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Abstract______________________________________________________ 

Proteases are proteolytic enzymes with a wide range of industrial, 

biotechnological, and medical applications. Due to their importance, proteases have been 

the subject of many attempts to engineer improved performance, but campaigns to 

improve activity via directed evolution have been hindered by inefficient analytical 

techniques and insufficient understanding of sequence-function relationships. Tobacco 

etch virus protease (TEVp) has mostly been engineered for attributes other than catalytic 

activity, and most of the past efforts have employed random mutagenesis methods such 

as error-prone PCR as opposed to targeted mutagenesis. We developed a novel and 

seemingly generalizable yeast surface display approach that co-displays protease mutants 

adjacent to substrate on the same Aga2 anchor protein. Enhanced activity mutants are 

identified by protease cleavage of tethered substrate removing an epitope tag, which 

empowers flow cytometric isolation of cells with a decrease in anti-epitope antibody 

signal. This platform was shown to quantitatively differentiate catalytic activity at the 

single-cell level for TEVp and sortase A.  

We leveraged this display platform to perform high throughput screens on seven 

structure-based active site combinatorial libraries created via saturation mutagenesis, and 

then screened a second-generation library combining the resultant beneficial mutations. 

Deep sequencing of functional mutants elucidated sequence-function relationships across 

34 sites and identified improved multi-mutants. Clonal analysis of a host of recombinant 

TEVp multi-mutants with purified substrate demonstrated up to 2.9-fold improvement in 

catalytic efficiency, generally via decreased KM. The novel yeast surface 

protease/substrate co-display system and the insights gleaned on rational active site 
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library design and the TEVp sequence-function map will aid future protease engineering 

efforts, and the collection of improved multi-mutants will benefit the biotechnological 

community in utilizing TEVp in its multitude of applications.  

One class of application for engineered proteases is physiological release of 

diagnostic or therapeutic moieties. We introduced a novel extension of synthetic reporters 

to noninvasively detect abnormal receptor expression. Synthetic reporters have been 

demonstrated to noninvasively detect a host of diseases via nanoparticles conjugated to 

reporters via substrate linkers; biomarkers are generated dependent upon a disease-

specific enzyme and filtered into the urine. This approach is limited by its reliance on 

upregulation of disease-specific proteases, but many diseases are characterized by 

abnormal expression of cell-surface receptors. The new approach harnesses ligand-

enzyme fusion proteins to impart exogenous enzymatic activity to tissue with aberrant 

receptor expression. A mathematical model for epidermal growth factor receptor (EGFR) 

tumor xenografts in mice demonstrated feasibility of this approach with TEVp-based 

fusions, suggesting detection down to tumor diameters of 0.28 mm at standard substrate 

concentrations. Multiple fusions were produced using different enzymes, ligands, and 

orientations, and binding and catalytic activity was generally well preserved, indicating a 

modular fusion framework. Demonstrating feasibility with anti-EGFR TEVp-based 

fusions in an in vitro cellular assay was not consistently successful. However, the 

following limitations were identified for improvement: high substrate lability, and 

insufficient fusion-specific product generation due to inadequate catalytic activity – 

which would motivate protease engineering – or suboptimal fusion linker design that 

resulted in ineffective projection of receptor-bound fusion’s enzyme component to 
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engage soluble substrate. Together, this work introduced a novel extension of the 

synthetic reporter concept to quantify receptor expression, and we have demonstrated 

theoretical in vivo feasibility as well as empirical functionality of the required ligand-

enzyme fusions. We have also introduced a novel display platform that can be harnessed 

for screening combinatorial protease libraries to find mutants with improved catalytic 

efficiency, which will aid the synthetic reporter approach. 
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Chapter 1 – Introduction________________________________________ 

1.1 Engineering protease activity 

Proteases, also known as peptidases or proteinases, are proteolytic enzymes that 

hydrolyze peptide bonds in proteins1. They are categorized as aspartic proteases, cysteine 

proteases, glutamic proteases, metalloproteases, asparagine proteases, serine proteases, or 

threonine proteases based on the presence of specific amino acid residues at the active 

site that participate in the catalytic mechanism2. The applications of proteases, from 

industrial and biotechnological to medical and pharmaceutical, are legion3-11. The global 

industrial enzyme market, of which the largest segment relates to proteolytic enzymes, 

has a multi-billion-dollar valuation alone4. Proteases have been the focus of many 

medical and pharmaceutical investigations because they are both found in all living 

organisms and have myriad functions in the biological processes of various hosts and 

pathogens, including apoptosis, signal transduction, and the processing of polypeptide 

hormones5-6. Additionally, their applications in industry and biotechnology include 

peptide synthesis, diagnostics and therapy, materials processing, and the removal of 

fusion tags from recombinant proteins6-8. Due to the large-scale importance of proteases, 

they have been widely investigated to better understand their structure-function 

relationships and interactions with substrates and inhibitors; because high activity and 

specificity are generally essential for optimal enzymatic performance in any of the 

aforementioned applications, many protein engineering efforts have been undertaken to 

improve or alter these enzymes in terms of proteolytic or thermal stability, specificity or 

catalytic efficiency5-6. Display technologies that tether libraries of protein mutants to a 

specific platform (e.g., ribosomes12 or the surface of phage13, mammalian14 or yeast15 

cells) have been quite successful in forming a genotype-phenotype linkage that facilitates 
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high throughput selections to identify protein variants with improvements in specific 

functions (e.g., ligand binding, stability)16-17. However, there are unique challenges in 

forming this genotype-phenotype linkage for enzymes such as proteases, as the use of 

soluble substrate will not alter surface-bound signal16. Further, regardless of the specific 

protein function to be improved, the challenges of immensity, sparsity and ruggedness of 

the sequence space, or all possible sequences for that protein, impact a protein engineer’s 

ability to find beneficial mutations18. Finally, within protein engineering, engineering 

enhanced activity in proteases is uniquely challenging due to the multifunctional 

mechanism of substrate binding and enzymatic cleavage, as the performance of each can 

be significantly reduced by even minor structural changes18. In the following subsections 

of this thesis introduction, these challenges, as well as the relevant literature and 

advancements heretofore made, will be explained in detail. 

1.2 Genotype-phenotype linkage strategy for selecting improved protease activity 

Proteins generally are very evolvable in that they respond and adapt to selection 

pressure18. The protein engineering community has put this trait to productive use by 

utilizing directed evolution – a vital protein engineering technique that cycles between 

gene diversification and selection of improved variants – to improve the function of 

countless proteins18-20 (Figure 1-1). Directed evolution, however, is a process which 

necessitates a link between genotype and phenotype20. This connection oftentimes 

manifests in display of plasmid-encoded protein variants that allow for flow cytometry-

based screening to identify cells with an increase in surface-bound fluorescence. When 

the displayed protein is an enzyme such as a protease, however, change in surface-bound 

signal will not materialize if soluble substrate is used, necessitating a different 
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approach16. The use of fluorescently-labeled soluble substrate that is converted by cell-

bound enzyme to a fluorescent product that can bind the surface of yeast cells has been 

explored21-25, but this approach requires a substrate that is amenable to modification (e.g., 

adding an affinity handle or fluorescent probe), which dramatically narrows the list of 

enzymes that can be studied. A protease-specific generalized approach involves 

sequestering the enzyme and substrate in the endoplasmic reticulum (ER), with enzyme-

specific cleavage of substrate leading to removal of the substrate’s ER retention sequence 

and subsequent cell surface display of the remaining substrate peptide26. Another 

approach, seemingly for bond-forming enzymes like the cysteine transpeptidase 

Staphylococcus aureus sortase A (SrtA)27-28, presents both enzyme and substrate on the 

same Aga2 display protein; enzyme conjugates a soluble molecule to tethered substrate, 

with soluble molecule conjugation, easily detected by fluorescently-tagged streptavidin 

labeling and then collecting cells with increased fluorescence via flow cytometry, 

indicative of enzymatic activity. These fairly recent advancements provide several 

potential platforms for efficient screening of enzyme libraries, but up to this point cell-

surface display constructs have not been utilized for screening protease libraries. In this 

work, we employed the yeast surface display platform put forth by Cochran et al.27 and 

validated this construct for this precise purpose.   
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Figure 1-1. Sequence of events in directed evolution. An expressed gene library is first 
screened for a particular function by exploiting a genotype-phenotype linkage, and desirable genes are 

replicated and used for the next round of diversification. Figure reproduced from {20}. 

1.3 Tools to constrain diversification of sequence space 

In a protein’s sequence space, adjacent protein sequences are differentiated by a 

single missense mutation, with greater distance separating two proteins indicative of 

greater heterogeneity between the two protein sequences. Different proteins in the 

sequence space will possess different levels of ‘fitness’, which is a property defined by 

the experimenter (e.g., binding affinity for a target of interest when considering ligands, 

catalytic efficiency against a particular substrate when considering enzymes)18,29. Three 

characteristics of sequence space, namely immensity, sparsity of functional mutants, and 

ruggedness around elevated fitness mutants, challenge combinatorial efforts to engineer 

improved protein fitness18 (Figure 1-2). The reason for the immensity can be illustrated 

with basic combinatorics, as a protein of length N would have 20N possibly protein 

sequences because the genetic code is able to produce 20 different amino acid monomers 

at a given site29. Even for modest protein lengths, we can only practically test a miniscule 

percentage of sequence space18. The sparsity of the sequence space refers to the fact that 

the vast majority of proteins will lack fitness and be nonfunctional30-33. However, it is 
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also true that the remaining functional proteins, albeit a minute fraction of the overall 

sequence space, are likely to be in relatively close proximity to one another in sequence 

space34-36. Unfortunately, this area of the fitness landscape may in fact be rugged, which 

makes the search for greater fitness problematic: if starting at a local maxima in sequence 

space, protein evolution by point mutation, which can be understood as moving to nearby 

territory in the sequence space, can easily lead to a decrease, before an increase, in fitness 

if the topography is rugged18 (Figure 1-3). In reality, however, the likelihood of a true 

local maxima, in which any possible point mutation is harmful to fitness, seems unlikely 

except in the event of compromised stability, which can motivate prioritizing stability 

engineering so the protein’s amenability to mutation improves and the landscape 

theoretically becomes smoother and less rugged37-38.  

