for 30 minutes at room temperature. The binding of biotinylated protein was 

detected by flow cytometry following SA-PE labeling (1:250 dilution, 12 minutes on ice in the 

dark). When evaluating the binding of GFP and SA-PE alone, no secondary detection agent was 

used as these proteins, by themselves, can provide a fluorescent signal that, when excited, can be 

detected via flow cytometry. When cells were only labeled with GFP and SA-PE, incubations took 

place in the dark for 30 minutes at room temperature. All labelings took place in a volume of 50 

μL using 0.1% PBSA. Washes with 0.1% PBSA were performed after each incubation. 
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Background subtracted mean fluorescence values describing the binding of biotinylated IL-17, 

biotinylated lysozyme, and biotinylated BSA are reported. Here, the mean background 

fluorescence originates from the signals produced after incubating the cells with SA-PE alone. The 

background subtracted mean fluorescence values were then multiplied by a factor of 100. The 

mean fluorescence values describing the signals produced by GFP and SA-PE binding to the cells 

were not background subtracted and only multiplied by a factor of 100. Error bars represent the 

standard error of the mean for three individual replicates. 

 
5.4.14 In vitro evaluation of cyclo-[DSG-MRWLRGRR-K] as an inhibitor 

          Two approaches were used to study if cyclo-[DSG-MRWLRGRR-K] modulates the 

interaction between IL-17 and its receptor. In approach one, yeast cells displaying IL-17 were 

incubated with soluble cyclo-[DSG-MRWLRGRR-K] and soluble IL-17RA (R&D Systems). The 

UNC High-Throughput Peptide Synthesis and Array facility synthesized a soluble form of cyclo-

[DSG-MRWLRGRR-K]44. This peptide lacked the N-terminal arginine residue present in the 

yeast-displayed peptide sequence. To confer expression of IL-17 as a yeast surface fusion, gene 

block 3 was amplified using primers Pf4 and Pr4 and inserted between the NheI and BamHI sites 

of pCTCON to generate pCTCON-IL17142. 2x106 yeast cells displaying IL-17 were incuabted 

overnight at 4°C with varying concentrations of soluble cyclo-[DSG-MRWLRGRR-K] (20 nM – 

50 μM) and either 20 or 50 nM of IL-17RA. All incubations took place in 100 μL of 0.1% PBSA. 

A control was also performed for each concentration of IL-17RA where no peptide was present. 

The next morning the cells were incubated with a 1:100 dilution of biotinylated protein A (Thermo 

Fisher Scientific) for 30 minutes at room temperature (50 μL labeling in 0.1% PBSA). Thereafter, 

the cells were labeled with a 1:250 dilution of SA-PE for 12 minutes on ice (50 μL labeling in 

0.1% PBSA) and subsequently analyzed by flow cytometry. A wash with 0.1% PBSA took place 
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between all incubations. A negative control was also performed where cells were incubated with 

biotinylated protein A followed by SA-PE in a similar fashion. The reported values describing the 

mean fluorescence of IL-17RA binding to the IL-17 displaying cells were background subtracted. 

Here, the mean background fluorescence stems from the signals produced after incubating the cell 

population with biotinylated protein A (1:100 dilution) and SA-PE (1:250 dilution). The 

background subtracted mean fluorescence values were then multiplied by a factor 100.  

The second approach differed by incubating yeast-displayed cyclo-[DSG-RMRWLRGRR-

K] with soluble IL-17 and soluble IL-17RA. Specifically, 2x106 yeast cells displaying cyclo-[DSG-

RMRWLRGRR-K] were incubated with 100 nM of biotinylated IL-17 in the presence or absence 

of 500 nM IL-17RA overnight at 4°C in a total volume of 100 μL using 0.1% PBSA. The following 

day, the cells were washed and incubated with a 1:250 dilution of SA-PE for 12 minutes on ice 

(50 μL labeling in 0.1% PBSA). SA-PE binding was detected using flow cytometry. A secondary 

only labeling using SA-PE alone was also performed. The reported mean fluorescence values 

stemming from the signals produced by IL-17 binding to the peptide displaying cells were not 

background subtracted. A two-tailed, two sample unequal variance t-test was performed using 

individual data points from the flow cytometry analysis (n=390,763) comparing the mean 

fluorescence of IL-17 binding for the populations where IL-17RA was present or absent.  Data 

points used in the t-test were not background subtracted. The binding of IL-17 to the yeast cells 

displaying cyclo-[DSG-RMRWLRGRR-K] statistically differed when the receptor was present 

(p<0.001).  

