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In cancer, changes in enzyme expression levels and activity levels lead to 

a complex, altered microenvironment that promotes unregulated cell growth, 

angiogenesis, and metastasis. The biology of the tumor microenvironment, 

including the roles of the proteases and peptidases involved, remains poorly 

characterized. Evaluating the functions of these enzymes is challenging due to the 

absence of specific inhibitors. Previous studies have developed protein binders, 

such as antibodies, which can bind specifically to a unique enzyme, but these 

binders are rarely able to inhibit enzymatic activity. On the other hand, small 

molecules can bind to the active site of an enzyme, but these compounds often 

inhibit a wide range of closely related proteases and peptidases. The objective of 

this work is to create a new class of specific enzyme inhibitors consisting of a 

protein binder conjugated to a small molecule. A new synthetic antibody library 

was developed, characterized, and successfully enriched for binders to various 

antigens. Additionally, protein-small molecule hybrids were rationally designed 

and constructed using click chemistry. Protein-small molecule hybrids were tested 

for their ability to bind to unique enzymes compared to their single chain variable 

fragment (scFv) counterparts. The methodology proposed in this work will result 

in novel enzymatic inhibitors to evaluate the complexity of the tumor 

microenvironment and may also result in the generation of new class of 

therapeutics.  
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Targeting the tumor microenvironment with 

protein-small molecule hybrids 
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1.1 The role of proteases, peptidases, and other enzymes in the 

tumor microenvironment  

The number of new cancer cases diagnosed annually is expected to 

surpass 20 million worldwide by the year 2030.1 However, with few exceptions, 

current cancer therapies are only temporarily or moderately effective. 

Improvements to these therapies may be realized by recognizing that cancer cells 

are not solitary entities, but rather recruit and modify additional cell types. Figure 

1.1 schematically depicts the tumor microenvironment (TME), where both tumor 

cells and non-cancerous cells, including fibroblasts and immune cells, alter the 

production of growth factors, enzymes, and other biomolecules. In particular, the 

expression and activity levels of a myriad of different proteases, peptidases, and 

other enzymes from families and superfamilies such as matrix metalloproteinases, 

cysteine cathepsins, and serine hydrolases are altered in TME.2ï4 However, the 

exact functions of individual enzymes in the tumor microenvironment are often 

obscured due to the lack of specific probes available for studying the functions of 

unique enzymes.5,6 
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The roles of individual enzymes in cancer progression and the discovery 

of new potential cancer treatments may be elucidated by experimentally inhibiting 

enzyme function. However, current methods of enzyme inhibition are frequently 

insufficient for blocking the activity of enzymes.7,8 While certain small molecules 

can inhibit enzymatic activity, they often inadvertently inhibit many other 

members of the same protein family, only some of which support tumor 

progression. When applied in clinical trials, the lack of single-enzyme specificity 

has resulted in compromised patient safety.9 This is the case in many 

superfamilies of proteins, including the serine hydrolases.5 On the other hand, 

 

Figure 1.1: The complexity of the tumor microenvironment. 

Cancer cells recruit and modify other surrounding cell types and alter their production of various 

signals and enzymes to create a tumor microenvironment. (Figure adapted from Adams, J.L., et 

al.)6 



4 

protein binders can specifically bind to a single member of a enzyme family, but 

are rarely able to inhibit the active site of the enzyme. New techniques to discover 

specific inhibitors would result in potential drug candidates with improved 

specificity, enabling the development of therapeutics to target and inhibit 

enzymes in the TME.  

1.2 Current methods to inhibit serine hydrolases 

There is a lack of selective inhibitors for enzymes, especially those in the 

serine hydrolase family. Protein binders, including antibodies and antibody 

fragments, are able to bind to a specific amino acid sequence with high 

specificity. Despite the specificity, many of these protein binders cannot inhibit 

the function of a enzyme. As an alternative, small molecules have been used to 

inhibit the activity of enzymes. However, the few inhibitors that target individual 

serine hydrolases lack in vivo efficacy.5 For example, the boronic acid inhibitor 

PT-100 from Point Therapeutics can inhibit fibroblast activation protein (FAP), 

but also inhibits other similar enzymes in the serine hydrolase superfamily 

including dipeptidyl peptidase IV (DPPIV), which is structurally similar to 

FAP.5,10ï12 These two proteins differ in their localization in the body: DPPIV is 

expressed ubiquitously while FAP is not normally present in tissue and is a 

potential marker for some epithelial cancers.10 The difference in function between 

FAP and DPPIV is typical of the broad range of functions between members of 

the serine hydrolase superfamily. For example, kallikreins, another subgroup of 

the serine hydrolase superfamily, have roles varying from regulating normal 

physiology to promoting cancer progression.13,14 In all cases, the lack of selective 
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inhibitors prevents researchers from discovering the functions of these enzymes. 

Therefore, there is a need to develop new methods of inhibitor discovery to gain 

insights into individual enzymesô physiological roles in disease progression. 

1.3 Yeast display and noncanonical amino acids 

Display-based technologies allow for the discovery of highly specific 

protein binders with properties that would be difficult to obtain by immunization 

of animals.15 While the maximum library size of yeast display is limited 

compared to other display methods to approximately 109 transformants, yeast 

display has been shown to yield more unique clones than phage display in the 

case of identifying scFvs specific to HIV-1 gp120.16 Additionally, yeast cells can 

be quantitatively analyzed or sorted using flow cytometry, which is especially 

useful for identifying high affinity antibody fragments from a library.17 

Recently, several studies have pursued chemically modified proteins or 

peptides as a means to specifically inhibit enzymatic activity.18ï21 However, these 

approaches are limited due to the lack of quantitative assessment of candidate 

inhibitors. While yeast display has been used to isolate high affinity protein 

binders,17,22,23 the technology can be further expanded to include the incorporation 

of noncanonical amino acids (ncAAs) with unique side chains distinguishable 

from the 20 canonical amino acids for more selective bioconjugation reactions.24 

Chemical modification of proteins has been implemented with various ncAAs in 

phage,25 Escherichia coli,26 mammalian cells,27 and Saccharomyces 

cerevisiae.28,29 The addition of ncAAs into yeast display using stop codon 
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suppression will expand the chemical functionality of proteins displayed on the 

yeast surface in a site-selective manner and support the discovery of novel 

enzyme inhibitors. 

1.4 Click chemistry  

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) is a type of ñclick 

chemistryò that is useful in both drug discovery and fundamental research.30ï32 

CuAAC involves the reaction between an azide and alkyne to form a triazole 

linkage. Since azides and alkynes are reasonably bioinert,24 CuAAC is an 

attractive method for site-selective bioconjugation on the yeast surface. The key 

advantage to CuAAC is the fast reaction time at room temperature, especially 

with the addition of copper(I).33 Additionally, the reaction is highly tolerant of 

both water and oxygen, making it an attractive choice for biological 

environments, such as the cell surface.  Previous work has demonstrated that 

CuAAC can be performed on proteins displayed on both the E. coli34 surface and 

proteins displayed on the yeast surface.35 

1.5 Thesis Work 

The goal of this research is to develop novel protein-small molecule 

hybrids to specifically target and inhibit individual enzymes expressed in the 

tumor microenvironment. These hybrids consist of a protein binder that 

recognizes a unique amino acid sequence in an enzyme and a small molecule that 

inhibits the activity of the enzyme (Figure 1.2). Towards this goal, a new, simple, 

yeast-displayed synthetic antibody library was constructed and characterized 
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through sequencing and flow cytometry. Clones from this library were 

successfully enriched against various antigens using previously described bead- 

and flow cytometry-based approaches.36,37 In the future, this library will be 

developed into a protein-small molecule hybrid library containing both amino 

acid and chemical diversity for the high throughput discovery of protein-small 

molecule  inhibitors.  

 

 

 

Figure 1.2: A schematic of the proposed protein-small molecule hybrid structure.  

The protein portion of the hybrid consists of an antibody fragment that recognizes a unique 

feature on the enzyme. The small molecule recognizes the active site of the enzyme to block 

enzymatic activity. The hybrids are constructed using copper-catalyzed azide-alkyne 

cycloaddition. (Figure made by Professor James Van Deventer).  
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Additionally, protein-small molecule hybrids were developed to target two 

structurally similar enzymes: fibroblast activation protein (FAP), a potential 

cancer target, and dipeptidyl peptidase IV (DPPIV), a target in diabetes that is 

also widely expressed in normal physiology.5 Hybrids displayed on the yeast 

surface were developed from previously identified anti-FAP scFvs and tested for 

their ability to bind to FAP compared to conventional scFvs in titration 

experiments.  

The development of protein-small molecule hybrids against FAP and 

DPPIV could lead to new tools for evaluating the functions of these enzymes and 

may result in new therapeutic leads for treatment of cancer and other diseases. 

Furthermore, the underlying methodology will be applicable to numerous 

proteases and other enzymes, providing a framework for the discovery of specific 

enzyme inhibitors on a broader scale. 