 

Figure 1-2: Fitness landscape. Black and yellow regions represent low and high fitness, 
respectively. Figure reproduced from {18}. 

 

Figure 1-3: Rough fitness landscape. Evolution with this landscape is particularly challenging as 
any small mutational changes may lead to dramatic reductions in fitness. Figure reproduced from {18}. 
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While random mutagenesis could be combined with directed evolution, these 

challenges associated with a protein’s sequence space motivate the utilization of tools to 

help focus library diversity to sites and specific residues most likely to confer increased 

fitness17,20. While it still can be difficult to exactly predict which amino acid sequence 

changes will lead to a specific desired behavior, a rational design approach that harnesses 

available structural, functional and phylogenetic information has been shown to be of 

tremendous use in beneficially targeting library diversity18,20. In recent years, a semi-

rational approach, which is a hybrid of rational design and directed evolution, has 

emerged as a way to harness the strengths of each39-45. Structural information, such as 

from a solved atomic-scale crystal structure of an enzyme complexed with its substrate, 

can be utilized to target mutations to a particular region, in this example the residues in 

the substrate binding pocket and the area around the active site. Several studies have 

demonstrated that some beneficial mutations may actually reside outside the area directly 

around the enzymatic active site46-48. Kagamiyama et al. demonstrated that all but one of 

the 17 beneficial mutations incorporated into a mutant of aspartate aminotransferase, 

which was created by directed evolution to possess a million-fold increase in catalytic 

efficiency for valine, were in fact not in the vicinity of the active site48. Nevertheless, a 

plethora of research indicates that the active site region is still a prime target to find 

mutations that improve protein fitness18-19,49-52. In investigating Pseudomonas fluorescens 

esterase, Kazlauskas et al. showed that active site-centric mutations were far more likely 

to increase selectivity towards methyl 3-bromo-2-methylpropionate substrate than distant 

mutations, a result that led them to advocate for random mutagenesis that focused on the 

substrate binding pocket specifically when trying to efficiently engineer enhanced 
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catalytic properties51. Phylogenetic consensus sequence information is oftentimes 

gathered by probing databases to identify multiple protein homologues of the protein of 

interest, followed by aligning the homolog sequences to best identify the most frequent 

residue(s) at every position53. By leveraging evolutionary information, we can identify 

these consensus residues, which typically lend to improved fitness of the protein39. Wyss 

et al.54 showed that consensus residues can improve stability and enzymatic activity of 

phytases, which are phosphatase enzymes that catalyze hydrolysis of phytic acid. 

Improvements can be dramatic, as they improved the phytase melting temperature (Tm) 

by approximately 27-34 °C. In this sequence-homology approach, residue preferences 

will already also be suggested. In the structural approach mentioned above, either 

saturation mutagenesis should be employed to test every single amino acid option at the 

narrowed list of sites, or diversity at these positions should be restricted by specific tools. 

Computational models such as Rosetta55 and FoldX56 evaluate steric effects and 

intermolecular interactions (e.g., hydrogen bonding, electrostatic and hydrophobic 

interactions) in order to compute free energies that can predict which point mutations are 

likely to be beneficial for protein stability. Janssen et al.57 utilized this algorithmic 

approach to identify 10-12 beneficial mutations in the enzyme limonene epoxide 

hydrolase that, when combined, boosted the melting temperature by 35 °C, improved 

catalytic activity and led to an increase in half-life over 250-fold. Christensen and Kepp58 

utilized a modified FoldX protocol to demonstrate a strong correlation between decreases 

in FoldX-predicted mutational ΔΔG and an increase in Tm in a fungal laccase. Various 

indices that describe amino acid substitutability/homology have also been utilized to 

predict beneficial mutations59-64. These concepts and techniques can be used to restrict 
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diversity at particular sites to those amino acids most likely to improve fitness. By 

focusing our libraries on positions and amino acids identified by these rational structural- 

or sequence-based methods, directed evolution experiments can remove large swaths of 

low-fitness sequence space and thus improve sampling of more desirable, high-fitness 

sequence space18,20. By narrowing our focus to the most relevant regions of sequence 

space, we can better study and elucidate sequence-function relationships for a variety of 

proteins, our understanding of which is still oftentimes lacking18. In this thesis, we 

advanced the understanding of sequence-function mapping of a particular protease: 

tobacco etch virus protease (TEVp).   

1.4 Applying improved proteases to synthetic urinary biomarkers to detect aberrant 

receptor expression 

The use of naturally-occurring blood-based molecular biomarkers for diagnosis of 

a multitude of disease states is beset by several issues such as low concentration65, rapid 

degradation66, or an inability to detect the biomarker in a complex biological fluid67. 

Bhatia and colleagues conceived synthetic biomarkers to address these shortcomings, 

which have demonstrated potential to detect multiple diseases including thrombosis, liver 

fibrosis, and colorectal cancer68-70. In this approach, a nanoscale probe is administered 

intravenously to traverse the local disease environment and generate small reporter 

molecules in accordance with protease activity, which is correlative with disease severity 

(Figure 1-4). The reporters are then filtered into the urine for noninvasive disease 

detection. To achieve this, nanoscale agents have consisted of reporter peptides 

connected via a cleavable linkage to nanoparticles, and this linkage is sensitive to 

proteases upregulated in the local disease site. One limitation of this technology is its 

dependence on a local dysregulated enzymatic profile as well as the absence of the 
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equivalent enzymatic activity elsewhere in the otherwise healthy body. A useful 

translation would be to achieve a similar ability to noninvasively diagnose disease based 

on aberrant cell-surface protein expression. Present techniques for characterizing 

abnormal receptor expression possess their own drawbacks such as requiring an invasive 

and risky procedure such as a biopsy71-77 or the cost and radiation exposure from PET 

imaging78-80. As the synthetic reporter approach has relied on soluble enzymatic 

upregulation in the local disease site, a method to link aberrant receptor expression, such 

as overexpression, to an increased enzymatic presence is needed. A possible means to 

achieve this is with fusion proteins that combine exogenous enzymatic activity with high-

affinity binding for the receptor being overexpressed. This links receptor overexpression 

with enzymatic upregulation in the disease site, which can be exploited by reporter-

bearing nanoparticles with a reporter-nanoparticle cleavable linkage now sensitive to this 

exogenous enzyme. The work presented in this thesis represents an advancement of this 

novel concept, from mathematical modeling to demonstrate feasibility to empirical 

validation of ligand-enzyme fusion functionality to elucidating the various factors needed 

to optimize this system in vitro. 
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Figure 1-4. Noninvasive urinary detection of disease using synthetic reporters linked to 
nanoparticles by a protease-sensitive linkage. Intravenously-administered nanoparticle-reporter 

conjugates probe disease site, where upregulated proteases cut reporter from nanoparticle. Filtration of 
small reporters into urine leads to disease detection. Figure reproduced from {68}. 

1.5 Summary of approach and results in this thesis 

The work in this thesis sought to harness the co-display of protease and substrate 

on the yeast surface to screen seven rational design-focused saturation mutagenesis 

libraries around the active site of TEVp to identify beneficial mutations that improve 

catalytic efficiency. This strategy allowed us to better elucidate the relationship between 

sequence space and function for this protease, and we successfully identified many multi-

mutants that improved catalytic efficiency in a statistically significant manner, up to 2.8- 

to 2.9-fold in the case of three specific multi-mutants. The application of ligand-enzyme 

fusions to the synthetic reporter approach was mathematically modeled to test for 

feasibility. Our analysis suggested the feasibility of this framework as the reporter 

generation in urine one hour after substrate administration is predicted to be four orders 

of magnitude above the ELISA detection limit. We also demonstrated the ability to 

produce ligand-enzyme fusion proteins, with a multitude of ligands and proteases, that 
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preserve most, if not all, of the catalytic and binding functionality of their components. 

While we encountered limitations of these fusions in applying them in vitro to the 

synthetic reporter technology to generate signal from the cell surface in congruence with 

receptor overexpression, we have identified concrete areas – including fusion linker 

design, enzymatic activity, substrate lability – that can be enhanced in future work to 

demonstrate this system’s feasibility and lead to further optimization. 
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Chapter 2 – Engineering tobacco etch virus protease activity by 

screening rational active site combinatorial libraries using a novel yeast 

surface display construct________________________________________ 

2.1 Abstract  

Engineering improved activity, either increased kcat or decreased KM, into 

proteases using directed evolution remains a challenge due to a relative lack of well-

studied display constructs for library screening and a need to elucidate optimal library 

design. Tobacco etch virus protease (TEVp), a 27-kDa viral cysteine protease commonly 

used for specific cleavage of recombinant protein affinity tags, has been the subject of 

past protease engineering efforts, but historically related to attributes other than catalytic 

activity. Further, most of the past efforts have employed random mutagenesis methods 

such as error-prone PCR to synthesize libraries. In this study, we developed a novel and 

seemingly generalizable yeast surface display construct that co-displays protease mutants 

with substrate on the same Aga2 protein. Identification of enhanced activity mutants is 

enabled by protease cleavage of tethered substrate removing a hemagglutinin (HA) 

epitope tag, which empowers FACS-facilitated isolation of cells with a decrease in signal 

from fluorophore-linked anti-HA antibodies. This platform was shown to quantitatively 

differentiate catalytic activity at the single-cell level for TEVp and sortase A. Further, 

utilizing the fact that TEVp is well-studied and has a solved crystal structure, we 

leveraged this display platform to perform high throughput screens on seven structure-

based active site combinatorial libraries created via saturation mutagenesis. Beneficial 

mutations from these first-generation libraries were incorporated into a single second-

generation library, which was screened to identify which individual beneficial mutations 
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performed optimally in a multi-mutant context. Using enrichment data from the second-

generation library screen, we produced a host of TEVp multi-mutants, the vast majority 

of which demonstrated statistically-significant improvement in catalytic efficiency, 

generally with a decreased KM as opposed to an increased kcat. These improved multi-

mutants will be of benefit to the biotechnological community, and our novel yeast surface 

protease/substrate co-display system and the insights gleaned on rational active site 

library design and the TEVp sequence-function map will aid future protease engineering 

efforts. 