Additionally, a control experiment was performed where yeast cells displaying cyclo-

[DSG-RMRWLRGRR-K] were incubated with IL-17RA. 2x106 yeast cells displaying cyclo-

[DSG-RMRWLRGRR-K] were incuabted with 500 nM of IL-17RA overnight at 4ºC in a total 
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volume of 100 μL using 0.1% PBSA followed by labeling with biotinylated protein A (1:100 

dilution) for 30 minutes at room temperature and SA-PE labeling for 12 minutes on ice in the dark 

(1:250 dilution). Non-displaying EBY100 yeast subjected to the DSG crosslinking procedure were 

also labeled in a similar manner. All protein A and SA-PE labelings took place in 50 μL using 

0.1% PBSA. Washes took place between each incubation with 0.1% PBSA. Binding was detected 

using flow cytometry. A negative control was also performed where each cell population was 

incubated with biotinylated protein A followed by SA-PE in a similar fashion. The reported values 

describing the mean fluorescence of IL-17RA binding to each cell population were background 

subtracted. Here, the mean background fluorescence stems from the signals produced after 

incubating each cell population with biotinylated protein A and SA-PE. The background subtracted 

mean fluorescence values were then multiplied by a factor 100. 
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CHAPTER 6 

Conclusions and Future Perspectives 
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6.1 Conclusions  

In this work, we have extended the capabilities of the yeast surface display platform to 

enable efficient identification and characterization of affinity ligands. The use of affinity ligands 

evolved from non-antibody scaffold templates has increased as directed evolution and 

combinatorial library screening methods have progressed. Through iterative rounds of selection, 

proteins or peptides with novel binding affinity can be isolated from combinatorial libraries. 

Despite the success of identifying proteins with novel binding activity using established 

combinatorial techniques, limitations still exist when considering target protein expression and 

screening combinatorial libraries to identify cyclic peptide binders. To address these limitations, 

we have integrated the use of yeast-displayed targets into the selection of combinatorial libraries 

as well as the characterization of isolated binders and have additionally demonstrated a novel yeast 

display platform for the selection of cyclic peptides using fluorescence activated cell sorting 

(FACS).  

In Chapter 2, we introduced the use of yeast-displayed targets as an alternative format for 

target protein expression when screening combinatorial libraries. The efficient isolation of library 

mutants that interact with the target-displaying cells is dependent on the magnetization of the cells 

displaying the target. The target-displaying cells are magnetized after incubation with iron oxide 

nanoparticles, which bind to a co-expressed SsoFe2 protein that was evolved to have affinity for 

iron oxide. In this chapter, we screened yeast display combinatorial libraries against magnetic yeast 

cells expressing the extracellular domain of a membrane protein target. Using this platform, we 

isolated binders specific to the cytosolic domain of the mitochondrial membrane protein TOM22 

(KD ~ 272 – 1934 nM) and the extracellular domain of the c-Kit receptor (KD ~ 93 to KD > 2000 

nM). We also showed that the identified TOM22 binding proteins could be used to deplete 
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mitochondria from a cell lysate when immobilized onto magnetic beads, demonstrating how 

moderate affinity binding proteins can be used for biologics capture by taking advantage of the 

avidity effect. Moreover, the successful enrichment of mitochondria using the identified TOM22 

binding proteins provides support that binding proteins isolated from selections against magnetic 

yeast targets are functional in the context of a natively expressed membrane protein. We expect 

the use of magnetic yeast cell targets will improve the efficiency of identifying binding proteins 

from combinatorial libraries, in particular for protein targets, like those from eukaryotes, that may 

not be appropriately expressed by E.coli.    