Chapter 2 describes the design, construction, and evaluation of a new 

yeast-displayed synthetic antibody library. This chapter includes sequencing data 

and sorting using both bead- and flow cytometry-based methods.  

Chapter 3 presents the click chemistry and titration experiments obtained 

from the rational design of protein-small molecule hybrids.  

In Chapter 4, a proposal for how to combine the work of Chapters 2 and 3 

to create a high throughput protein-small molecule discovery platform is 

described, and additional directions that build on this work are explored. 
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Appendix A contains representative experimental data collected after 

protein purifications to confirm the purity and identity of FAP, DPPIV, and anti-

melanoma antibody TA99 used in various experiments presented in this thesis. 
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2.1 Introduction  

The high specificity and long in vivo half-lives of antibodies have recently 

led to powerful therapeutic reagents used to combat various diseases, including 

cancer.1 Early on in antibody therapeutic development, monoclonal antibodies 

were developed on a large scale using hybridoma strategies in mice,2 but this was 

disadvantageous for therapeutic purposes because of the immune system response 

the murine antibodies could cause in humans. Humanized monoclonal antibodies 

were developed to reduce the immune response, but the process is laborious 

because it requires grafting of murine complementarity determining regions 

(CDRs) to a human constant region.3  

Display technologies allow for the successful discovery of human-like 

antibodies with binding properties that would be difficult to obtain by animal 

immunization.4  In particular, yeast display is advantageous because it is 

compatible with flow cytometry, which can be used to quantitatively sort high 

affinity antibody fragments in a high throughput manner.5 Additionally, yeast 

display has been shown to yield more unique single chain variable fragment 

(scFv) sequences that bind to a particular antigen than phage display.6 

Previously, Mahon and colleagues used display technology to isolate 

diverse and specific antibodies to various target antigens from a minimalistic scFv 

library with diversity in only the third complementarity determining region of the 
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heavy chain (CDR-H3).7 This shows that high affinity binders to various targets 

can still be isolated despite using a single scaffold and limited diversity to only 

one CDR.   

The goal of this research was to develop a simple library with limited 

amino acid diversity capable of yielding specific binders to various targets. A new 

synthetic scFv library was developed with diversity solely in CDR-H3 (Figure 

2.1). Amino acid diversity in this region was designed to mimic the sequences of 

this CDR in natural antibodies using degenerate ñXYZò codons with the same 

percentages of A, C, T, and G as described previously (where the ñXYZò codon 

encodes for the ñXò amino acid in Figure 2.1).8 Each clone in the library 

contained 5-13 ñXYZò codons to enable CDR-H3 loop length variation between 7 

and 15 codons to mimic commonly found natural lengths of this CDR in human 

antibodies.9  

 

Figure 2.1: Schematic representation of the diversity in the CDR-H3 library.  

The CDR-H3 region is highlighted in pink in the crystal structure of a humanized anti-HER2 

antibody. Additionally, potential TAG codon sites are highlighted as space-filling spheres in 

orange. The diversity of CDR-H3, where the X codon is designed to have amino acid diversity 

similar to natural antibodies.  
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A library with diversity in only the CDR-H3 has protein diversity 

introduced in only a small fraction of the total antibody sequence. This makes the 

library a good foundation to build libraries with multiple forms of diversity, 

particularly protein-small molecule hybrid libraries that contain both amino acid 

and small molecule chemical diversity. Introducing chemical diversity with a 

small molecule would allow for the high throughput discovery of protein-small 

molecule inhibitors which can both bind to a unique enzyme and inhibit the 

function of that enzyme. A TAG codon (for incorporation of a noncanonical 

amino acid through stop codon suppression) can replace any residue outside of the 

CDR-H3 region, therefore increasing the potential sites for small molecule 

conjugation in the library. In particular, limiting diversity to the CDR-H3 region 

opens up the possibility of inserting a TAG codon in one of the other CDRs, 

which are held constant in this library. For instance, L28, H31, and H54 are all in 

CDRs (Figure 2.1). Having a TAG codon for small molecule incorporation in a 

CDR could be advantageous because the CDRs are typically the closest regions of 

the antibody to the antigen. Incorporation of a small molecule into a CDR-located 

TAG codon may increase the proximity of the small molecule to the enzyme 

active site and therefore increase the chances that the small molecule can 

participate in inhibition of the enzyme. 
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2.2 Experimental Methods 

2.2.1 Media preparation, plate preparation, yeast strain, and yeast 

electroporation 

Procedures for the preparation of liquid media, solid media, and 

electrocompetent yeast were performed as described previously.10,11 All 

experiments used the Saccharomyces cerevisiae strain RJY100, which was 

constructed using homologous recombination techniques described in detail 

elsewhere.11 

2.2.2 Plasmid construction 

The gWiz-Fc-hFAP-BirA and gWiz-Fc-mFAP-BirA plasmids were 

constructed as previously described.12 These vectors encode for a murine Fc 

region for Protein A purification upstream of the protein of interest and a BirA 

sequence for enzymatic biotinylation downstream of the protein of interest.  

gWiz-Fc-hDPPIV-BirA and gWiz-Fc-mDPPIV-BirA plasmids were 

constructed from PCR-amplified human and murine DPPIV cDNA (OriGene) and 

the gWiz vector (obtained from the gWiz-Fc-hFAP-BirA plasmid) digested at 

NheI and BamHI. The digested vector backbone and insert were purified, ligated, 

transformed into competent E. coli DH5‌Z1, and plated on solid LB media 

supplemented with kanamycin. Single colonies were picked and grown in liquid 

media supplemented with kanamycin, grown to saturation, and miniprepped. 

Sequencing at Eurofins Genomics confirmed correct assembly of gWiz-Fc-
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hDPPIV-BirA and gWiz-Fc-mDPPIV-BirA. FAP and DPPIV expression 

constructs were maxiprepped for transfection of suspension HEK293-F cells as 

described in Section 2.2.9.  

2.2.3 CDR-H3 synthetic library construction  

Oligonucleotides, including those with amino acid diversity and loop 

length variation, were synthesized by IDT DNA Technologies. Oligonucleotides 

were used to amplify the scFv region, which was split into two gBlocks 

synthesized by IDT DNA Technologies. The first gBlock consisted of the DPK9 

light chain and the JK4 J-segment and was amplified with a pCTcon2 overlap 

region (necessary for homologous recombination into the pCTcon2 vector) using 

the primers SynAmpFwd and SidLinkRev (Table 2.1). The second gBlock 

contained the sequence for the DP47 heavy chain and was amplified with 

SidLinkFwd and the CDR7-15Rev primers. The CDR7-15Rev primers varied in 

length of the designed ñXYZò codon (labeled as the reverse complement zôyôxô in 

the primer sequence). Each nucleotide in the ñXYZò codon was designed to occur 

in the degenerate CDR7-15Rev primers as shown in Table 2.2. PCR 

amplifications of each CDR length were kept separate throughout molecular 

cloning and yeast electroporation. Additionally, the CDR7-15Rev primers 

Table 2.1: The predicted percentages of each DNA base pair in the designed ñXYZò codon. 
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contained an overhang for the first part of the JH4 J-segment sequence. The rest 

of the JH4 J-segment and the pCTcon2 overlap region were added on using 

SynAmpRev.   

 

The pCTcon2 yeast surface display vector was linearized in two steps: 

first, overnight incubation with SalI was performed, followed by a second 

overnight incubation with enzymes BamHI and NheI in the digestion mixture. 2 

ʈg of each gel-purified PCR fragment and 1 ʈg of digested vector mixture were 

assembled by homologous recombination in electrocompetent RJY100 using 

previously described methods.10 PCR fragments of each CDR-H3 length were 

electroporated in yeast separately with digested pCTcon2 to create loop length-

based sublibraries.  

Table 2.2: Primers used for cloning the CDR-H3 library.  

The CDR7-15Rev primers only varied in the number of XYZ codons, which are labeled as the 

reverse complement zôyôxô. 
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Transformed cultures were recovered in SD-CAA (-TRP -URA). Small 

portions of transformed cells were plated on SD-CAA (-TRP -URA) plates to 

confirm the final reported library size of 1.36 × 109 transformants. The library 

was expanded in SD-CAA (-TRP -URA), pelleted, resuspended in 15% glycerol 

and stored in 2 mL aliquots containing 1010 yeast cells. DNA was extracted from 

small portions of the library using Zymoprep DNA isolation kits (Zymo 

Research), transformed into E. coli, plated on LB solid media containing 

ampicillin, miniprepped, and sequenced (Eurofins Genomics) to assess a small 

sample of the library diversity.  