2.2 Introduction  

Engineering enhanced protein fitness using current methodologies and 

technologies is beset by a variety of challenges relating to the protein’s fitness landscape, 

most prominently the immensity of the possible variants, sparsity of functional variants, 

and potential ruggedness around regions of elevated fitness18. Thus, rational exploration 

of sequence space and/or thorough mutant sampling is needed to identify improved 

function. Moreover, engineering enhanced activity into enzymes such as proteases 

presents further unique hurdles given their multifunctional mechanism involving 

substrate binding and proteolysis, which can oftentimes be substantially hindered by even 

minor structural changes18. Sequence space can be explored efficiently, if sparsely, by 

coupling protein function to the encoding gene sequence to empower high throughput 

selections without abiotic spatial isolation16. When yeast surface display, a prominent 

example of a genotype-phenotype linkage strategy, is combined with current flow 

cytometry technologies, 108 protein variants can be screened. Basic combinatoric 

calculations suggest the diversification of a limited number of amino acid residues in the 

enzyme to ensure a relatively thorough sampling of any combinatorial library16. Random 
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mutagenesis, such as by error-prone PCR, can achieve the desired level of diversity, but 

the probability of finding improved mutants is substandard because sequence space is 

being targeted via random deviations from the starting sequence as opposed to focusing 

on those regions that are most likely to impact fitness17. The identification of residues 

most suited for mutation to improve fitness has been the subject of thorough study41,81-84. 

The two emergent major strategies use either sequence-based methods, such as multiple 

sequence alignment of homologous proteins39, or structure-based methods, which 

leverage three-dimensional models, such as a solved atomic-scale crystal structure of the 

enzyme complexed with its substrate, and our understanding of substrate-binding within 

the active site of the enzyme to determine residues most important to reaction 

progression17. While there is a growing body of research suggesting that non-active site 

mutations, including those on the protein surface, can be beneficial for activity48,85-88, 

mutations made in and around the active site and substrate-binding pocket remain a prime 

area to find potentially beneficial mutations30,89. Therefore, an example of a rational 

structure-based approach involves identifying a narrowed list of residues (e.g., four or 

five per library) in this region for site-directed saturation mutagenesis, or an expanded list 

of sites if diversity is limited (e.g., by chemical homology). 

Directed evolution has proven to be a vital technology in protein engineering, and 

the use of display technologies to screen genetic libraries in a high-throughput manner to 

identify improved fitness mutants has been invaluable when studying functionality such 

as ligand binding or protein stability16-17. However, there are distinct challenges in linking 

the genotype of protease mutants with catalytic activity. Most flow cytometric display-

based screens, for example as with ligand binding, sort for increased surface-bound 
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fluorescence; if using displayed enzyme mutants and soluble substrate, an alternative 

sorting strategy must be devised as the enzymatic conversion of substrate to product will 

not change surface-bound signal16. One strategy that addresses this challenge uses 

fluorescently-labeled substrate that is enzymatically converted to a fluorescent product 

that binds to the surface of yeast cells21-22. Other similar methods have been developed to 

identify enhanced enzyme mutants using yeast display and high-throughput fluorescence-

activated cell sorting (FACS) technology23-25, but in general these methods are reliant on 

the ability to modify the substrate via an affinity handle or fluorescent probe, and thus 

these approaches are limited to a subset of enzymes whose substrate can tolerate such 

alterations16. A clever and more generalized approach sequesters the enzyme variant and 

antibody epitope-flanked substrate as separate entities in the endoplasmic reticulum (ER), 

with proteolysis of the substrate by the enzyme variant leading to removal of the 

substrate’s ER retention sequence and subsequent cell surface display of the remaining 

substrate peptide26. A particularly interesting new approach has been implemented for 

bond-forming enzymes like the cysteine transpeptidase Staphylococcus aureus sortase A 

(SrtA)27-28. This technique employs dual-display of both the enzyme variant and its 

substrate on the same Aga2p display protein, with the enzyme variant responsible for 

conjugating a soluble molecule to the tethered substrate; fluorescently-tagged streptavidin 

labeling of this newly-added cell-bound molecule, and subsequent collection of yeast 

cells with increased fluorescence, isolates enhanced enzyme mutants. This dual-display 

approach could be expanded for enzymes other than transpeptidases, and we sought to 

utilize this framework to identify improved protease mutants by sorting for cells with 

decreased fluorescence after proteolytic cutting of substrate removed an epitope tag. 
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Here we validate the use of a yeast-based protease display system that 

successfully allows for the quantitative differentiation of enzymatic activity of multiple 

proteases, chiefly tobacco etch virus protease (TEVp) but also SrtA when acting as a 

protease. TEVp is a viral cysteine protease commonly used for the specific removal of 

affinity tags from recombinant proteins6,90. It consists of the 27-kDa C-terminal domain 

of the 49 kDa viral polyprotein processing product nuclear inclusion protein Ia91-92. Wild-

type TEVp is subject to significant autolysis, so the S219P variant is often used as it 

largely eliminates autolysis while only reducing the catalytic efficiency by approximately 

two-fold93-95. Previous attempts at screening error-prone PCR random mutagenesis 

libraries for TEVp using the yeast ER sequestration approach yielded a triple mutant 

(G79E/T173A/S219V) that increases catalytic efficiency by approximately four-fold 

compared to the S219P variant26, and incorporates the S219V mutation that was also 

previously proven to prevent autolysis and slightly aid catalytic efficiency (approximately 

a 1.77-fold improvement compared to wild-type)93. This TEVp triple mutant was used as 

the starting point in our library design, and our display system was leveraged to screen 

seven rational design-focused saturation mutagenesis libraries (4-5 amino acids per 

library, 34 residues in total) around the active site of TEVp to identify the mutations in 

each library that improve catalytic efficiency. A second-generation library evaluated 

combining beneficial mutations across each first-generation library while also allowing 

maintenance of wild-type. Selection of the most active mutants from the second-

generation library yielded a collection of compelling multi-mutants for catalytic analysis, 

several of which improved the catalytic efficiency by nearly three-fold. 

2.3 Methods 
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2.3.1 Creation of TEVp DNA constructs 

Plasmid pCT-SAT (substrate-Aga2p-TEVp) for S. cerevisiae cell surface display 

was prepared through several steps.  First, gBlock 1 was PCR amplified using primers 1 

and 2 (Supplemental Table 2-1). All PCRs used Phusion DNA polymerase, Phusion HF 

buffer, and deoxynucleoside triphosphate (dNTP) mixture from New England Biolabs 

(NEB, Ipswich, MA), oligonucleotide primers from Integrated DNA Technologies (IDT, 

Coralville, IA), and gene fragments from either Twist Bioscience (San Francisco, CA) or 

as gBlocks from IDT. For every PCR, a 50 µL volume contained 10 ng gene fragment, 

1X Phusion HF Buffer, 0.2 mM dNTPs, 0.5 µM of each primer, and 1 U Phusion DNA 

polymerase. The sample was denatured at 98 °C for 30 s, followed by 30 cycles of 98 °C 

for 10 s, a unique annealing temperature – determined using the Tm calculator on the 

NEB website for specific gene fragment/primer pairings – for 30 s, and 72 °C for 30 s per 

kb, with a final extension at 72 °C for 10 min. pCT acceptor vector was digested at 37 °C 

for 8-16 hrs using CutSmart buffer and DNA restriction enzymes NheI and XhoI from 

NEB. PCR products and digested vector were isolated by 1% w/v agarose gel 

electrophoresis and purified using the GenCatch Gel Extraction Kit from Epoch Life 

Sciences (Missouri City, TX). PCR product was inserted into pCT acceptor vector via the 

Gibson Assembly Protocol96 (E5510, NEB). A 20 µL volume containing 1X Gibson 

Assembly Master Mix from NEB, 50-100 ng vector, and 3-fold molar excess of insert 

was incubated in a thermocycler for 20 minutes at 50 °C, followed by a 5 min incubation 

at 4 °C. 2 µL of reaction mixture was transformed into NEB5α competent Escherichia 

coli from NEB. Plasmid DNA was harvested from E. coli cultures using the GenCatch 

Plasmid DNA Mini-prep Kit from Epoch Life Sciences. pCT-SATC151A, containing the 

cysteine-to-alanine inactivated version of TEVp in the display construct, was prepared 
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using pCT-SAT, primers 3 and 4, and the QuikChange Site-Directed Mutagenesis Kit 

from Agilent Technologies (Santa Clara, CA). pCT-SscAT contained the scrambled 

substrate of LSQEFYN in the display construct. To create this particular construct, 

single-stranded oligonucleotides 5a and 5b were first combined via a single thermocycler 

step; in 50 µL volume with both oligonucleotides at 50 µM, the temperature was first 

raised to 72 °C for 1 min and then lowered to 66 °C for 3 min. The double-stranded 

resulting DNA was then gel-recovered and digested, along with pCT-SAT, with PstI and 

NcoI. Gel-recovered vector and insert were then ligated together; specifically, a 20 µL 

volume containing 1X T4 DNA ligase buffer and 100 U T4 DNA ligase from NEB, 100 

ng vector, and 4-fold molar excess of insert was incubated at room temperature for 10 

min. Two µL of reaction mixture was used for transformation with NEB5α competent E. 

coli and plasmid DNA was harvested from E. coli cultures via miniprep. For each 

plasmid, DNA Sanger sequencing was performed with oligonucleotide primers from IDT 

at the University of Minnesota Genomics Center.  