In Chapter 3, we demonstrated a yeast-yeast two hybrid platform (qYY2H) that can be 

used to quantitatively assess the binding affinity (KD) between two proteins without the need for 

soluble protein. This system relies on the interaction of yeast cells co-expressing one of the proteins 

(prey) and luciferase with magnetic yeast cells displaying the other protein (bait). The number of 

prey cells isolated by the magnetic bait cells can be quantified using a luminescence based assay. 

Due to the multivalent nature of yeast-yeast binding, we have been able to detect interactions as 

low as KD ~ 25 μM using the qYY2H platform, suggesting that qYY2H can be used to assess even 

weak affinity interactions. We have also engineered the platform to study protein-protein 

interactions that rely on a post-translationally modified bait through the co-expression of a 

modifying enzyme. After quantifying the interactions of multiple bait and prey using this system, 

we found that the strength of the multivalent interaction between bait and prey yeast is 

quantitatively related to the binding affinity of the monovalent bait-prey interaction (KD). 

Accordingly, we exploited this relationship to develop a mathematical framework to quantitatively 

estimate the binding affinity (KD) of monovalent bait-prey interactions using measurements of 

yeast-yeast binding. In particular, we believe qYY2H will improve the efficiency of characterizing 



   

244 
 

binders isolated from combinatorial library screens as well as novel protein-protein interactions 

identified from cDNA library screens as the need for soluble protein is eliminated.  

In Chapter 4, we extended the use of yeast-displayed targets to isolate binders from a 

mRNA display library of cyclic peptides. While the yeast target cells could be separated from the 

soluble mRNA-peptide fusions using centrifugation, magnetization helps improve the efficiency 

of removing unbound fusions. Here, the yeast targets are magnetized via non-specific surface 

adsorption of iron oxide nanoparticles rather than relying on an engineered protein with affinity 

for iron oxide. Non-specific magnetization represents a simpler approach to magnetize yeast cells 

as it does not require co-expression of SsoFe2. However, it has several potential disadvantages; 

Namely, a potential loss of positively bound library mutants if the iron oxide dissociates from the 

target cells over time as well as the occlusion of the displayed target proteins by the iron oxide 

particles as the particles can bind anywhere on the cell surface. Despite these disadvantages, we 

isolated cyclic peptide binders specific to TOM22, as confirmed using the qYY2H assay. The 

binding affinity of the isolated peptide was likely in the low micromolar range, which is not 

unexpected for cyclic peptides containing ~6-10 amino acids. We recommend using more stringent 

selection conditions as well as more rounds of selection if greater affinity mutants are desired.  

In Chapter 5, we developed a novel yeast display platform for the isolation of cyclic 

peptide binders from chemically crosslinked peptide libraries that relies on FACS for selection.  

Here, we cyclized linear peptides displayed on the yeast surface using disuccinimidyl glutarate 

that crosslinks amine groups within the peptide sequence. In comparison to traditional display 

platforms that rely on panning for selection, the use of a yeast display platform for library 

generation enables the integration of FACS to improve the efficiency of isolating high affinity 

binders. Moreover, we have demonstrated how yeast-displayed cyclic peptides can be used to 
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estimate binding affinities and evaluate specificity, which has traditionally relied on chemically 

synthesized peptide. Using this approach, we isolated and characterized cyclic peptide binders 

specific to lysozyme (KD ~1.2 – 3.7 μM) and interleukin-17 (IL-17; apparent KD ~ 300 nM). We 

also provided an experimental and in silico framework for evaluating the potential use of cyclic 

peptide binders as inhibitors of protein-protein interactions, specifically in regard to the interaction 

of IL-17 and its receptor. Ultimately, we believe this platform will accelerate the identification and 

characterization of cyclic peptide binders for applications that require moderate affinity 

biorecognition agents, like protein purification or biosensors.  

 
6.2 Future Directions  

Nonimmunoglobulin proteins and peptides evolved to bind specific protein targets have 

the potential to significantly advance therapeutics, diagnostics, and basic research. However, the 

efficiency of established combinatorial screening techniques used to identify functional binders is 

being challenged by the desire to isolate ligands to protein targets that are difficult to 

recombinantly express, like mammalian proteins, as well as the use of unique scaffold templates, 

like cyclic peptides. Here, we have demonstrated baseline platforms that to begin to address these 

limitations. However, there are multiple ways that our described strategies can be evolved to 

further advance the functionality of combinatorial platforms.   