2.2.4 CDR-H3 library master stocks 

Freezer stocks of each sublibrary were thawed and 20 times the number of 

transformants (as determined by plating) were inoculated in 1 L SD-CAA (-TRP -

URA) to create the full CDR-H3 library. Once grown to saturation, 10 times the 

number of transformants were spun down (5 minutes at 2,000 x g and 4ЈC) and 

resuspended in 8 L SD-CAA. Once grown to saturation again, 1010 cells covering 

99.92% of the library13 were spun down and passaged into 1 L of SD-CAA (-TRP 

-URA) to begin sorting. The rest of the cells were spun down, resuspended in 

15% glycerol, and frozen at -80ЈC for master stocks.  

2.2.5 Library propagation and induction 

To propagate the library and prepare it for induction, two 2 mL freezer 

stocks were inoculated in 1 L SD-CAA (-TRP -URA) media and allowed to grow 

to saturation at 30ЈC. The library was passaged to an OD600 of 1 and allowed to 
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grow up again to saturation. At this stage, a portion of cells were diluted to an 

OD600 of 1 again while the remainder of the culture was stored at 4ЈC as a fridge 

stock. Alternatively, samples from the fridge stock were pelleted and resuspended 

to an OD600 of 1 in 1 L of fresh SD-CAA (-TRP -URA) media and grown to 

saturation.  Following saturation, the cultures were diluted to an OD600 of 1 in 

fresh media and grown until mid-log phase (OD 2-5). Cells were pelleted (5 

minutes at 2,000 x g and 4°C) and resuspended to an OD600 of 1 in SG-CAA 

(īTRP īURA) induction media and grown at 20ÁC for at least 16 hours. 

2.2.6 Flow cytometry  

2.2.6.1 Truncation analysis 

20 times the number of transformants of each sublibrary were grown 

separately in either 100 or 150 mL of SD-CAA (-TRP -URA) at 30ЈC. Once 

grown to saturation, 10 times the number of transformants for each sublibrary 

were spun down (5 minutes at 2,000 x g and 4°C) and resuspended in 100 or 150 

mL of SD-CAA (-TRP -URA). After growing to saturation again, about 500 ʈL 

of each sublibrary was passaged into 5 mL of SD-CAA and grown to mid-log 

phase for 4-8 hours. Additionally, 500 ʈL of the full CDR-H3 library from 

Section 2.2.5 was also passaged into 5 mL of SD-CAA grown for 4-8 hours. For 

induction, cultures were spun down and resuspended at an OD600 of 1 in SG-CAA 

(-TRP -URA) and grown for 16 hours at 20ЈC.  

Approximately 2 million cells from each sample were washed thrice in 

PBSA (PBS, pH 7.4, with 0.1% BSA) and labeled in 1.7 mL microcentrifuge 
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tubes for the the detection of full-length scFv display through flow cytometry. 

Cells were labeled with 50 ʈL of anti-c-Myc (Gallus Immunotech) and anti-HA 

(BioLegend) antibodies diluted 1:250 in PBSA at room temperature for 30 

minutes on a rotary wheel. After primary labeling, all steps were done on ice or in 

a microcentrifuge chilled to 4ЈC. Each sample was washed thrice with 1 mL ice-

cold PBSA and then resuspended in 50 ʈL of Alexa Fluor 647-labeled goat anti-

chicken antibody (Invitrogen) and Alexa Fluor 488-labeled goat anti-mouse 

antibody (Invitrogen) diluted 1:500 in PBSA on ice for 15 minutes in the dark. 

Each sample was washed twice with 1 mL ice-cold PBSA before final 

resuspension in 1 mL PBSA for flow cytometry. Flow cytometry analysis was 

performed on the Attune NxT flow cytometer in the Tufts University Science and 

Technology Center. All samples were processed using the FlowJo software.  

2.2.6.2 Sorting analysis 

For each round of sorting after the first round of positive enrichment, 

induced cells were checked for binding to the desired antigen, streptavidin, and in 

the case of FAP and DPPIV sorts, TA99. Cells were subjected to the same wash 

conditions as in the above Section 2.2.6. Samples were labeled with 50 nM 

biotinylated antigen except for the lysozyme sorts, which were labeled with 250 

nM biotinylated antigen. Cells were also labeled with anti-c-Myc at a 1:250 

dilution in PBSA. For secondary labeling, cells were labeled with Alexa Fluor 

647-labeled goat anti-chicken antibody and either Alexa Fluor 488-labeled 

streptavidin or anti-biotin-PE (eBioscience) at a 1:500 dilution.  
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2.2.6.3 Binding assay 

After sorting using FACS, individual clones were isolated from the bovine 

IgG-, rabbit IgG-, and lysozyme-enriched populations as described in Section 

2.2.8. Specifically, 9-12 clones were sequenced from the bovine IgG population, 

the high-binding rabbit IgG population, the low-binding rabbit IgG population, 

the high-binding 50 nM lysozyme population, the low-binding 50 nM lysozyme 

population, and the the high-binding 250 nM lysozyme population. Plasmids 

corresponding to unique clones were transformed into RJY100, plated on solid 

SD-CAA media (īTRP īURA), and grown at 30ÁC until colonies appeared (2ī3 

days).  

Colonies from the plates described above were inoculated in 5 mL of SD-

CAA (īTRP īURA) and allowed to grow to saturation at 30ÁC (2ī3 days). 

Alternatively, 100-200 ʈL of saturated culture stored at 4°C was inoculated in 5 

mL fresh media and allowed to grow to saturation overnight. Following 

saturation, the cultures were diluted to an OD600 of 1 in fresh SD-CAA (īTRP 

īURA)  and grown at 30°C until mid-log phase (OD 2ī5; 4ī8 h). Cells were 

pelleted (5 minutes at 2,000 x g and 4°C) and resuspended to an OD600 of 1 in 

SG-CAA (īTRP īURA). 

Approximately ς  ρπ freshly induced cells per sample were washed 

thrice in 1 mL PBSA and transferred into a 96-well V-bottom plate and pelleted 

(5 minutes at 2,400 rpm and 4°C). Samples were resuspended in PBSA (50 

ɛL/well) containing 50 nM or 250 nM biotinylated antigen and anti-c-Myc at a 
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1:250 dilution. Plates were incubated with rotation (150 rpm) at room temperature 

on a digital orbital shaker (Southwest Science) for 30 minutes. Cells were then 

pelleted and washed thrice in ice-cold PBSA (200 ɛL/well). The washed samples 

were resuspended in PBSA (50 ɛL) containing Alexa Fluor 647-labeled goat anti-

chicken antibody and anti-biotin PE, both at a 1:500 dilution. Cells and label were 

incubated in the dark on a plate shaker at 4°C for 15 minutes. After incubation, 

cells were pelleted and washed twice in ice-cold PBSA (200 ɛL/well). Samples 

were then pelleted and left covered on ice. Immediately prior to flow cytometry 

analysis, samples were resuspended in ice-cold PBSA (200 ɛL/well or 100 

ʈL/well for titrations). 10,000 events were recorded for each sample. 

2.2.7 Antigen enrichment in the CDR-H3 library 

2.2.7.1 Library depletion  

The original CDR-H3 library was induced and subjected to two rounds of 

depletions against biotin binder Dynabeads (Life Technologies), streptavidin, and 

TA99 (which has the same Fc isotype as Fc-FAP and Fc-DPPIV fusions). The 

library was expanded and the majority was spun down, resuspended in 15% 

glycerol, and stored at ī80 ÁC. The rest of the library was enriched with beads 

coated in either Fc-hFAP, Fc-mFAP, Fc-hDPPIV, Fc-mDPPIV, bovine IgG, 

rabbit IgG, or lysozyme.  
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2.2.7.2 FAP and DPPIV sorting  

A total of 50 ʈL of antigen-coated beads were used per depletion or 

enrichment in the first round of sorting. The enriched library fractions were 

recovered and prepared for more sets of bead-based screens. Each round of 

sorting consisted of 1-2 rounds of depletion against beads coated in biotinylated 

TA99 (for FAP and DPPIV sorts only), 1-2 rounds of depletion against beads 

coated in biotin, 1-2 rounds of depletion against biotin binder Dynabeads, and 

enrichment using either hFAP-, mFAP-, hDPPIV-, or mDPPIV-coated beads. 

Each depletion or enrichment step after the first round of sorting used 10 ʈL of 

beads. Bead sorting was repeated until FAP- or DPPIV-positive binding 

populations were enriched.  

2.2.7.3 Bovine IgG, rabbit IgG, and lysozyme sorting  

The CDR-H3 library was also sorted for binders to bovine IgG, rabbit IgG, 

and lysozyme. Bead-based sorting was performed as described above for FAP and 

DPPIV sorting, except (1) the TA99 depletions were not performed and (2) the 

positive enrichments used either bovine IgG-, rabbit IgG-, or lysozyme-coated 

beads. Ten rounds of bead sorting were performed for the bovine-IgG and 

lysozyme populations. Nine rounds of bead sorting were performed for the rabbit-

IgG population.  