2.3.2 Yeast surface display to validate display construct and optimize induction time 

S. cerevisiae EBY100 cells were transformed with one of the aforementioned 

three pCT plasmids for TEVp/substrate fusion display via the Frozen-EZ Yeast 

Transformation II Kit from Zymo Research (Irvine, CA). Transformants were cultured in 

5 mL SD-CAA (0.07 M sodium citrate, 20 g/L glucose, 6.7 g/L yeast nitrogen base, 5 g/L 

casamino acids) at 30 °C for 16-24 hours. Before reaching an OD600 of 6, cells were 

pelleted at 1000 g for 3 min and resuspended in SG-CAA (0.1 M sodium phosphate, 19 

g/L galactose, 1 g/L glucose, 6.7 g/L yeast nitrogen base, and 5 g/L casamino acids) to 

yield an OD600 less than 1, with subsequent SG-CAA incubation times of either 20 min, 
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2 hrs, 10 hrs, or 24 hrs. 5x105 yeast cells were centrifuged at 1000 g for 3 min, and 

supernatant was removed by pipetting. Cells were suspended in 1 mL PBS with 1% BSA 

(PBSA), followed by centrifugation at 1000 g for 3 min and supernatant removal. To 

quantify intact and total substrate display levels, via HA and c-Myc epitopes, cells were 

suspended in 50 µL of PBSA with 67 nM polyclonal chicken anti-HA antibody (ab9111, 

Abcam, Cambridge, United Kingdom) and 67 nM monoclonal mouse anti-c-Myc 

antibody (9E10, Thermo Fisher Scientific, Waltham, MA) for 30 min at room 

temperature. Cells were then washed once with 1 mL PBSA, followed by resuspension in 

50 µL of PBSA with 67 nM of both polyclonal goat anti-chicken antibody conjugated 

with Alexa Fluor 488 (ab150169, Abcam) and polyclonal goat anti-mouse antibody 

conjugated with Alexa Fluor 647 (ab150115, Abcam) for 30 min at 4 °C. Cells were 

washed once more with 1 mL PBSA, followed by resuspension in 100 µL PBSA for 

analysis with the Accuri C6 Plus instrument and software (Becton Dickinson, Franklin 

Lakes, NJ). Reduction in HA-derived signal (AF488) with preservation of c-Myc-derived 

signal (AF647) indicated enzymatic cutting of tethered substrate. 

2.3.3 TEVp first-generation library construction 

The protein crystal structure from the Protein Data Bank (1LVB) of catalytically 

inactivated TEVp (C151A) complexed with its substrate (ENLYFQ↓S) was analyzed by 

PyMOL and used to identify residues within 6 Angstroms of the substrate for mutation. 

Four residues were exempted from mutation: the three residues in the catalytic triad 

(H46, D81, C151) and position 219 due to its importance in preventing autocatalysis. The 

remaining residues were organized into seven libraries, of 4 or 5 amino acids each, for 

saturation mutagenesis. Individual library sizes of 4 or 5 residues were chosen because 
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NNK codon-facilitated construction of libraries of this size will yield a theoretical genetic 

diversity of 1.1 or 34 million, respectively, which can be reasonably sampled using 

conventional FACS methodologies. Residue groupings in each library were designed so 

as to mostly maximize three-dimensional spatial proximity; Figure 2-1 shows that L204 

is a notable exception. Among those residues within 6 Angstroms of the substrate, L204 

is one of the more isolated and distant sites, but it was included in library E because it 

was one of the few libraries that could accommodate such an addition (i.e., less than 5 

residues) and its incorporation allowed for easy assembly. 

 

Figure 2-1. Mutant library design. TEVp (C151A) is shown complexed with its substrate ENLYFQ↓S 

(green), with the α-carbon of the amino acid residues in the seven TEVp libraries color coded: A (red: T30, 

S31, L32, N44), B (yellow: F139, K141, H167, S168, A169), C (pink: T146, K147, D148, G149, Q150), D 

(cyan: S170, N171, F172, A173, N174), E (orange: T175, N176, N177, Y178, L204), F (dark blue: V209, 

W211, G213, K220, P221), and G (light blue: H214, K215, V216, F217, M218). In the substrate, the 

carbonyl carbon of Q and the amide nitrogen of S are represented as black spheres. 

The individual libraries were constructed by fusion PCR via overlap extension of 

two DNA fragments (Figure 2-2). For libraries A, C, D, F, and G, the first DNA fragment 

was created by a single PCR amplification using pCT-SAT, a common forward 

oligonucleotide 6 that annealed at the C-terminal region of Aga2p, and a library-specific 

reverse oligonucleotide (7-11) that annealed in the TEVp gene.  For libraries B and E, 

two sequential PCR steps were necessary to sufficiently extend the first DNA fragment in 

the 3’ direction using a pair of library-specific reverse oligonucleotides (12-13 for library 
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B; 14-15 for library E). The second DNA fragment for libraries A-G was analogously 

created by a single PCR amplification, but with a common reverse oligonucleotide 16 

that annealed immediately downstream of TEVp and a library-specific forward 

oligonucleotide annealing in the TEVp gene (17-23). Library-specific oligonucleotides 

were designed such that the two amplified DNA fragments would have sufficient overlap 

to enable their fusion by PCR with oligonucleotides 6 and 16. In this fusion PCR step, 5 

µL of each gel-purified DNA fragment was added to the 50 µL PCR reaction volume in 

place of the template. The acceptor vector pCT was digested with SalI, BamHI and SacII 

to remove the TEVp gene.  Gel-recovered library inserts and digested vector were both 

concentrated with PelletPaint, and resuspended in dH2O for electroporation of competent 

yeast cells. For all electroporation procedures, 300 µL of competent yeast were combined 

with 6 µg plasmid vector and ~120 µg library insert (or no insert for a negative control), 

and electroporated at 1.2 kV and 25 µF to combine vector and insert into whole plasmid 

via homologous recombination97. Cells were incubated in YPD (10 g/L yeast extract, 20 

g/L bacto peptone, 20 g/L glucose) at 30 °C, 250 rpm for 1 hr, after which cells were 

centrifuged at 1300 g for 1 min and resuspended in SD-CAA for a >16 hr incubation at 

30 °C, 250 rpm to propagate successful transformants. Dilutions plated on SD-CAA 

plates allowed for the calculation of the number of unique transformants for libraries. 
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Figure 2-2. Schematic of library assembly via fusion PCR.  (a) Library A. (b) Library B. Libraries C, D, F 

and G were constructed via a similar process to (A) and library E was constructed similarly to (B), but 

different oligonucleotide primers annealing to the TEVp gene were used. Area of overlap between the two 

DNA fragments is denoted by red color, and areas of diversity are illustrated with grey circles. 

Oligonucleotide primer identification numbers are found in Supplemental Table 2-1. 

2.3.4 Fluorescence-activated cell sorting of first-generation library  

For each sorting experiment, a positive control (pCT-SAT) and two negative 

controls (pCT-SATC151A and pCT-SscAT) were analyzed before sorting.  5x105 yeast cells 

for each control were induced and labeled as before. 

Prior to reaching an OD600 of 6 in SD-CAA, electroporated yeast cells – 

specifically, 10-fold the diversity for library A (~10 million) and 3-fold the diversity for 

libraries B-G (~100 million) – were pelleted and resuspended in SG-CAA at an OD600 

of 1.0 for a 4-hr incubation at 30 °C, 250 rpm to induce protein expression and surface 
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display. Yeast cells – the same number as before, 10 and 100 million, respectively – were 

pelleted and resuspended in 100 µL of PBSA with ab9111 and 9E10 (both at 667 nM 

except for library A: 67 nM) for 30 min at room temperature. Cells were washed once 

with 1 mL PBSA, followed by resuspension in 100 µL of PBSA with both ab150169 and 

ab150115 (both at 667 nM except for library A: 67 nM) for 30 min at 4 °C. Cells were 

washed once more with 1 mL PBSA, followed by resuspension in 100 µL PBSA for 

fluorescence-activated cell sorting (FACS) using the FACSAria II instrument (Becton 

Dickinson). Collected cells were propagated in SD-CAA at 30 °C, 250 rpm for a second 

round of sorting. For the second sort, 10 million yeast cells in SD-CAA at an OD600 < 6 

from each library’s first sort were pelleted and resuspended in SG-CAA at an OD600 of 

1.0 for a 4-hr incubation at 30 °C, 250 rpm. 10 million yeast cells were pelleted and 

processed as before, but with antibody concentrations of 67 nM for ab9111, 9E10, 

ab150169 and ab150115. Collected cells from the second sort were then propagated in 

SD-CAA at 30 °C, 250 rpm for deep sequencing. 