In particular, several details of utilizing magnetic yeast targets for combinatorial selections, 

as described in Chapters 2 and 4, need to be evaluated further. For instance, we have not fully 

explored how selection conditions influence the isolation of binders with certain affinities when 

performing magnetic yeast panning. Further investigation is needed into what is the optimal 

number of magnetic target cells to utilize in each screening round. Also, the number of library cells 

or mRNA-peptide fusions incubated should be evaluated further. When considering yeast-yeast 
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screening, the qYY2H data suggests that the recovery of target bound-library cells depends on the 

affinity of the monovalent interaction between the displayed surface proteins. Thus, when 

considering yeast-yeast screening, it is likely that the concentration of library cells, and more 

specifically individual library mutants, can affect enrichment based on the affinity of the expressed 

mutants. Accordingly, a larger number of library cells may be required to isolate weaker affinity 

mutants if desired. In contrast, the interactions between magnetic yeast targets and mRNA-peptide 

fusions are monovalent in nature. Thus, the best selection conditions for yeast-yeast screens may 

differ from yeast, mRNA-peptide fusion screens. The wash conditions utilized can also 

significantly influence the affinity of the isolated clones. Wash conditions to explore include: the 

length of the wash step, presence of competing protein, presence of detergents, buffer pH, buffer 

salt concentration, and the of use vortexing. It is likely that some of these wash conditions will be 

better than others at diminishing the interactions of non-specific and weak-affinity binders. Lastly, 

we have not fully explored how many rounds of screening are required to achieve significant 

enrichment when screening combinatorial libraries utilizing magnetic yeast targets. Each of these 

features could be explored using a mixed population of known binders with varying affinity for a 

target protein. For each selection condition, the enrichment of each binder by the magnetic yeast 

can be determined via Next Generation Sequencing to quantify the effects of each condition tested.  

A natural extension of the SsoFe2 protein is to use SsoFe2 to magnetize mammalian cells. 

While yeast are eukaryotic, yeast lack some post-translational machinery of higher order 

eukaryotes1,2. Thus, some proteins that require certain post-translational modifications may best 

expressed by a mammalian host. To generate magnetized mammalian cells, SsoFe2 can be 

expressed as a surface fusion to HEK293 cells that also express the target protein on their surface. 

When considering cell magnetization in general, other strategies could be explored to generate 
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magnetic target cells including the expression of peptide sequences with affinity for iron oxide3 or 

the production of intracellular magnetic particles through iron sequestration4–6.  

The mathematical model developed in Chapter 3 using the qYY2H platform has the 

potential to guide the selection conditions used when screening yeast display libraries against 

magnetic yeast targets. However, several features of the qYY2H platform need to be evaluated 

further. For example, the current mathematical model was developed only using 5 bait-prey pairs. 

Additional bait-prey pairs should be evaluated to refine the model. When developing the model, 

we only used two different bait, TOM22 and hFc (Fc portion of human IgG); To eliminate any 

bias, the model should be expanded using other bait proteins. Additionally, binders evolved from 

scaffold proteins, other than Sso7d and nanobody, should be considered. The model should also 

be expanded to include lower and higher affinity binders than those considered. We only evaluated 

bait-prey interactions ranging from ~400 – 5000 nM. Moreover, the detection limit of the qYY2H 

assay has not been determined. We have only tested bait-prey pairs with affinities as low as 25 

μM. The detection limit could be evaluated using binders to the WW domains of YAP. WW-

specific peptides bind with a wide range of affinities, as low as 320 μM7,8. It is also possible that 

once a certain affinity is reached, we may not be able to distinguish between high affinity binders 

due to the limitations of our assay (i.e.: the number of cells we can reasonably incubate). 

Ultimately, if the qYY2H model is better defined, we may be able to use the developed 

mathematical framework to predict the conditions (i.e.: how many magnetic target and library cells 

to incubate, incubation volume, etc) needed to isolate specific affinity binders from yeast display 

combinatorial libraries when performing magnetic yeast selections.    