Additionally, these populations were sorted using fluorescence-activated 

cell sorting (FACS) performed at the Tufts Laser Cytometry Core on the BD 

FACSAria (Becton Dickinson) with rounds three (bovine IgG and lysozyme) or 



27 

four (rabbit IgG) of bead sorting. Samples from all populations were labeled with 

anti-c-Myc at a dilution of 1:250 in PBSA and 50 nM biotinylated antigen. A 

separate sample of the lysozyme population was also labeled with anti-c-Myc and 

250 nM biotinylated lysozyme. Protein display was detected with goat-anti-

chicken 647 at a dilution of 1:500 in PBSA and antigen binding was detected 

using anti-biotin-PE added at a dilution of 1:500 in PBSA.  

2.2.8 DNA sequencing  

Plasmid DNA from all sorted populations was extracted using Zymoprep 

kits, transformed into competent E. coli, and plated on selective media. The 

resulting E. coli colonies were miniprepped and sequenced at Eurofins Genomics. 

2.2.9 Mammalian cell culturing and transfection 

HEK293-F cells were kept between πȢσρπ and σρπ million cells/mL 

by passaging every 3 days into fresh Freestyle 293 medium (Life Technologies). 

Cells were kept at 37ЈC with 8% CO2 shaking at 125 RPM. Cells were transfected 

on or after passage 4 using polyethylenimine in FreeStyle 293 media 

supplemented with OptiPro (Life Technologies) under sterile conditions 24 hours 

after seeding the cells at πȢυρπ cells/mL. After transfection, cells were 

incubated at 37ЈC with 8% CO2 shaking at 125 RPM for 6-8 days before 

harvesting.  
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2.2.10 Antigen production and biotinylation  

The murine antibody TA99 was produced, purified, and buffer exchanged 

as previously described.11 Fc fusions of human and murine isoforms of fibroblast 

activation protein (FAP) and dipeptidyl peptidase IV (DPPIV) were produced 

using transient transfection of suspension-phase HEK293-F cells and protein A 

purification as previously described for hFAP.11  

6-8 days after transfection, supernatant was harvested, filtered, and pH-

adjusted with 10X phosphate-buffered saline (PBS). Protein A resin (Genscript) 

was used to purify the Fc fusion proteins. Eluted proteins were buffer exchanged 

into FAP buffer (100 mM NaCl, 100 mM Tris, pH 7.8) through repeated 

concentration steps with Amicon Ultra-15 30 kD molecular weight cutoff 

(MWCO) devices (Millipore). 

After the buffer exchange, FAP and DPPIV enzymatic activity was 

confirmed using the fluorogenic substrate Ala-Pro-7-amino-3-

trifluoromethylcoumarine (Calbiochem). For long-term storage, protein solutions 

were mixed with 50% vol/vol glycerol, flash frozen in small (200-500 ʈL) 

aliquots using liquid nitrogen, and stored at ī80 °C. Individual frozen aliquots 

were thawed rapidly in room-temperature water and buffer exchanged into FAP 

buffer using Amicon Ultra-0.5 30 kD MWCO devices and stored at 4°C for up to 

3-4 weeks. 

Fc-FAP and Fc-DPPIV constructs were enzymatically biotinylated with 

biotin ligase (Avidity) for library screening. Freezer stocks were thawed and 
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buffer exchanged into bicine buffer (50 mM bicine, pH 8.3) with a final volume 

of 50 ʈL and final concentration of 1-2 mg/mL. 2.5 ʈL of biotin ligase BirA and 5 

ʈL of Biomix B (100mM ATP, 100mM MgOAc, 500ɛM d-biotin; Avidity BirA 

biotin ligase kit) were added to this solution. Enzymatic reactions were allowed to 

proceed for multiple days on a rotary wheel at 4°C. Approximately every 24 

hours, additional Biomix B was added to the reaction. Upon completion of the 

reaction, the mixture was buffer exchanged into FAP buffer using the Amicon 

Ultra-0.5 30 kD MWCO devices and used without further purification. Success of 

enzymatic biotinylation was checked using flow cytometry. Biotinylated antigen 

was incubated with 10 ʈL of beads for 2 hours followed by three 1 mL PBSA 

washes and secondary labeling with Alexa Fluor 647-labeled goat anti-mouse 

antibody. 

Biotinylated versions of TA99, bovine IgG, rabbit IgG, and lysozyme 

were prepared using EZ-Link NHS-LC-Biotin (Thermo Scientific) and buffer 

exchanged into PBS. 

2.3 Results and Discussion  

2.3.1 CDR-H3 library characterization 

2.3.1.1 Library construction and characterization 

An in-depth description of library construction can be found in Section 

2.2.3. In brief, oligonucleotides were used to amplify the scFv region of the CDR-

H3 library. Amino acid diversity was introduced using degenerate primers. PCR 
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amplifications of each CDR length were kept separate throughout molecular 

cloning. Each sublibrary was assembled separately with the yeast display vector 

pCTcon2 using homologous recombination in electrocompetent RJY100 yeast. 

The number of transformants per sublibrary shown in Table 2.3 were determined 

by plating samples of electroporated cells. The theoretical diversity of each 

sublibrary was calculated using Equation (2.1), where ὲ is the number of designed 

ñXYZò codons.  

τψ ςφ (2.1) 

There were 48 different possible codons for the ñXYZò codon, two possibilities 

for the A/G codon and six possibilities for the F/I/L/M codon (Figure 2.1).  

  

Table 2.3: The number of transformants and theoretical diversity of each sublibrary. 

The number of transformants from each sublibrary was calculated by plating samples of 

electroporated cells. Theoretical diversity was calculated as described in the text. 
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A total of 95 clones were sequenced from the library, with 8-12 clones 

representing each of the 9 sublibraries. Each clone had a unique CDR-H3 

sequence, indicating that the library contains many unique transformants. 19% of 

the sequenced clones were truncated, either by a TAG codon arising naturally in 

the designed ñXYZò codon or a frameshift mutation occurring somewhere in the 

scFv sequence. 7.4% of the sequenced clones had base pair mutations in the 

constant region (outside of the CDR-H3) that did not cause frameshift mutations. 

4.2% of sequenced clones had mutations in the constant region that resulted in a 

frameshift. Details on the sequences of the clones by sublibrary are shown in 

Table 2.4.  

 

2.3.1.2 Characterization of library display properties 

The diversity in CDR-H3 library was designed using an ñXYZò codon, 

where the DNA base pairs ñX,ò ñY,ò and ñZò each had their own distribution of 

A, C, T, and G (Table 2.2).8 At position 1 (ñXò) the expected base pair 

Table 2.4: Summary of sequencing data collected by CDR-H3 sublibrary.  

General information of the sequenced clones, including number of unique clones and number of 

clones with various mutations, split by sublibrary. 

 



32 

distribution was 20% A, 15% C, 25% G and 40% T. The expected percentages at 

position 2 (ñYò) were 50% A, 25% C, 15% G, and 10% T. Finally, position 3 

(ñZò) was expected to have 0% A, 45% C, 10% G, and 45% T. While this 

distribution eliminated the TAA and TGA stop codons, there was still a chance of 

a TAG codon occurring in the CDR-H3 regions, resulting in truncation.  

 

Figure 2.2: Flow cytometry analysis of truncated clones. 

Each sublibrary and the full CDR-H3 library were labeled for full length clones. The percent of 

truncated clones increased as the length of the CDR-H3 increased. 22.4% of the clones in the full 

CDR-H3 library were truncated.  
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 Flow cytometry analysis indicated that a c-Myc tag could not be detected 

in 22.4% of the clones in the overall library. (Figure 2.2). In each sublibrary, 

between 18 and 30% of clones appeared to be truncated. As the CDR length of the 

sublibrary increased, the percentage of observed truncated clones also increased. 

This was expected since the chance of having at least one TAG codon in the 

designed CDR-H3 region increases with each additional ñXYZò codon.  Since the 

full CDR-H3 library had a total ρȢσφρπ transformants (Table 2.3) and 22.4% 

of these clones are estimated to be truncated based on flow cytometry analysis, 

 

Figure 2.3: Percent of truncated clones observed in both flow cytometry and sequencing. 

The expected percent of truncated clones (blue) was compared to the observed percent of 

truncated clones in flow cytometry analysis (orange) and sequencing (gray).  Additionally, the 

percent of observed truncated clones arising from a TAG codon (yellow) are also shown for 

each sublibrary. 
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the library is estimated to contain approximately ρȢπφ  ρπ full -length clones.  

Finally, the observed percent of truncated clones from both flow 

cytometry data and sequencing data was compared to the expected percent 

truncated clones. The expected percent truncated clones can be calculated from 

the probability of having at least one stop codon in the designed ñXYZò codons in 

CDR-H3. Due to the design of the ñXYZò codon, only the TAG stop codon can 

occur in this region, and it occurs with a probability of 2% at a particular ñXYZ.ò 

The probability of having at least one TAG codon is the same as 1 minus the 

probability of there being no TAG codons in the sequence. Therefore, the 

probability of truncation in the CDR-H3 region is equal to Equation (2.2), where 

ὲ is the number of ñXYZò codons.  