2.3.5 Deep sequencing of first-generation libraries 

For each of the 7 libraries, these second sort collections, as well as the unsorted 

libraries, were prepped for deep sequencing. From these 14 total samples, the plasmid 

DNA was harvested from yeast cells using Longlife Zymolyase from G-Biosciences (St. 

Louis, MO). In general, 1x108 cells were incubated for 1 hr at 37 °C in 200 µL of lysis 

solution (50 mM phosphate buffer, 1 M sorbitol, 10 mM β-mercaptoethanol) with 1:20 

dilution of Zymolyase, with DNA subsequently purified using silica spin columns. The 

diversified regions underwent two sequential PCR amplifications. The first PCR 

amplification used oligonucleotides 24-25 (library A), 25-26 (libraries B-D), and 27-28 
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(libraries E-G). This amplified DNA fragment was then subjected to a subsequent round 

of PCR amplification using the common forward oligonucleotide primer 29 and a reverse 

oligonucleotide primer (30-36 and 37-43 for the unsorted and sorted populations, 

respectively, of libraries A-G) to add unique Illumina adapters for deep sequencing. Deep 

sequencing was performed using an iSeq 100 Sequencing System (Illumina, San Diego, 

CA) at the University of Minnesota Genomics Center.  

The specific amino acid frequency at each site was calculated by summing reads 

containing that amino acid at that site and dividing by the total number of reads. Sitewise 

enrichment scores for each amino acid were calculated as the log2 of the ratio of the 

frequency in the bottom gate to the frequency in the unsorted library. The enrichment 

range at a particular site was calculated by subtracting the smallest enrichment value at 

that site from the largest enrichment value at that site; if a specific single mutation at a 

site possessed an enrichment score greater than the wild-type enrichment value at that site 

plus ten percent of that site’s enrichment range, that mutation was deemed beneficial. 

2.3.6 TEVp second-generation library construction 

Enrichment data from the 7 first-generation libraries helped create a single 

second-generation library with constrained diversity (Table 2-6). Beneficial mutations 

(Table 2-5) were always incorporated unless the entire wild-type sequence for an 

individual first-generation sublibrary was clearly the most enriched clone, in which case 

the wild-type sequence was exclusively used in the second-generation library regardless 

of any compelling individual mutations at a particular site in the sequence. Potentially 

compelling non-beneficial mutations, either possessing equal or close-to-equal 

enrichment compared to wild-type, were also considered for incorporation into the 
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second-generation library. Wild-type residues, whether highly enriched or not in the first-

generation libraries, were also allowed in the second-generation library. The library insert 

was constructed by fusion PCR of three DNA fragments (Figure 2-3). The first DNA 

fragment was created by PCR using pCT-SAT, the aforementioned forward 

oligonucleotide 6, and a mixture of 12 reverse oligonucleotides (44-55) introducing 

targeted diversity at sites 30-32. The second DNA fragment was analogously created by 

PCR, but with a forward oligonucleotide 56 and a mixture of 3 reverse oligonucleotides 

(57-59) introducing targeted diversity at site 204. The third DNA fragment was created 

by using the aforementioned reverse oligonucleotide 16 and a mixture of 12 forward 

oligonucleotides (60-71), introducing targeted diversity at sites 211, 214-216, 218, and 

220. Oligonucleotide incorporation was imbalanced, which later resulted in incomplete 

sampling of the second-generation library, but comparative sequencing analysis of pre- 

and post-sorting populations still allowed for an accurate assessment of sitewise 

enrichment. Oligonucleotides were designed such that the three DNA fragments would 

have sufficient overlap to enable their fusion by PCR as analogously done before with the 

first-generation libraries. For the second-generation library, the three fragments were 

connected in a piecemeal approach of two steps of overlap extension PCR. First, the 

second and third fragments were connected by fusion PCR with oligonucleotides 16 and 

56; this product was then connected to the first fragment by fusion PCR with 

oligonucleotides 6 and 16. This library insert was combined via electroporation with 

digested vector as before to create intact plasmid. The number of unique transformants 

for the library was 2.0x107, with less than 1x106 transformants for the vector-only 

negative control. 
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Figure 2-3. Schematic of library assembly via fusion PCR for the second-generation TEVp library. 

Three PCR fragments (blue, purple, and green) were created, and connected in a piecemeal fashion.  The 

purple and green fragments were first connected via overlap extension PCR using the yellow area of 

overlap. This new fragment was then connected to the blue fragment via overlap extension PCR using the 

red area of overlap. Areas of diversity are illustrated with grey circles. Oligonucleotide primer identification 

numbers are found in Supplemental Table 2-1. 

2.3.7 Fluorescence-activated cell sorting of second-generation library  

100 million electroporated yeast cells in SD-CAA at an OD600 < 6 were pelleted 

and resuspended in SG-CAA at an OD600 of 1.0 for a 4-hr incubation at 30 °C, 250 rpm 

to induce protein expression and surface display. 100 million yeast cells were then 

pelleted and labeled in the same fashion as the first sort of libraries B-G. Cells with 

minimized HA:c-Myc ratio were collected via FACS in a bottom gate, and were 

propagated in SD-CAA at 30 °C, 250 rpm for a second round of sorting. 4 million yeast 

cells from this propagated population were then similarly induced, then pelleted and 

labeled in the same fashion as the first sort of library A. Cells were then collected via 

FACS in two gates: improve, with a moderate reduction in the HA:c-Myc ratio compared 

to wild-type TEVp, and best, which even further lowered the ratio compared to improve. 

These two populations, bottom-improve and bottom-best, were propagated, and 2 million 

yeast cells were similarly processed and prepped for FACS, where cells were collected in 
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a best gate with minimized HA:c-Myc ratio. These two populations, bottom-improve-best 

(BIB) and bottom-best-best (BBB), were propagated in SD-CAA for deep sequencing. 

The relevant FACS statistics for each of the three sorts of the second-generation library 

can be found in Table 2-8. 

2.3.8 Sanger sequencing of top and middle gates from first sort of second-generation 

TEVp library 

To further validate the display construct’s ability to stratify populations on FACS 

by enzymatic activity, yeast cells were also collected in top and middle gates during the 

second-generation TEVp library’s first sort, and pCT plasmid DNA was extracted from 

1x108 cells from each gate. The plasmid DNA mixture was then used to transform 

NEB5α competent E. coli, and transformants were plated on agar plates with 100 µg/mL 

ampicillin; monoclonal colonies from agar plates (3 from the top gate, 8 from the middle 

gate) were then individually cultured and miniprepped. The TEVp gene sequence in the 

purified plasmid DNA was then amplified and elongated by PCR using oligonucleotides 

72-73. pET vector was separately digested with NheI and BamHI. Intact pET plasmid 

was created via Gibson Assembly using gel-recovered cut vector and PCR product, and 

transformed NEB5α competent E. coli cells were then transferred to agar plates with 50 

µg/mL kanamycin. Individual colonies were cultured and sequenced using Sanger 

sequencing before protein production. 

2.3.9 Sanger sequencing of unsorted second-generation TEVp library 

Plasmid DNA was similarly extracted from 1x108 yeast cells from the unsorted 

second-generation TEVp library, and used to transform NEB5α competent E. coli. 30 

transformants on ampicillin agar plates were cultured, Miniprepped, and Sanger 

sequenced. The empirical amino acid frequencies from these 30 sequences matched the 
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theoretical values well, so theoretical amino acid frequency values were used moving 

forward in calculating sitewise enrichment. 

2.3.10 Deep sequencing of second-generation TEVp library 

For samples BBB and BIB, as well as the unsorted second-generation library, 

plasmid DNA of 1x108 yeast cells was extracted, and the diversified regions were PCR 

amplified using oligonucleotides 24 and 28. These amplified DNA fragments were then 

subjected to a subsequent round of PCR amplification using the common forward 

oligonucleotide primer 29 and a reverse oligonucleotide primer (30, 31, and 32 for the 

BBB, BIB, and unsorted population, respectively) to add unique Illumina adapters for 

deep sequencing on an iSeq 100 Sequencing System. 274,288 reads for BIB and 140,054 

reads for BBB were obtained, and values of sitewise log2 enrichment versus unsorted 

library for these datasets were calculated as before with the first-generation library.  

Clones also were ordered by their clonal enrichment score; specifically, a log2 function 

was applied to the ratio of the percentage of reads belonging to a particular clone divided 

by the theoretical frequency of that clone in the unsorted library.  The top 100 enriched 

clones in the BIB and BBB gates were then used to determine sitewise enrichment. 

Finally, epistasis, or the context-dependence of mutational effects, was examined by 

calculating the log2 enrichment of various double mutants. The combination of data for 

sitewise enrichment (for the entire set of reads as well as the top 100 enriched clones) and 

epistasis helped inform and narrow the list of TEVp mutants we sought to produce in E. 

coli. 

2.3.11 TEVp mutant production and characterization  
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Gene fragments for all compelling TEVp variants were synthesized by 

manufacturer with codons optimized for E. coli production. Fragments were PCR 

amplified and elongated for addition to digested pET vector via Gibson Assembly. 

Sanger sequencing validated proper assembly.  