A major advantage of the qYY2H platform in comparison to other yeast two hybrid assays 

is that the qYY2H system can be used to efficiently study protein-protein interactions that rely on 
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a post-translationally modified bait. However, limitations exist for the strategy we utilized to 

express enzymatically modified bait proteins on the surface of magnetic yeast cells. When 

considering a phosphorylation modification, we observed that ~50% of the cells expressing the 

bait protein actually expressed a phosphorylated version of the bait. Thus, the bait cell population 

is heterogenous, expressing both modified and unmodified bait protein, which influences the 

interaction between the bait and prey cell populations. We have attempted to account for this 

limitation by scaling the number of prey cells captured by the percentage of bait cells actually 

expressing a modified version of the bait as it is likely that a greater number of prey cells would 

be captured if all bait cells expressed a modified version of the bait. If the majority of the bait cells 

expressed a modified version of the bait, we would not have to perform this scaling, and we would 

be able to more confidently quantify bait-prey cell interactions that rely on a post-translational 

modification.  

The number of bait cells expressing a modified version of the bait protein can be improved 

by increasing the amount of modifying enzyme present in the endoplasmic reticulum. In our 

system, the bait protein is under the control of the Gal1 promoter while the enzyme that affords 

the modification is under the control of the Gal10 promoter. Protein expression under the Gal1 

promoter has been shown to be up to five times greater than when expression is coordinated by 

the Gal10 promoter9,10. To gain greater control over enzyme expression, the expression of the bait 

protein and the modifying enzyme should be uncoupled and rely on different induction additives. 

In particular, the enzyme should likely be placed under the control of a promoter that is stronger 

than the promoter used for bait expression to ensure an excess of enzyme. Other promoters to 

explore include a DDI211 or  β-estradiol promoter12. Additionally, stronger endoplasmic reticulum 
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retention sequences could be explored to increase the residence time of enzyme and bait protein 

within the endoplasmic reticulum prior to surface display of the bait protein13.  

Our yeast display platform for cyclic peptide identification, as described in Chapter 5, can 

be manipulated to utilize other crosslinking strategies allowing for the platform to potentially be 

used to identify multi-ringed peptides. For example, we could use two individual crosslinkers with 

different reactive chemistries to generate bicyclic peptides. Specifically, we could explore using a 

thiol-reactive 1,3-dibromopropane (DBP) linker to stably crosslink cysteine residues in 

conjunction with a disuccinimidyl gultarate (DSG) linker that crosslinks amine groups14–16. A 

linear peptide sequence, like MXXXXXK-GSGSGS-CXXXXXC, can be expressed as a yeast 

surface fusion. After, yeast cells displaying the described linear peptide sequence can be incubated 

with DSG followed by DBP. The DSG crosslinker will cyclize the linear peptide sequence between 

its N-terminus and the lysine residue while the DBP crosslinker will cyclize the sequence between 

the included cysteine residues. This will result in the display of a bicyclic peptide on the yeast 

surface. Optimization will be required to ensure complete modification by both crosslinkers. Other 

crosslinkers can be explored, include thiol reactive tris-(bromomethyl)benzene17 as well as bis-

electrophile linkers, like di(bromomethyl)pyridine, that can crosslink amine and thiol groups18.  

The described yeast platform for cyclic peptide display could also be extended to identify 

stimuli-responsive cyclic peptides if stimuli-responsive crosslinkers with appropriate reactivity 

chemistry (thiol or amine) are incorporated. The use of a stimuli-responsive linker allows the 

design of peptides that can reversibly bind target proteins. For example, peptides can be selected 

that bind a target protein when the crosslinker is in a particular conformation and lose binding after 

a stimulus is applied that changes the conformation of the crosslinker. A variety of materials exist 

that incorporate particular amino acid sequences or chemical linkers that respond to different 
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environmental triggers, including pH19,20, light21–24, and temperature25,26. Specifically, peptides 

incorporating crosslinkers sensitive to light and temperature could be used for the purification of 

biologics that require gentle processing conditions to maintain viability and functionality.  
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Appendix A: Supplementary data for chapter 3 

 