ρ ρ πȢπς (2.2) 

Overall, the observed percentage of truncated clones from flow cytometry 

was higher than the predicted percentage of truncated clones for each sublibrary 

(Figure 2.3). Additionally, the sequencing data also showed a generally higher 

percentage of truncated clones compared to predicted values. Some sublibraries 

showed a lower percentage of truncated clones than expected, and some 

sublibraries had no sequenced truncated clones. One reason for this may be 

because the predicted truncation calculation only takes into account the 

probability of a TAG codon occurring in the ñXYZò codons. It does not consider 

insertions or deletions, which also lead to truncation of the displayed protein. The 

percentage of clones truncated by TAG codons arising in the ñXYZò codon is 
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known from the sequencing data (Figure 2.3). For sublibrary CDR15, this percent 

matched up well with the predicted percentage of truncated clones by a TAG 

codon arising in the ñXYZò codon. However, in all other cases, the percentages 

do not match up well, most likely due to the small sample size of sequencing data 

(8-12 clones per sublibrary) compared to flow cytometry (10,000 events per 

sublibrary).  

2.3.1.3 DNA and amino acid distributions in designed ñXYZò codon 

The distribution of A, C, G, and T in the designed ñXYZò codons were 

determined by analysis of all sequenced clones that did not contain frameshift 

mutations. The observed frequency of each base was found to be very close to the 

predicted frequency, where no base varied more than 6.9% from the expected 

 

Figure 2.4: DNA base pair distribution in the designed ñXYZò codon. 

The frequency of each nucleotide in the ñXYZò codon is compared to the expected frequency 

based on primer design. The predicted and observed frequencies are very similar.   
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Table 2.5: DNA base pair distribution in the designed ñXYZò codon separated by 

sublibrary.  

 

frequency, as shown by the graph in Figure 2.4. Additionally, observed 

frequencies of each base by sublibrary are displayed in a table (Table 2.5). 

Overall, sublibraries did not show much variation from the predicted percentages 

of each DNA base pair at each position in the ñXYZò codon.  

The distribution of amino acids in the designed ñXYZò codons was 

analyzed using the sequencing data from all clones containing no frameshift 

mutations. The observed frequency of each amino acid was found to be similar to 

the predicted frequency (Figure 2.5). The most notable differences were found in 

histidine, asparagine, and threonine, which were overrepresented in the sequenced 

clones by 3.7, 2.1, and 2.1%, respectively, and serine, which was 

underrepresented in the sequenced clones by 3.2%.  
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Right after the sequence of ñXYZò codons, there are two codons which 

vary in the CDR-H3 diversity design. The first amino acid could be either alanine 

or glycine (A/G) with a 50% chance of either amino acid. The second amino acid 

 

Figure 2.5: The distribution of amino acids in the designed ñXYZò codons.  

The predicted frequency of each amino acid and the stop codon (blue) are graphed next to the 

observed frequency (orange) of each sequenced clone containing no frameshift mutations.  
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can be either phenylalanine, isoleucine, or methionine with a 16.7% of each or 

leucine with a 50% chance (F/I/L/M). In the sequenced clones, alanine was 

present in 64.4% of the A/G positions, resulting in an overrepresentation of 14.4% 

 

Figure 2.6: Amino acid distribution of the A/G and F/I/L/M amino acids in the CDR-H3 

region. 

Predicted frequency (blue) is graphed next to the observed frequency (orange) of each amino 

acid. Additionally, the frequencies of each amino acid for each sublibrary are shown in the 

table.  
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(Figure 2.6). The second amino acid position was closer to the predicted 

distribution, but methionine was only represented in 6.7% of the sequences. While 

these two positions seemed to have more variation from their predicted 

frequencies compared to the variation in the ñXYZò codons, this could partially 

be due to the smaller sample size. Overall, the frequencies of each amino acid at 

the A/G and F/I/L/M positions were generally consistent with the library design. 

In conclusion, sequencing data showed that the CDR-H3 library contained the 

designed simple diversity in the expected amino acid positions. 

2.3.2 CDR-H3 library sorting  

Once the CDR-H3 library was determined to consist of clones that were 

expected based on the ñXYZò codon design, sorting was performed with the 

library to show that binders to various antigens could be enriched from this 

library.  

2.3.2.1 FAP and DPPIV bead sorting  

Magnetic bead sorting was performed by alternating enrichments between the 

human and murine isoforms of either FAP or DPPIV to enrich for cross-reactive 

FAP- and DPPIV-binding proteins. Sorting tracks started with either the human 

(ñhuman trackò) or murine isoforms (ñmurine trackò) of FAP or DPPIV (Figure 

2.7). A high percentage of clones exhibited apparent binding of FAP after just 

three rounds of bead sorting (Figure 2.8). Additionally, control samples showed 

that there was minimal binding to the murine Fc region (through TA99 binding) 

and streptavidin (Figure 2.9). While there appears to be very minimal binding of 
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Figure 2.7: Schematic representation of bead sorting scheme for FAP and DPPIV 

binders. 

Sorts labeled as ñhuman trackò were enriched for the human isoform of the protein in the first 

round of sorting, murine in the second round, human in the third round, and so on. The 

ñmurine trackò had a similar pattern but instead started with the murine isoform of the protein 

in the first round of sorting.  

 

some samples to TA99, this is most likely due to carry over of yeast from the 

previous sample checking for binding to hFAP or mFAP. Apparent binders of 

DPPIV were enriched after six rounds of bead sorting (Figure 2.8). Overall, these 

results are promising because they show that the CDR-H3 library can be enriched 

for binders relatively quickly using simple bead sorting on the benchtop. 

 

 

 

 

 



41 

 

 

Figure 2.8: FAP and DPPIV bead sorting in the CDR-H3 library.  

Both hFAP and mFAP tracks showed enriched populations after just three rounds of bead 

sorting. hDPPIV and mDPPIV binders were isolated after six rounds of bead sorting.  
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Figure 2.9: Controls for FAP and DPPIV bead sorting in the CDR-H3 library.  

Only minimal binding to TA99 and streptavidin was seen in all FAP and DPPIV sorting.   
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2.3.2.2 IgG and lysozyme sorting  

Additional library sorts were performed with bovine IgG, rabbit IgG, and 

lysozyme. The purpose of sorting for these antigens, which are not directly 

relevant to the tumor microenvironment, was to provide further confirmation that 

the CDR-H3 library could be used to isolate binders to various antigens besides 

FAP and DPPIV. Each of these populations were first enriched for their 

respective antigen for three (bovine IgG and lysozyme) or four (rabbit IgG) 

rounds of bead sorting, where a small population of binders were seen in each 

population. Following bead sorting, cells were sorted with one round of 

Fluorescence Activated Cell Sorting (FACS). 

The bovine IgG track was simply sorted for one population of clones that 

could bind to a 50 nM solution of bovine IgG during FACS (Figure 2.10A; details 

of labeling are described in Section 2.2.8.3). Bovine IgG binders were enriched 

after just one round of FACS (Figure 2.11A). Apparent binders to bovine IgG 

showed no nonspecific binding to streptavidin (Figure 2.12A). The rabbit IgG 

population was sorted for clones binding to high amounts of the target antigen and 

low amounts of the target antigen in a 50 nM solution of rabbit IgG (Figure 

2.10B). The low-binding clone population only had a small population of rabbit 

IgG-binding clones. However, the clones from the high-binding sort showed an 

enriched rabbit IgG-binding population (Figure 2.11B). Neither the high-binding 

nor low-binding sort showed nonspecific binding to streptavidin (Figure 2.12B). 

Two separate lysozyme tracks were sorted using FACS. The first contained 

binders labeled with 50 nM lysozyme (Figure 2.10C) and the second contained 
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binders labeled with 250 nM lysozyme (Figure 2.10D). Both populations were 

sorted for high-binding and low-binding clones. Both of the high-binding sorted 

populations resulted in enriched lysozyme binders whereas the low-binding sorted 

populations did not result in clear enrichments under the conditions tested (Figure 

2.11C). All four of the lysozyme sorts from FACS showed no nonspecific binding 

to streptavidin (Figure 2.12C). 

 

Figure 2.10: Gates for bovine IgG, rabbit IgG, and lysozyme populations sorted by 

FACS. 

(A) A single gate was drawn for the bovine IgG binding cells. (B) High-binding and low-

binding gates were draw for the rabbit IgG binding cells. (C) High-binding and low-binding 

gates were draw for the lysozyme binding cells labeled with 50 nM lysozyme. (D) High-

binding and low-binding gates were draw for the lysozyme binding cells labeled with 250 nM 

lysozyme.   
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Figure 2.11: IgG and lysozyme sorting in the CDR-H3 library.  