To produce TEVp clones, T7 Express competent E. coli (NEB) were transformed 

with TEVp mutant-containing pET plasmid and grown in 150 mL lysogeny broth (10 g/L 

tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) cultures at 37 °C, 250 rpm.  Cells 

were induced with 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) from Teknova 

(Hollister, CA) at an OD600 of 0.7-1.0 for 5 hrs at 30 °C, 250 rpm. Cells were pelleted 

by centrifugation at 3200 g for 15 min and lysed in 1.5 mL of lysis buffer (pH 7.5, 50 

mM sodium phosphate, 0.5 M NaCl, 5% glycerol, 5 mM CHAPS detergent, and 25 mM 

imidazole). Cells were subjected to four cycles of freeze-thaw and centrifuged at 12,000 

g for 10 min at 10 °C. Supernatant was filtered using a 0.45 µm filter, and lysate was 

analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

using NuPAGE reagents from Thermo, to identify and quantify TEVp concentration. For 

each TEVp mutant produced, 6 µL of cell lysate [in 18 µL total volume, 1X NuPAGE 

LDS Sample Buffer, and 10% β-mercaptoethanol (Sigma-Aldrich)] was run in an 

individual well on a NuPAGE 4-12% Bis-Tris gel. Additionally, an 11 kDa epidermal 

growth factor receptor (EGFR)-binding fibronectin (Fn) clone, given the alias D (FnD)98, 

was produced under the same conditions as TEVp variants to allow analysis of the 28 

kDa region from a culture not expressing TEVp. 5 µg each of bovine serum albumin (66 

kDa) and carbonic anhydrase (30 kDa) were added in a single well as concentration 

standards. Gels were run at 200 V for 40 min in 1X NuPAGE MES SDS running buffer. 
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Gels were stained with SimplyBlue Safe Stain (Thermo) for 1 hr and washed in dH2O for 

1 hr. Protein concentrations were analyzed via densitometry using a ChemiDoc MP 

Imaging System (Bio-Rad) and free GIMP 2 imaging software. 

The custom peptide 2-Abz-ENLYFQSGTK-Dnp (United Peptide, Herndon, VA), 

in which Dnp quenches emission of the Abz fluorophore, allowed for examination of 

TEVp clone catalytic parameters. All TEVp clones were diluted to a clonal concentration 

of 0.2 µM using TEVp-deficient lysate of E. coli-produced FnD. For a given TEVp 

clone, 40 µL of this solution was added to five microplate wells. For TEVp 1-15 and 18-

23, 40 µL solution containing the peptide substrate in PBS at various concentrations (0, 3, 

10, 30, and 100 µM) was then added to the five wells to give a final TEVp concentration 

of 0.1 µM and final substrate concentrations of 0, 1.5, 5, 15, and 50 µM. For variants 24-

38, only the 50 µM substrate concentration was probed. All samples were run in 

triplicate, with fluorescence (λex = 320 nm, λem = 420 nm) measurements taken every 15 s 

for 1 min total on a Synergy H1 microplate reader (BioTek Instruments, Winooski, VT). 

A TEVp-deficient negative control, consisting of FnD lysate, was also analyzed at these 

five substrate concentrations. At every substrate concentration, background fluorescence 

was subtracted using the FnD negative control, and graphs of background-subtracted 

fluorescence values versus time provided slopes in fluorescent units/min at different 

substrate concentrations. 2-aminobenzoic acid (2-Abz) was also obtained from Sigma-

Aldrich (St. Louis, MO) to make a standard curve (Figure 2-4); this allowed for the 

conversion of graphical slopes in units of fluorescence units/min to initial reaction 

velocities in units of [unquenched 2-Abz]/min. For TEVp variants 1-15 and 18-23, these 
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reaction velocities at various substrate concentrations were then fit to a Michaelis-Menten 

model (Figure 2-5) to calculate kcat and KM.   

 

Figure 2-4. Standard curve of 2-Abz.  Two trials were performed, with linear fit R2 values exceeding 0.99 in 
both cases. The average slope of 8.32 fluorescence units/[2-Abz] was used in calculations to convert 

fluorescence units/min to [2-Abz]/min. 

 

 

Figure 2-5. Michaelis-Menten fit to kinetic data. Three examples of TEVp variants are shown: a) TEVp3, 
b) TEVp21, and c) TEVp2 R215K reversion. 

TEVp12, the hexamutant (T30I/S31T/L32V/L204M/W211I/K215R) clone 

determined to have optimal improvement in catalytic efficiency over parental TEVp1, 

was evaluated for the impact made by each individual mutation in the context of 

TEVp12. Specifically, six TEVp12 reversion clones were produced that left five of the 

mutations in place but mutated the remaining site back to its wild-type amino acid residue 

via PCR. These clones were analogously produced, quantified and analyzed as described 

above. 
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2.3.12 Creation of Srt7 DNA constructs 

Plasmids pCT-SAS [substrate(LPETGG)-Aga2p-Srt7] and pCT-SscAS [scrambled 

substrate(TEGLGP)-Aga2p-Srt7] for S. cerevisiae cell surface display were prepared 

through several steps. First, a 50 µL volume containing 50 µM each of primers 74a and 

74b was incubated in a thermocycler at 72 °C for 90 s followed by an incubation at 67 °C 

for 3 min to anneal the complementary primers together and create a dsDNA version of 

the Srt7 substrate LPETGG flanked by N-terminal PstI cut site and C-terminal NcoI cut 

site. The identical procedure was performed using primers 75a and 75b to create an 

analogous dsDNA version of the scrambled substrate TEGLGP. These two dsDNA 

molecules, along with pCT-SAT plasmid, were then digested at 37 °C for 8-16 hrs using 

CutSmart buffer and DNA restriction enzymes PstI and NcoI. The digested vector and 

dsDNA substrate molecules were isolated by gel electrophoresis and purified using the 

GenCatch Gel Extraction Kit. Gel-recovered vector and insert then ligated together as 

described before.  

gBlock 2, containing the gene sequence for Srt7 flanked by BamHI and SacII cut 

sites, was PCR amplified using primers 76 and 77. This PCR fragment was then digested 

with BamHI and SacII restriction enzymes. Also, the two newly created pCT plasmids, 

containing TEVp and either Srt7 substrate LPETGG or scrambled substrate TEGLGP, 

were similarly digested with BamHI and SacII to remove the TEVp gene. The digested 

vectors and PCR product were isolated and purified as before, and the PCR product 

containing the Srt7 sequence was ligated into both digested vectors to create pCT-SAS 

and pCT-SscAS. 

2.3.13 Estimation of solvent-accessible surface area 
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In PyMOL, the command “set dot_solvent, 1” enabled calculation of solvent-

accessible surface area, and the command “set dot_density, 4” maximized the number of 

dots to enable optimal accuracy in area estimations. The get_area command was used on 

select residues in the PDB file 1LVB36.  

2.4 Results 

2.4.1 Design of TEVp/substrate fusion display construct 

In our display system, a yeast adhesion receptor subunit Aga2 domain facilitates 

surface display of a fusion protein containing both a TEVp canonical substrate and a 

TEVp variant (Figure 2-6).  On the N-terminal side of Aga2p is the TEVp substrate 

(TENLYFQ↓SGTRRW26, with the specific canonical substrate underlined and the 

protease cleavage site indicated by ↓), itself flanked by N-terminal hemagglutinin (HA) 

and C-terminal V5 epitope tags; on the C-terminal side of Aga2p is the TEVp mutant 

followed by a C-terminal c-Myc tag.  The Aga2p protein is connected to the N-terminal 

V5 tag and the C-terminal TEVp mutant by a linker of composition (G4S)2-

ASASPAAPAPASPAAPAPSA-(G4S)2 that utilizes a validated proline, alanine and 

serine (PAS) sequence99-100. This design allows for the sampling of tethered substrate by 

the tethered TEVp mutant, and mutants with greater enzymatic activity are responsible 

for a more robust removal of the HA tag. The resultant displayed protein can then be 

labeled with fluorophore-linked antibodies targeting HA and c-Myc, and increased 

proteolysis will manifest in a decreased HA-derived signal with preserved fluorescence 

from c-Myc. 
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Figure 2-6. Yeast displayed protease activity design. Schematic of the yeast surface display construct, 

which allows for simultaneous extracellular presentation of a TEVp mutant and its substrate, in the a) 

uncleaved and b) cleaved substrate states, with the latter resulting in the removal of an HA epitope tag. The 

order of the construct from N-terminus to C-terminus is: HA epitope (red) – TEVp substrate 

(TENLYFQSGTRRW, dark blue) – V5 epitope (purple) – (G4S)2ASASPAAPAPASPAAPAPSA(G4S)2 linker 

(long black line) – Aga2p (light blue) – (G4S)2ASASPAAPAPASPAAPAPSA(G4S)2 linker (long black line) – 

TEVp (green) – c-Myc (yellow). 

 

2.4.2 Validation of display construct to differentiate enzymatic activity 

We first aimed to assess the ability of the substrate-Aga2p-TEVp (SAT) fusion 

display system to differentiate enzymatic activity. To enable comparison, two negative 

control plasmids were created: SscAT, which replaced the TEVp substrate with a 

scrambled version of the 7-amino acid canonical cut site (TLSQEFYNGTRRW), and 

SATC151A, where the TEVp is inactivated with a C151A mutation to eliminate the 

catalytic triad cysteine94. Yeast transformed with one of these plasmids were induced for 

0, 0.3, 2, 10 or 24 hrs. A sample of yeast transformed with SAT, but not induced to 

display SAT and rather incubated in galactose-free medium, was also included as a 

negative control. Cells were labeled with antibodies against the N-terminal HA and C-
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terminal c-Myc tags and analyzed by flow cytometry (Figure 2-7). For the three time 

points between 2-24 hrs, there is a clear reduction in N-terminal epitope signal for the 

displayed population of SAT compared to the two negative controls SATC151A and SscAT. 