 
Figure A.1. qYY2H titration curve for NB.TOM22.1. The left plot compares the concentration of prey cells captured 
as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, TOM22. The 
number of magnetic bait cells displaying TOM22 was held constant. A plot of the slope between adjacent titration 
curve data points was also generated (right). The slope plot was used to determine which points to include when 
applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation 
was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve 
plots, blue points were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.2. qYY2H titration curve for Sso7d.hFc. The left plot compares the concentration of prey cells captured as 
a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, hFc. The number 
of magnetic bait cells displaying hFc was held constant. A plot of the slope between adjacent titration curve data points 
was also generated (right). The slope plot was used to determine which points to include when applying the 
monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation was met (slope 
~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve plots, blue points 
were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.3. qYY2H titration curve for Sso7d.TOM22.1. The left plot compares the concentration of prey cells 
captured as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, 
TOM22. The number of magnetic bait cells displaying TOM22 was held constant. A plot of the slope between adjacent 
titration curve data points was also generated (right). The slope plot was used to determine which points to include 
when applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after 
saturation was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration 
curve plots, blue points were included when applying the monovalent binding isotherm while red points were 
discarded. 
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Figure A.4. qYY2H titration curve for Sso7d.his.hFc. The left plot compares the concentration of prey cells captured 
as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, hFc. The 
number of magnetic bait cells displaying hFc was held constant. A plot of the slope between adjacent titration curve 
data points was also generated (right). The slope plot was used to determine which points to include when applying 
the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation was met 
(slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve plots, blue 
points were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.5. qYY2H titration curve for Sso7d.ev.hFc. The left plot compares the concentration of prey cells captured 
as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, hFc. The 
number of magnetic bait cells displaying hFc was held constant. A plot of the slope between adjacent titration curve 
data points was also generated (right). The slope plot was used to determine which points to include when applying 
the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation was met 
(slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve plots, blue 
points were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.6. qYY2H titration curve for Sso7d.TOM22.2. The left plot compares the concentration of prey cells 
captured as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, 
TOM22. The number of magnetic bait cells displaying TOM22 was held constant. A plot of the slope between adjacent 
titration curve data points was also generated (right). The slope plot was used to determine which points to include 
when applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after 
saturation was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration 
curve plots, blue points were included when applying the monovalent binding isotherm while red points were 
discarded. 
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Figure A.7. qYY2H titration curve for NB.TOM22.2. The left plot compares the concentration of prey cells captured 
as a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, TOM22. The 
number of magnetic bait cells displaying TOM22 was held constant. A plot of the slope between adjacent titration 
curve data points was also generated (right). The slope plot was used to determine which points to include when 
applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation 
was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve 
plots, blue points were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.8. Titration curve for Sso7d.hFc utilizing a bait immobilized onto magnetic beads. The left plot compares 
the concentration of prey cells captured as a function of the concentration of prey cells incubated with magnetic beads 
functionalized with the bait, hFc. The number of magnetic beads functionalized with hFc was held constant. A plot of 
the slope between adjacent titration curve data points was also generated (right). The slope plot was used to determine 
which points to include when applying the monovalent binding isotherm to the titration curve data. Typically, points 
were ignored after saturation was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is 
met. For the titration curve plots, blue points were included when applying the monovalent binding isotherm while 
red points were discarded. 
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Figure A.9. Titration curve for Sso7d.his.hFc utilizing a bait immobilized onto magnetic beads. The left plot compares  
the concentration of prey cells captured as a function of the concentration of prey cells incubated with magnetic beads 
functionalized with the bait, hFc. The number of magnetic beads functionalized with hFc was held constant. A plot of 
the slope between adjacent titration curve data points was also generated (right). The slope plot was used to determine 
which points to include when applying the monovalent binding isotherm to the titration curve data. Typically, points 
were ignored after saturation was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is 
met. For the titration curve plots, blue points were included when applying the monovalent binding isotherm while 
red points were discarded. 
 