(A) A bovine IgG population was enriched after three rounds of bead sorting and one round of 

FACS with 50 nM bovine IgG. (B) The rabbit IgG population was enriched after four rounds 

of bead sorting and one round of FACS sorting for the high binding cells with 50 nM rabbit 

IgG. (C) Lysozyme binders were isolated after 3 rounds of bead sorting and one round of 

FACS using either 50 nM or 250 nM lysozyme. The best population was obtained from the 

high-binding population of cells labeled with 50 nM lysozyme.  
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Separately, the bovine IgG, rabbit IgG, and lysozyme tracks were also 

subjected to more rounds of bead sorting to determine the extent of enrichment 

attainable using just bead sorting. After ten rounds of sorting in the bovine IgG 

population, the isolated population did not exhibit as high of a percentage of 

bovine IgG-binding cells as the population after one round of FACS (Figure 

2.13). After nine rounds of sorting against rabbit IgG, the resulting population 

exhibited a much lower percentage of apparent antigen binding than that obtained 

from FACS with the ñhighò gate. While the beads-only binding population 

isolated from the lysozyme track showed a high percentage of apparent antigen 

 

Figure 2.12: Control for streptavidin binding of bovine IgG-, rabbit IgG- and lysozyme-

enriched populations from FACS of the CDR-H3 library.  

Populations enriched for (A) bovine IgG-, (B) rabbit IgG-, and (C) lysozyme-binders were 

tested for nonspecific binding to streptavidin. None of the populations showed significant 

binding to streptavidin.   
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binding comparable to that obtained with FACS, the sorting done with FACS was 

much more efficient because it took less time to complete. All rounds of extended 

bead sorting with bovine IgG, rabbit IgG, and lysozyme showed no nonspecific 

binding to streptavidin (Figure 2.14). 
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Figure 2.13: Bead sorting of bovine IgG, rabbit IgG and lysozyme from the CDR-H3 

library.  

Each track of library sorting was subjected to multiple round of bead sorting in addition to the 

bead sorting and FACS shown in Figure 2.10. After nine or ten bead sorts, bovine and rabbit 

IgG tracks did not have acceptable enrichment of binders. While the lysozyme track did show 

enrichment, it took a longer time to obtain an enriched lysozyme-population through just bead 

sorting compared to using FACS.  
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Figure 2.14: Bead sorting controls of bovine IgG, rabbit IgG and lysozyme from the 

CDR-H3 library.  

Extended bead sorting with (A) bovine IgG, (B) rabbit IgG, and (C) lysozyme were tested for 

binding to streptavidin. None of the populations showed significant binding to streptavidin. 

Rounds 2-7 of each sort were tested for streptavidin binding with Alexa Fluor-labeled 488 and 

rounds 8-10 of each sort were tested with anti-biotin PE.  



50 

2.3.3 Analysis of isolated clones from sorted populations 

After sorting the CDR-H3 library against various antigens, individual 

clones from enriched populations were analyzed. Clones from bovine IgG, rabbit 

IgG, and lysozyme FACS enriched populations were sequenced. Clones from 

round 3 of FAP sorting and round 6 of DPPIV sorting have also been submitted 

for sequencing (data not received yet). Multiple unique sequences were obtained 

from the bovine IgG-, rabbit IgG-, and lysozyme-enriched populations (Table 2.5) 

and tested for binding to their respective antigen and potential nonspecific binding 

to another antigen. The sample of sequenced clones from the bovine IgG-enriched 

population contained three unique clones with very similar sequences and the 

same CDR-H3 length. All three of the sequences could bind to 50 nM bovine IgG 

and were not able to bind to 50 nM lysozyme (Figure 2.15A). Sequencing of the 

rabbit IgG population showed that there were ten unique clones, representing a 

variety of different CDR-H3 sequences and lengths. Four of the clones could bind 

to 50 nM rabbit IgG and none of the clones were able to bind to 50 nM lysozyme 

(Figure 2.15B). The lysozyme population had five unique clones with CDR-H3 

lengths ranging from 11-13 amino acids. Two of these clones were able to bind to 

lysozyme at 50 nM and one of these clones was able to bind to lysozyme at 250 

nM. None of the clones showed binding to 50 nM rabbit IgG (Figure 2.15C). 

Together, this data shows that it is possible to isolate multiple unique protein 

binders for various antigens using the CDR-H3 library, despite the limitation of 

amino acid diversity to CDR-H3. Therefore, the CDR-H3 library is a useful 
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foundational library for the development of hybrid libraries containing additional 

diversity in the form of small molecules.  

 

Table 2.6: The sequences and length of the CDR-H3 of unique clones from enriched 

populations of the CDR-H3 library.  
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Figure 2.15: Binding assay of isolated clones from the bovine IgG-, rabbit IgG-, and 

lysozyme-enriched populations.  

Isolated clones from the enriched populations of bovine IgG-, rabbit IgG-, and lysozyme-

binders were tested for binding to their respective antigen and for potential nonspecific binding 

to another antigen. All three clones from the bovine IgG-enriched population could bind to 

bovine IgG and did not bind to lysozyme. Four of the ten clones from the rabbit IgG-enriched 

populations could bind to rabbit IgG and none of the clones could bind to lysozyme. Three 

clones from the lysozyme-enriched population could bind to 250 nM lysozyme and none of the 

clones could bind to rabbit IgG.  
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2.4 Conclusions 

A simple, synthetic antibody library with diversity limited to CDR-H3 was 

created in a yeast display format. The CDR-H3 library was characterized through 

both flow cytometry and sequencing methods. As expected based on the design of 

the amino acid diversity, the library contained truncated clones. Roughly 10-25% 

of the clones in each sublibrary were expected to be truncated from the 

occurrence of a TAG codon in CDR-H3, with the chance of truncation increasing 

with CDR length. While the percentage of truncated clones observed through both 

sequencing and flow cytometry was higher than expected in some sublibraries, 

this could partially be because of small sample size and the way the predicted 

truncation values were calculated.  

Sequencing results showed that the frequency of DNA base pairs in the 

designed ñXYZò codons were similar to the predicted frequency. As a direct 

result of this, the amino acids encoded by the designed ñXYZò codon had a 

similar distribution compared to what was predicted. The A/G and F/I/L/M 

positions in the CDR-H3 region had more variation compared to expected 

frequencies, but this could be due to the lower sample size of sequencing data for 

these two amino acids.  

Cross-reactive clones binding to both human and murine forms of FAP 

were isolated with just three rounds of bead sorting. Additionally, cross-reactive 

DPPIV-binding clones were isolated in six rounds of bead sorting. Finally, 

binders to bovine IgG, rabbit IgG, and lysozyme were isolated after three or four 
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rounds of bead sorting and one additional round of FACS. Binding assays showed 

that individual clones from some of these enriched populations were able to bind 

to their respective antigens. This data demonstrates that binders to various 

antigens can be isolated from the CDR-H3 library, despite the limitation of 

diversity to only the CDR-H3.   

Overall, flow cytometry and sequencing analysis showed that the CDR-H3 

library contained the amino acid diversity that was expected based on the design 

of the degenerate primers. Additionally, binders to various antigens, including 

FAP, DPPIV, bovine IgG, rabbit IgG, and lysozyme, were enriched through bead- 

and flow cytometry-based screening. Sequencing  data and binding assays showed 

that multiple unique binders existed for the bovine IgG, rabbit IgG, and lysozyme 

populations. The data in this chapter confirms that this simple yeast-based library 

is an excellent foundation for the development of libraries containing multiple 

forms of diversity, including protein-small molecule hybrid libraries (discussed in 

Chapter 4).  
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3.1 Introduction  

Antibodies are a major class of cancer therapeutics due to their desirable 

properties including long half-life and high specificity.1 In vitro display methods 

provide a high throughput method for discovering new antibodies and have led to 

the isolation of various antibodies with high binding affinities.2ï5 In particular, 

yeast display is advantageous because of the similarity of post-translational 

modifications to mammalian cells and the ability to quantitatively analyze and 

sort clones using flow cytometry.3  

While there are many antibodies that can bind to enzymes in the tumor 

microenvironment, they often do not inhibit enzyme function. This may be solved 

by introducing additional chemical functionality into antibodies with previously 

discovered small molecule inhibitors. Additional chemical diversity can be 

introduced into proteins through the incorporation of noncanonical amino acids 

(ncAAs) with unique side chains distinguishable from the 20 natural amino acids 

for selective bioconjugation reactions.6 In particular, azide- and alkyne-containing 

ncAAs could be useful for the addition of small molecules through copper-

catalyzed azide-alkyne cycloaddition (CuAAC). This reaction is relatively 

bioinert6 and has been proven compatible with proteins displayed on the yeast 

surface.7 The addition of ncAAs to yeast display through stop codon suppression 
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and CuAAC allows for site-selective chemical diversity in displayed proteins, 

which will support the discovery of novel inhibitors containing both amino acid 

and chemical diversity.  