The loss in HA signal with preservation of the C-terminal c-Myc signal is consistent with 

TEVp-mediated cleavage of tethered substrate and release of HA epitope tag, thus 

demonstrating this fusion construct can differentiate between active and inactive TEVp 

mutants. As induction time increases, protein display increases (Table 2-1). Increased 

time also provides more opportunity for substrate cutting, which furthers differentiation 

between negative controls and SAT but also reduces the opportunity to identify mutants 

more active than wild-type (Figure 2-7). Thus, an induction time of 4 hrs was used 

moving forward to enable differentiation of wild-type activity versus either reduced or 

enhanced activity. 
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Figure 2-7. Protease activity profiling of TEVp via flow cytometry. SAT (-SG), the uninduced sample, 

was incubated in SD-CAA for 20 min, 2 hrs, 10 hrs, or 24 hrs. SAT (wild-type TEVp with the canonical 

ENLYFQ/S substrate), as well as negative controls SATC151A (inactivating mutation of the active site cysteine 

of wild-type TEVp) and SscAT (scrambled substrate, LSQEFYN, unrecognizable to TEVp), were induced for 

similar times. Cells were labeled with fluorescent antibodies to detect HA and c-Myc tags. X- and y-axes 

show up to 2x105 fluorescence units. For the SAT 2 hr timepoint, three polygons are shown: yellow 

(captures wild-type TEVp population), green (decreased activity) and blue (improved activity). These exact 

polygons are also shown for the SscAT 2 hr timepoint, illustrating how this negative control population falls 

almost entirely in the decreased activity green polygon. Analogous polygons are drawn for the SAT 10 hr 

timepoint, demonstrating the diminishing opportunity to collect improved mutants as induction time 

increases. 

Plasmid Induction Time 
(hrs) 

c-Myc+ % Median c-Myc Signal 
of c-Myc+ Cells 

 
SAT 

2 26 5,700 

10 41 9,652 

24 75 22,694 

 
SscAT 

2 8.2 4,192 

10 69 10,139 

24 84 17,156 

 
SATC151A 

2 30 4,743 

10 48 8,138 

24 79 18,696 
Table 2-1. Summary statistics of flow cytometry-assisted TEVp activity profiling. Percentage of cells 

analyzed by flow cytometry that were c-Myc+, as well as the median c-Myc signal of this subpopulation, for 

SAT, SscAT, and SATC151A at different SG-CAA induction times. Induction times of 0 and 0.3 hrs are not 

shown as they resulted in negligible protein display. 
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2.4.3 TEVp mutational analysis 

2.4.3.1 First-generation TEVp library 

The validated SAT system was used for directed evolution of TEVp catalytic 

efficiency using rationally guided combinatorial libraries. We hypothesized that residues 

within the active site, with the exception of the catalytic triad (H46, D81, and C151)101, 

would provide the greatest opportunity for impactful evolution. Residues within 6 Å of 

the substrate ENLYFQS were identified for mutation using the crystal structure of 

catalytically inactivate TEVp (C151A) complexed with its substrate (PDBID: 1LVB)102. 

Two exceptions were conserved without mutation: the catalytic triad and V219 due to its 

importance in preventing autocatalysis93.  Diversification of the remaining residues 

presents sequence space that is much too vast for full combinatorial exploration: 2034. 

Thus, we further hypothesized that focused libraries, clustered by location, could be used 

to identify beneficial mutations while preserving the potential to identify local epistasis. 

The sites were organized into seven saturation mutagenesis libraries comprising 4-5 

residues each (Figure 2-1). Libraries were synthesized with degenerate oligonucleotides 

including NNK codons (encoding all 20 amino acids resulting in 1 and 34 million for the 

4- and 5-site libraries, respectively) and homologously recombined into the pCT-SAT 

yeast display construct (Figure 2-2). The number of unique transformants generated by 

electroporation for libraries A-G were 780, 520, 560, 220, 340, 160, and 700 million, 

respectively. Deep sequencing performed on the libraries indicated amino acid 

representation at each site that was reasonably consistent with the usage of NNK codons 

(Table 2-2). 
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Table 2-2. Naïve library analysis. Amino acid frequencies at every mutated site in the seven unsorted first-

generation TEVp libraries were determined by deep sequencing, with theoretical amino acid frequencies as 

predicted by NNK codon usage shown for reference. The stop codon frequency ranged from 1.8-2.3% 

across the 34 sites. The amino acid frequencies shown represent the percentage representation of a 

particular amino acid with regards to all non-stop codon mutations. At a given site, dark red shading was 

assigned if the measured frequency was greater than the theoretical frequency by ≥5%; similarly, dark blue 

shading was assigned if the measured frequency was less than the theoretical frequency by ≥5%, or equal 

to 0% in the case where theoretical frequencies were 3%. If a site occupied the exact predicted theoretical 

frequency, white color was assigned. 

The libraries were analyzed for enzymatic activity (Figure 2-8a). Strikingly, a 

reasonably large fraction (27-55%) of each library exhibited activity relatively 

comparable to wild-type, which is consistent with relatively high tolerance to the 

extensive saturation mutagenesis at 4-5 sites near the active site. Each library also 

exhibited variants with increased activity relative to wild-type. Two sequential rounds of 

FACS were performed to enrich more active mutants. In the first round of sorting (Figure 

2-8a) a conservative gate was used to improve capture of potentially beneficial mutants 

because the short induction time needed for functional differentiation resulted in 

moderate display (13-24% c-Myc+) and thereby moderate sampling of the large 

diversities (14-77%) (Table 2-3). In the second round of sorting, reduced diversities 

enabled cells to be sorted more stringently (Figure 2-8b, Table 2-3). The plasmid DNA of 

both the unsorted library and bottom gate collections was extracted and analyzed via deep 

sequencing. 
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 First Sort Second Sort 

Library Cells 
Evaluated 
(millions) 

c-Myc+ 
% 

WT 
Activity 

% 

Library 
Sampling 

% 

Cells 
Collected 
(millions) 

Cells 
Evaluated 
(millions) 

c-Myc+ 
% 

Cells 
Collected 

(thousands) 

A 4.6 17 27 77 0.1 1.5 55 1.9 

B 45 13 32 17 1.2 10 46 10 

C 39 17 47 20 0.9 4.6 52 34 

D 26 18 53 14 0.5 5.6 57 13 

E 46 18 48 24 1.2 10 51 26 

F 48 24 55 34 1.0 7.7 52 28 

G 38 16 42 18 0.8 7.1 49 23 

Table 2-3. FACS data from the first-generation TEVp libraries. Wild-type (WT) activity % was calculated 

by taking the number of cells emulating wild-type (SAT) activity and dividing by the number of overall 

expressing cells. Library sampling was calculated by multiplying evaluated cell number by c-Myc+ 

percentage, and then dividing by theoretical genetic diversity (1.1 million and 34 million for library A and 

libraries B-G, respectively). 

 

Figure 2-8. Flow cytometric analysis of the first (a) and second (b) rounds of sorting of the first-

generation TEVp library. Two negative controls (SATC151A and SscAT), a single positive control (SAT), and 

each library were evaluated prior to each round of sorting. A consistent red reference diagonal is shown for 

the positive and negative controls. For both rounds of sorting, the collected population is shown in a red gate 

drawn uniquely for each library. 
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Using the unsorted and doubly sorted reads from the first-generation TEVp 

libraries (Table 2-4), amino acid enrichments were calculated at every mutated site as the 

ratio of frequencies from the doubly sorted versus unsorted populations (Figure 2-9). The 

wild-type amino acid was the most enriched residue at 29 of the 34 sites. Libraries C and 

G, which diversified adjacent regions (pink and light blue in Figure 2-1) exhibit no 

substantial enrichment other than wild-type. Of the five sites with preferred mutations 

(Table 2-5), three were in library A proximal to the cleaved substrate bond (Figure 2-10). 

A fourth site, F139, interacts with the substrate away from the cleavage site. The fifth 

site, L204, is relatively distant from the substrate and, thus, the preferred mutants (M, I, 

F, V, and C) likely aid activity via structural modulation. Seven additional sites exhibit 

amino acids that are effectively enriched, albeit less than the wild-type residue, in the 

more active TEVp population (pink spheres in Figure 2-10). Collectively, the sitewise 

amino acid enrichments provide guidance for a second-generation library with 

simultaneous mutations across the active site. 

Library Unsorted Reads Doubly Sorted Reads 

A 116,468 174,788 

B 6,515 265 

C 2,514 292 

D 8,989 312 

E 81,993 142,743 

F 93,319 77,240 

G 504,264 373,372 
Table 2-4. Deep sequencing reads for unsorted and doubly sorted populations from first-generation 

TEVp libraries A-G. 
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Figure 2-9. Heat map of sitewise enrichment for first-generation TEVp libraries. Enrichment (as the log2 

of the ratio of frequencies from doubly sorted versus unsorted populations) was calculated for every residue 

at every site in the seven TEVp libraries. ‘X’ denotes an amino acid that was observed in the unsorted reads 

but not observed in the doubly sorted reads. Each site is scaled independently. 

 

Figure 2-10. Candidate sites for second-generation TEVp library. TEVp is shown complexed with 

substrate (green), with sites containing at least one beneficial mutation highlighted in red, and sites 

containing at least one mutation that is substantially positively enriched, but not beneficial, highlighted in 

pink. Mutations were considered substantially positively enriched if they possessed an enrichment score of 

at least 1.5 and were within 2.0 of the wild-type score, or if they possessed a score of at least 1.0 if the wild-

type score was below 2.0; this rubric identified seven sites: H167, N171, W211, K141, S170, K220, and 

P221. 