   

264 
 

 
Figure A.10. Titration curve for Sso7d.ev.hFc utilizing a bait immobilized onto magnetic beads. The left plot 
compares the concentration of prey cells captured as a function of the concentration of prey cells incubated with 
magnetic beads functionalized with the bait, hFc. The number of magnetic beads functionalized with hFc was held 
constant. A plot of the slope between adjacent titration curve data points was also generated (right). The slope plot 
was used to determine which points to include when applying the monovalent binding isotherm to the titration curve 
data. Typically, points were ignored after saturation was met (slope ~0). Non-specific binding of the prey cells can 
occur after saturation is met. For the titration curve plots, blue points were included when applying the monovalent 
binding isotherm while red points were discarded. 
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Figure A.11. qYY2H titration curve for BRD7. The left plot compares the concentration of prey cells captured as a 
function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, SMAD3. The 
number of magnetic bait cells displaying SMAD3 was held constant. A plot of the slope between adjacent titration 
curve data points was also generated (right). The slope plot was used to determine which points to include when 
applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation 
was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve 
plots, blue points were included when applying the monovalent binding isotherm while red points were discarded. 
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Figure A.12. qYY2H titration curve for GGNBP2. The left plot compares the concentration of prey cells captured as 
a function of the concentration of prey cells incubated with magnetic yeast cells expressing the bait, SMAD3. The 
number of magnetic bait cells displaying SMAD3 was held constant. A plot of the slope between adjacent titration 
curve data points was also generated (right). The slope plot was used to determine which points to include when 
applying the monovalent binding isotherm to the titration curve data. Typically, points were ignored after saturation 
was met (slope ~0). Non-specific binding of the prey cells can occur after saturation is met. For the titration curve 
plots, blue points were included when applying the monovalent binding isotherm while red points were discarded.  
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Table A.1. Putative interaction partners for SMAD3 isolated from a yeast-displayed cDNA library 
screened against magnetic yeast cells displaying SMAD3. Prey cells displaying the protein 
encoded by the uncut vector used for library construction were isolated due to nonspecific binding.   
 

Protein Abbreviation Occurrence 
 

Protein Subunit Amino Acid Sequence 

NIPBL cohesin 
loading factor 

NIPBL 1 ETPKQKSEGRPETPKQKGDGRPETPKQKSE
GRPETPKQKGEGRPETPKHRHENRRDSGKP
STEKKPDVSKHKQDIKSDSPRLKSERAEALK
QRPDGRWESLRRDHDSKQKSDDRGESERH
RGDQSRVRRPETLRSSSRNDHSTKSDAGKT
EK 
 

Bromodomain 
containing protein 7 

BRD7 1 GGPVGHGQEAQEAQVGPPLLRGVRGEALK
LVLKVGGSEVTELSTGSSGHDSSLFEDRSDH
DKHKDRKRKKRKKGEKQAPGEEKGRKRRR
VKEDKKKRDRDRAENEVDRDLQCHVPIRL
DLPPEKPLTSSLAKQEEVEQTPLQEALNQL
MRQLQRKDPSAFFSFPVTDFIAPGYSMIIKH
PMDFSTMKEKIKNNDYQSIEELKDNFKLMC
TNAMIYNKPETIYYKAAKKLLHSGMKILSQ
ERIQSLKQSIDFMSDLQKTRKQKERTDACQS
GEDSGCWQREREDSGDAGKTEKK 
 

Gametogenetin 
binding protein 2 

GGNBP2 1 EQLCEEFSEEERVRELKQEKKRQKRKNRK 
 

Endothelin 1 EDN1 1 NTPERVVPYGLGGSSRSKRSLKDLLPNKAT
DQAVRCQCAHQKDKKCWKNRK 
 

Mitochondrial 
calcium uniporter 

MCU 1 RHHVLSQLHHPRCWKNRKKD 
 

Dead box 
polypeptide 18 

DDX18 1 RHKPVPTSKWRCWKNRK 
 

Pre-mRNA 
processing factor 

40A 

PRPF40A 1 AEWHYGRGKKKSKKRRHKSDSPESDAGKT
EK 
 

TATA-Box binding 
protein associated 

factor 2 

TAF2 1 KKKKHKHKHKHKRKHDSKDKDREPFAFSS
PASGRPIQMLEKQKK 
 

Nucleotide binding 
protein 1 

NUBP1 1 RVGRPRVQTPGQWGTGGTIATRCWKNRK 
 

Uncut Vector  21  
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Table A.2. Putative interaction partners for the WW domains of YAP isolated from a yeast-
displayed cDNA library screened against magnetic yeast displaying the WW domains of YAP. 
Some of the isolated prey contain previously identified binding motifs for the WW domain. Prey 
cells displaying the protein encoded by the uncut vector used for library construction were isolated 
due to nonspecific binding.   
 