Protein-small molecule hybrids combine the chemical functionality of a 

small molecule inhibitor with a protein binder for specific recognition of a unique 

target. The approach outlined in this chapter takes advantage of noncanonical 

amino acids for the conjugation of proteins and small molecules through copper-

catalyzed azide-alkyne cycloaddition. Strategies for adding chemical diversity to 

displayed proteins on the yeast surface are validated through flow cytometry. 

Additionally, methods for creating hybrid structures, including rational design of 

the bioconjugation site in both single antibody fragment clones and mini-libraries, 

are investigated. These hybrids support the development of a new class of potent 

and specific inhibitors with applications as therapeutics and use as inhibitors to 

elucidate the role of single proteins in disease and health.  

3.2 Experimental Methods 

3.2.1 Media preparation, yeast strain, yeast electroporation 

See Section 2.2.1. 

3.2.2 Plasmid construction 

All TAG codon-containing anti-FAP single chain variable fragment (scFv) 

plasmids were cloned from either pCTcon2-FAPA1.4.3, pCTcon2-FAPB2.3.6, or 

pCTcon2-FAPC2.3.10 using Gibson assembly.8  Primers were designed with a 
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TAG codon at either the L1, L67, or H74 position with approximately 30 base 

pairs of overlapping sequence on either side of the TAG codon (Table 3.1). 

Separate primers were made for some of the TAG codons in the pCTcon2-

FAPB2.3.6 because the DNA sequence was slightly different than that of the 

other scFv constructs. TAG-containing primers were used to amplify the anti-FAP 

scFv in two fragments with either the pCTcon2Fwd or pCTcon2Rev primers, 

which anneal to the backbone of the pCTcon2 vector. PCR fragments and 

digested backbone pCTcon2 (with NheI and BamHI) were purified, assembled, 

transformed into competent E. coli DH5‌Z1, and plated on solid LB media 

supplemented with ampicillin. Single colonies were picked and grown in liquid 

Table 3.1: Table of primer sequences used to create the TAG codon-containing anti-FAP 

scFv plasmids. 
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media supplemented with ampicillin, grown to saturation, and miniprepped 

(Epoch GenCatch Plasmid DNA Mini-prep Kit). Sequencing at Eurofins 

Genomics confirmed correct assembly of each of the nine TAG codon-containing 

plasmids.  

3.2.3 Yeast transformation, propagation, and induction 

Each of the nine TAG-containing anti-FAP scFvs were transformed with 

the suppression machinery plasmid pRS315-AcFRS. In each case, the TAG 

codon-containing plasmid (TRP marker) and pRS315-AcFRS (LEU marker) were 

transformed simultaneously into Zymo competent RJY100 cells, plated on solid 

SD-SCAA media (īLEU īTRP īURA), and grown at 30ÁC until colonies 

appeared (2ī3 days). The wild type pCTcon2-FAPA1.4.3, pCTcon2-FAPB2.3.6, 

and pCTcon2-FAPC2.3.10 plasmids were transformed into RJY100 cells, plated 

on solid SD-CAA media (īTRP īURA), and grown at 30ÁC until colonies 

appeared (2ī3 days). 

Colonies from the plates described above were inoculated in 5 mL of 

selective media (cells containing wild type construct only: SD-CAA (īTRP 

īURA); cells containing both the TAG-containing construct and the suppression 

construct: SD-SCAA (īLEU īTRP īURA)) and allowed to grow to saturation at 

30ÁC (2ī3 days). Alternatively, 100-200 ʈL of saturated culture stored at 4°C was 

inoculated in 5 mL fresh media and allowed to grow to saturation overnight. 

Following saturation, the cultures were diluted to an OD600 of 1 in fresh media 

and grown at 30°C until mid-log phase (OD 2ī5; 4ī8 h). Cells were pelleted (5 



61 

minutes at 2,000 x g and 4°C) and resuspended to an OD600 of 1 in induction 

media (cells containing wild type construct only: SG-CAA (īTRP īURA); cells 

containing both the TAG-containing construct and the suppression construct: SG-

SCAA (īLEU īTRP īURA)). To enable site-specific incorporation of 

noncanonical amino acids, SG-SCAA was supplemented with either p-azido-L-

phenylalanine or O-propargyl-L-tyrosine (1 mM final concentration of L amino 

acid) and grown at 20°C for at least 16 hours. 

3.2.4 Small molecule inhibition assay 

The small molecule inhibition assays were performed in clear, flat-bottom 

plates (Falcon). Each sample was prepared in a total volume of 200 ʈL FAP 

buffer. The wells contained 50 nM of either isoform of FAP or 5 nM of either 

isoform of DPPIV (except the negative control that only contained FAP buffer) 

and 2.5 mM of either 4-(dihydroxyborophenyl) acetylene 1 or 4-

(propargylaminocarbonyl) phenylboronic acid 2 (Figure 3.1). Since 1 and 2 are 

stored in DMSO, each well containing a small molecule had 5 ʈL DMSO. 

Therefore, a sample of FAP with 5 ʈL DMSO was used as a positive control. 

Samples were placed on an orbital shaker at room temperature for at least 30 

minutes before measurement. After incubation, 190 ʈL of each FAP sample was 

mixed by pipette with 10 ʈL 5 mM Ala-Pro-7-amino-3-trifluoromethylcoumarine 

(A-P-AFC) for a final A-P-AFC concentration of 250 ʈM. 190 ʈL of each DPPIV 

sample was mixed by pipette with 10 ʈL 100 ‘M Ala-Pro-7-amino-3-

trifluoromethylcoumarine (A-P-AFC) for a final A-P-AFC concentration of 5 ʈM.  
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All samples were shaken in the SpectraMax i3x plate reader (Molecular Devices) 

for 5 seconds before taking fluorescence measurements every 10 seconds for 3-5 

minutes at an excitation of 400 nm and an emission of 505 nm. Each sample was 

run in duplicate.  

 

3.2.5 Click chemistry 

Copper-catalyzed azide-alkyne cycloaddition, a type of click chemistry 

reaction, was performed with 2 million freshly induced cells in microcentrifuge 

tubes.  Biotin-alkyne and biotin-azide were dissolved in DMSO at 20 mM and 4-

(dihydroxyborophenyl) acetylene 1 and 4-(propargylaminocarbonyl) 

phenylboronic acid 2 were dissolved in DMSO at 100 mM. Each sample was 

pelleted and washed thrice with PBSA (PBS, pH 7.4, with 0.1% BSA) prior to a 

 

Figure 3.1: Small molecules used to develop protein-small molecule hybrids. 
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final resuspension in PBS (pH 7.4) before performing CuAAC reactions using a 

previously described protocol.9 All aspects of the protocol, including the order of 

reagent addition were followed, except for the recommended alkyne and azide 

concentrations. Samples were vortexed after addition of each reagent. Biotin-

alkyne and biotin-azide were added to all reactions at a final concentration of 100 

ʈM.  All reactions with biotin-alkyne or biotin-azide proceeded for 15 minutes at 

room temperature in sealed microcentrifuge tubes, after which time samples were 

pelleted and washed thrice in ice-cold PBSA. For the 2-step click chemistry 

reactions, CuAAC reactions with 1 mM of either 1 or 2 were conducted for 4.5 

hours, or overnight in the case of the single clone titration experiments, followed 

by washing thrice in ice-cold PBSA and resuspension in PBS. A second reaction 

using the biotin-alkyne was then performed on the once-clicked samples. After 

completion of click chemistry reactions, samples were subjected to flow 

cytometry analysis. Biotin labeling was assessed only on cells displaying the 

protein of interest. 

3.2.6 Flow cytometry analysis 

 Freshly induced samples were labeled in 1.7 mL microcentrifuge tubes or 

96-well V-bottom plates. Flow cytometry was performed on an Attune NxT flow 

cytometer (Thermo Fisher) in the Tufts University Science and Technology 

Center. 
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 To label samples in tubes, 2 million cells per sample were transferred to 

microcentrifuge tubes and pelleted (30 seconds at 12,000 rpm and 4°C). The 

samples were washed thrice in 1 mL PBSA and then resuspended in 50 ɛL PBSA 

with primary label which differed depending on the experiment (Table 3.2). 

Primary labeling was performed at room temperature on a rotary wheel for at least 

30 minutes. After primary incubation, cells were pelleted and transferred to ice. 

All remaining labeling steps were performed on ice with ice-cold PBSA and a 

chilled microcentrifuge at 4°C. Cells were washed thrice and resuspended in 50 

µL ice-cold PBSA with secondary label (Table 3.2). Secondary labeling was 

performed for 15 minutes on ice in the dark. Cells were pelleted and washed twice 

with 1 mL ice-cold PBSA and placed on ice in the dark. Immediately prior to 

running samples on the flow cytometer, each cell sample was resuspended in 1 

mL ice-cold PBSA.  

To label samples in plates, at least ρȢυ  ρπ cells per sample were 

washed thrice in 1 mL PBSA and transferred into a 96-well V-bottom plate and 

pelleted (5 minutes at 2,400 rpm and 4°C). Samples were resuspended in PBSA 

Table 3.2: Labeling used for the flow cytometry experiments described in this chapter. 
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(50 ɛL/well) containing primary label (Table 3.2). Plates were incubated with 

rotation (150 rpm) at room temperature on a digital orbital shaker (Southwest 

Science) for 30 min. Cells were then pelleted and washed thrice in ice-cold PBSA 

(200 ɛL/well). The washed samples were resuspended in PBSA (50 ɛL) 

containing secondary label (Table 3.2) and incubated in the dark on a plate shaker 

at 4°C for 15 minutes. After incubation, cells were pelleted and washed twice in 

ice-cold PBSA (200 ɛL/well). Samples were then pelleted and left covered on ice. 

Immediately prior to flow cytometry analysis, samples were resuspended in ice-

cold PBSA (200 ɛL/well or 100 ʈL/well for titrations). 10,000 events were 

recorded for each sample, except for titration experiments, where 3,000 events 

were taken.  

3.2.7 Titration experiments 

Titration experiments were performed using cells that had undergone the 

click chemistry conditions described in Section 3.2.4. After click chemistry with 

either 1 or 2 for 4.5 hours or overnight, cells were washed thrice in ice-cold 

PBSA, resuspended to a final concentration of ρȢυρπ cells/mL, and labeled 

with anti-c-Myc at a 1:250 dilution. RJY100 cells were also washed thrice in 

PBSA, resuspended to a final concentration of ρȢυρπ cells/mL, and labeled 

with anti-c-Myc at a 1:250 dilution. Bare RJY100 cells were added to some wells 

to maintain a tenfold excess of effective antibody concentration for the lower FAP 

concentration samples and allow the cells to pellet better in their wells. Each 

titration experiment involved four samples labeled with different FAP 

concentrations ranging from 1 nM to 0.001 nM in ten-fold dilutions. Each sample 
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was run in duplicate. Samples containing cells and FAP were incubated overnight 

rotating at 150 rpm on an orbital shaker. A sample of cells were set aside to 

determine the extent of click chemistry reaction (measured using the 2-step click 

chemistry reaction described in Section 3.2.4).  After overnight incubation, cells 

were subjected to secondary labeling steps described in Section 3.2.5.  

3.2.8 Bead sorting  

The Sidhu and Feldhaus libraries were induced and subjected to two 

rounds of depletions against streptavidin-coated biotin binder Dynabeads (Life 

Technologies). The library was expanded and the majority was spun down, 

resuspended in 15% glycerol, and stored at ī80 ÁC. The rest of the library was 

enriched with beads coated in either Fc-hFAP, Fc-mFAP, Fc-hDPPIV, or Fc-

mDPPIV to find cross-reactive binders to both isoforms of FAP or DPPIV.  

A total of 50 ʈL of antigen-coated beads were used per depletion or 

enrichment in the first round of sorting. The enriched library fractions were 

recovered and prepared for more sets of bead-based screens. Each sorting ñtrackò 

(Figure 2.7) was subjected to 1-2 rounds of depletion against beads coated in 

biotinylated TA99, 1-2 rounds of depletion against beads coated in biotin, 1-2 

rounds of depletion against biotin binder Dynabeads, and enrichment for binders 

to either hFAP-, mFAP-, hDPPIV-, or mDPPIV-coated beads. Each depletion or 

enrichment step after the first round of sorting used 10 ʈL of beads. Bead sorting 

was repeated until FAP or DPPIV binding populations were enriched. Antigen 
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binding (to FAP and DPPIV) and (nonspecific binding to TA99 and streptavidin) 

was detected using flow cytometry, as described in Section 3.2.6.  

3.2.9 Mini -library construction  

Mini -libraries were constructed from rounds 6 and 7 of FAP-enriched 

populations of the Sidhu library (Figure 3.12). Plasmid DNA was extracted from 

freshly cultured yeast using the Zymoprep kit, transformed into E. coli, and plated 

on LB solid media containing ampicillin. Individual colonies were picked for 

DNA preparation and sequencing by Eurofins Genomics.  

PCRs were performed on the yeast mini-prepped DNA to amplify the scFv 

region into two fragments with a TAG codon at either the L1, L67, or H74 

position using the primers pCTcon2Fwd, pCTcon2Rev, L1TAGFwd, L1TAGRev, 

L67TAGFwd, L67TAGRev, H74TAGFwd, and H74TAGRev (Table 3.1). The 

two fragments were combined into a single fragment using overlap extension 

PCR.  

1 ʈg of DNA from each FAP-binding population (4 ʈg total from rounds 6 

and 7 of hFAP and mFAP tracks) and 1 ʈg of digested pCTcon2 vector (see 

Section 2.2.4) were assembled by homologous recombination in the yeast strain 

RJY100 by electroporation transformations using previously described methods.10 

PCR fragments with the TAG codon in the same position (L1, L67, and H74) 

were electroporated in yeast together with the digested pCTcon2 yeast surface 

display vector to create each of the three mini-libraries. Mini-libraries were 
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subjected to click chemistry conditions (Section 3.2.4) and flow cytometry 

analysis (Section 3.2.5) for titration experiments (Section 3.2.6).  

3.3 Results and Discussion 

3.3.1 Sites for TAG codons 

Previously identified anti-FAP single chain variable fragments (scFvs) 

were cloned to contain a TAG codon for the incorporation of an azide- or alkyne-

containing noncanonical amino acid (ncAA). Once cloned, ncAAs were 

incorporated through amber codon suppression, resulting in scFvs containing a 

functional azide or alkyne handle. ncAA-containing scFvs were subjected to click 

chemistry conditions to link azide- or alkyne-containing small molecule inhibitors 

to the opposite functional handle of the ncAA.  

 Sites for the TAG codon were rationally designed based on information 

from various antibody and scFv crystal structures analyzed in PyMol. Candidate 

sites were first chosen based on their proximity to the antigen. Then, three final 

candidate sites were chosen based on their high solvent-accessible surface area as 

determined by the GetArea program.11 The three candidate sites, named L1, L67, 

and H74, are highlighted in magenta space-fi lling spheres in an anti-human P-

cadherin MEC1 scFv in Figure 3.2. Each TAG codon site was cloned into the 

pCTcon2-FAPA1.4.3, pCTcon2-FAPB2.3.6, and pCTcon2-FAPC2.3.10 

constructs, resulting in nine different TAG codon-containing constructs.  
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 Flow cytometry was used to evaluate full-length protein display and FAP 

binding of the TAG codon-containing anti-FAP scFvs. To detect full-length scFv 

display, TAG codon-containing scFvs were induced in the presence of either AzF 

or Opg and labeled for the N-terminal HA tag and the C-terminal c-Myc tag 

(Figure 3.3). Compared to the wild type scFvs (FAPA, FAPB, and FAPC), which 

do not contain TAG codons, the populations of the TAG codon-containing 

constructs exhibit more variation in fluorescence. This variation results from 

truncated clones displaying only the HA tag, which occur when the TAG codon in 

the construct is not successfully suppressed. Each yeast cell displays a mixture of 

 

Figure 3.2: Original TAG codon candidate sites viewed in PyMol. 

The crystal structure of a single chain variable fragment (heavy chain in dark blue, light chain 

in light blue) and human P-cadherin MEC1 (gray) are shown as an example antibody/antigen 

pair. Complementarity determining regions of each antibody chain are shown in red, orange, 

or yellow. The three sites for TAG codon mutations are shown as magenta space-filling 

spheres and labeled as L1, L67, or H74.  
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full -length and truncated constructs on the surface, resulting in a leftward shift of 

the population when a fraction of the clones is truncated. Additionally, TAG-

mutated constructs containing AzF or Opg retained their ability to bind FAP. The 

TAG codon-containing scFvs induced with AzF or Opg were found to have 

similar binding to FAP compared to the wild type scFvs (Figure 3.4).  
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Figure 3.3: Full -length display of TAG codon-containing anti-FAP scFvs. 

Each of the nine TAG codon-containing scFvs were induced in the presence of either AzF or 

Opg. TAG codon-containing scFvs show more variation in c-Myc detection compared to the 

wild type scFvs that contain no TAG codon.  the nine TAG codon-containing scFvs were 

induced in the presence of either AzF or Opg. TAG codon-containing scFvs show more 

variation in c-Myc detection compared to the wild type scFvs that contain no TAG codon.  
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Figure 3.2:  

 

 

 

Figure 3.4: FAP binding of TAG codon-containing anti-FAP scFvs. 

Each of the nine TAG codon-containing scFvs were induced in the presence of either AzF or 

Opg. TAG codon-containing scFvs retained their ability to bind to FAP. 


































