Protein Abbreviation Occurrence Binding 
Motif 

Protein Subunit Amino Acid 
Sequence 

Tata-Box binding protein 
associated factor 2 

TRF2 2 RP 
 

HKHKHKHKHKHDSKDKDR
EPFAFSSPASGRPIQMLEKQ
KK 
 

Cyclin L2 CCNL2 1 PPR AEGHYGRGGGSKSQSRSRS
RSDSPPRQVHRGAPYKGSE
VRGSRKSKDCKYLTQKPHK
SRSRSSSRSRSRSRERTDNA
GKTEK 
 

Nuclear speckle splicing 
regulatory protein 1 

NSRP1 1 RPP, RP AEWPLRPERSSSEERGLGT
KHHSRGSQSRGHEHQDRQS
RDQESCHKDRSHREEKSSH
RHREASHKDHYWKKHEQE
DKLKGREQEERQDREGKRE
KYSSREQERDRQRNDHDR
YSEKEKKRKEKEEHTKARR
ERCEDSGKHREREKPEGHG
QSSERHRDRRESSPRSRPKD
DLDQERSSKARNTEKDKGE
QGKPSHSETSLATKHRLAE
ERPEKGSEQERPPEAVSKFA
KRSNEETVMSARDRYLAR
QMARINAKTYIEKEDD 
 

Ribosome protein L3 RPL3 1 None VFAEHISDECKRRFYKNWH
KSKKKAFTKYCKKWQDDT
GKKQLEKDFNSMKKYCQV
IRIIAHTQMLEKQKK 

Chromatin target of 
PRMT1 

CHTOP 1 None SHHIYKTTLRKHEKKSDRC
WKNRK 
 

Chromosome 12 RP23-
33124 

 1 RP RKCGRPAHSWKNRK 
 

Chromosome 7, RP24-
233E11 

 1 RP EKKKKKKKPAHTHKHTITH
ISVYSNSATLLTRIN 

Guanine nucleotide 
binding protein-like 2 

GNL2 1 None KEEKKTSAEDSDAAPTKKA
RKWDAQMEEEPSNKTQRM
LTCKERGRAARQQQSKKV
GVRYYETHNLKNRNRNKK
KTSDSEGQKHRRNKFRQKQ 
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Table A.2 (Continued).  
 

ADP-ribosylation factor 
like GTPAse 9 

ARL9 2 None KQGEGEREGEGRGEKEVC
GTEKQEGERDRERRREREG
GRSENQPRERERREEKEEC
GPGNQREWERQGEGGREK
EECGPKNQGEWERQGEGG
REKEECGPETKENGKDKGK
EEEKKKSVDLKTKENGKD
KGKEEGKKKSVDLKTKEN
EKDKGKEEEKKKSVDLKT
KENGKDKGKEEEKKKSVD
PKTKENEKDKGKEEEKKKS
VDLKTKENGKDKGKEEEK
KKSVDLKTKENGKDKEKE
EKKRKSADLKTKETGKEKG
RREKK 

Transcription elongation 
regulator 1 

TCERG1 1 PXY REKKNKIMQAKEDFKKMM
EEAKFNPRATFSEFAAKRA
KDSRFKAIEKMKDREALFN
EFVAAARKKEKEDSKTRGE
KIKSDFFELLSNHHLDSQSR
WSKVKDKVESDPRYKAVD
SSSMREDLFKQYIEKIAKNL
DSEKEKELERQARIEASLRE
REREVQKARSEQTKEIDRE
REQHKREEAIQNFKALLSD
MVRSSDVSWSDTRRTLRK
DHRWESGSLLEREEKEKLF
NEHIEALTKKKKKKAASAS
RGWASIRDPSSSSCR 

Undigested vector  14   

Small cDNA with no 
similarity 

 4   

 
 
 

 

 