T30 S31 L32 F139 L204 

I C C I M 

V T A  I 

C I V  F 

  T  V 

  M  C 
Table 2-5. List of beneficial mutations from the first-generation TEVp libraries. A mutation was deemed 

beneficial if its enrichment was greater than the wild-type enrichment plus ten percent of that site’s 

enrichment range, which was calculated by subtracting the smallest enrichment value from the largest 

enrichment value at that site. 
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2.4.3.2 Second-generation TEVp library 

Beneficial mutations across first-generation libraries (Table 2-5) were, in general, 

incorporated into a single second-generation library (Table 2-6). An exception to this rule 

existed if the entire wild-type sequence for an individual first-generation sublibrary was 

clearly the most enriched clone, in which case the wild-type sequence was exclusively 

used in the second-generation library regardless of any compelling individual mutations 

at a particular site in the sequence. For example, while I139 is 2.9-fold more enriched 

than wild-type F139, the wild-type sequence for library B (F139, K141, H167, S168, 

A169) had the highest observed clonal enrichment (Figure 2-11), 5.7-fold more than the 

second-place sequence (I139, S141, D167, R168, L169). Thus, the second-generation 

library maintained the wild-type sequence in the library B region. It should be 

acknowledged that the single mutant F139I may not have been tested in the first 

generation given the 17% sampling of library B (Table 2-3). At two sites (W211 and 

K220), potentially compelling mutations that were either equally enriched or only slightly 

less enriched than wild-type (W211I, W211M, and K220E) were also incorporated into 

the second-generation library. Further, initial deep sequencing of library G, which yielded 

only 301 reads for the unsorted population, identified multiple mutations with enrichment 

greater than wild-type: H214 (K, N, W), V216 (E, Q) M218 (P, G); or comparable: 

K215G and K215E (Figure 2-12). These mutations were included in the second 

generation design, although later deeper sequencing revealed reduced enrichment in the 

first generation.   
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T30 S31 L32 L204 W211 H214 K215 V216 M218 K220 

I T V M I K G E P E 

V I M I M N E Q G  

C C C F  Q R L   

A  T V  W     

  A C       
Table 2-6. Second-generation TEVp library design. List of residue positions (bold) mutated in second-

generation TEVp library, with the available amino acid mutations at each site shown below. Wild-type was 

incorporated at every site as well. 

 

Figure 2-11. Top 10 most enriched clones for each of the 7 TEVp first-generation libraries. 

 

Figure 2-12. Initial heat map for library G using a limited number of reads. ND indicates a mutation that 

was not found in the unsorted population, and thus an enrichment was not determined. 
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The second-generation library was constructed with diversity at 10 sites including 

the aforementioned compelling mutations, wild-type, and a few amino acids resulting 

from the genetic code with constrained degenerate codon design (Table 2-6), which 

yields a theoretical diversity of 1 million variants. The library insert, created by fusion 

PCR of three fragments (Figure 2-3), was homologously recombined with pCT vector 

upon electroporation into yeast, which yielded 20 million transformants.  

 

Figure 2-13. Flow cytometric analysis of first (a), second (b), and third (c) rounds of sorting of 

second-generation TEVp library. For the first sort, cells collected in a bottom red gate were propagated for 

a second sort. Top (blue) and middle (green) gates from the first sort collected mutants with sub-optimal 

activity; plasmid DNA was later extracted from these populations to create and test the activity of a limited 

number of top and middle gate mutants to further verify the yeast display construct’s ability to differentiate 

mutants based on activity. For the second sort, cells were collected in the improve (green) or best (red) 

gates.  These bottom-improve and bottom-best cells were then sorted once more, and another best gate 

(red) was used to collect cells for each. 

The most active TEVp variants were enriched via three consecutive rounds of 

sorting (Figure 2-13, Table 2-7). The plasmid DNA of the bottom-improve-best (BIB) 

and bottom-best-best (BBB) triply-sorted populations was extracted and deep sequenced 

(Table 2-8). 30 mutants from the unsorted population were also Sanger sequenced to 
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estimate amino acid frequencies at each mutated location; these values agreed well with 

the theoretical amino acid frequencies (Figure 2-14), which were then used in sitewise 

enrichment score calculations (Figure 2-15). The top 100 most enriched clones in both 

BIB and BBB populations were separately analyzed for sitewise mutational preferences 

(Figure 2-15). Together, this sitewise analysis elucidated clear preferences for wild-type 

at sites 214, 216, 218, and 220, and clear mutational preferences of T30I and L32V. Two 

non-wild-type options were preferred at sites 31 (T and C) and 211 (I and M). While the 

mutational preferences at sites 204 and 215 were less clearly differentiated, the combined 

evidence suggests a preference for M or wild-type L at site 204 and non-wild-type E or R 

at site 215.  

 

Figure 2-14. Second-generation naive library analysis. Theoretical amino acid frequencies compared to 

observed frequencies (via limited Sanger sequencing of 30 samples) for each position (T30, S31, L32, L204, 

W211, H214, K215, V216, M218, K220) of the second-generation TEVp library. Median difference between 

design frequency and observed frequency was 4%. 
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Figure 2-15. Heat map of sitewise enrichment for second-generation TEVp library. BBB and BIB log2 

enrichment values for every residue at every site in the second-generation TEVp library. An additional 

analysis was performed on the 100 most enriched clones for just the BBB population. These top 100 clones 

were assigned a value equal to their enrichment versus the 100th-ranked clone. For every residue at every 

site in the library, a weighted summation using these values was performed for the top 100 clones. At a 

given site, summation values for a particular amino acid were normalized so that the addition of all 

normalized values for every amino acid at a given site added up to 100. Optimal mutations are highlighted in 

dark red, and the most disfavored mutations are shown in dark blue.  

 Cells Evaluated 
(millions) 

c-Myc+ % Cells Collected (% of c-
Myc+) 

First Sort 76 18 217,203 (1.6) 

Second Sort 4.1 52 Improve – 154,719 (7.4) 
Best – 21,351 (1.0) 

Third Sort – 
Bottom Improve 

1.0 43 48,148 (11) 

Third Sort – 
Bottom Best 

1.1 52 33,138 (5.8) 

Table 2-7. FACS data from the second-generation TEVp library. 

 Reads 

BIB 274,288 

BBB 140,054 
Table 2-8. Deep sequencing reads for the BIB and BBB populations from the second-generation 

TEVp library. 
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Table 2-9. List of TEVp mutants produced in E. coli. 

2.4.4 TEVp mutant production and characterization from sitewise analysis 

This sitewise analysis motivated the production of 16 TEVp mutants (TEVp2-17 

in Table 2-9, where wild-type is denoted as TEVp1), with sites 30 (I) and 32 (V) fixed as 

their dominant mutations, and two options at sites 31 (T or C), 204 (M or L), 211 (I or 

M), and 215 (E or R). TEVp variants were expressed from a pET vector in NEB5α E. coli 

for 5 hrs at 25 °C. Cell lysate was analyzed by SDS-PAGE, along with carbonic 

anhydrase and bovine serum albumin reference proteins, to quantify TEVp concentration 

via densitometry (Figure 2-16). All TEVp variants except TEVp16-17 were effectively 

produced. Enzymatic activity of variants was measured with a peptide substrate with a 

Dnp-quenched 2-Abz fluorophore (2-Abz-ENLYFQSGTK-Dnp; λex = 320 nm, λem = 420 

nm) (Figure 2-17, Table 2-9).  
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Figure 2-16. SDS-PAGE analysis to quantify TEVp production yield. Example of an SDS-PAGE of E. coli 

lysate from productions of TEVp variants 1-5 and 7-8, along with a well with both carbonic anhydrase (CA) 

and bovine serum albumin (BSA) reference protein and two wells of TEVp-deficient E. coli lysate from 

producing fibronectin D (FnD). The lack of any band in the 28 kDa region for the FnD samples confirms that 

the 28 kDa band in the TEVp 1-5 and 7-8 lanes is specific to TEVp. 

Twelve of the 14 novel mutants showed statistically significantly improved 

catalytic efficiency compared to wild-type TEVp1 (Figure 2-17a-b). The three most 

active clones were hexamutants: TEVp2, TEVp10, TEVp11, which demonstrated up to 3-

fold improvement in kcat/KM over wild-type (respective fold change of 3.0 ± 0.3, 2.9 ± 

0.2, 2.8 ± 0.2); TEVp2 and TEVp10 owe this improvement to 4.4 ± 0.7-fold and 5.0 ± 

0.8-fold improvement in KM (offset by a respective 1.5 ± 0.2-fold and 1.7 ± 0.2-fold 

hindrance in kcat), and TEVp11 is aided by both a 2.3 ± 0.3-fold improvement in kcat and 

a slight decrease of 1.2 ± 0.2-fold in the KM. All 14 mutants exhibited reduced KM (with 

12 of 14 being statistically significant) (Figure 2-17c). Conversely, only two mutants 

robustly improved kcat (Figure 2-17d). Notably, these were the only two clones with 

L204M, W211M, and K215E. 
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Figure 2-17. Comparison of enzymatic parameters of TEVp 2-15 to wild-type enzyme (TEVp1). a) 

Catalytic efficiency (s-1 µM-1) for TEVp clones 1-15. b) Graph of kcat vs. KM for TEVp clones 1-15, with TEVp 

clones (labeled in the marker with the mutant number) falling on the dotted line maintaining, and those 

above the line improving from, wild-type catalytic efficiency. c) KM (µM) and d) kcat (s-1) for TEVp clones 1-15. 

Error bars are 95% confidence intervals. 

To elucidate the impact of each mutation in the context of the most efficient 

mutant, TEVp2, we examined the enzymatic activity of all six single-mutation reversions 

(Figure 2-18, Table 2-10). All six reversions reduced catalytic efficiency thereby 

supporting the benefit of combining all six mutations. Five of the six reversions had a 

dramatic negative impact (fold change ranging from 3.2 ± 0.4 to 9.0 ± 0.4) on the 

turnover number albeit with moderate benefit to the Michaelis-Menten constant. The 

exception is the V32L reversion, which increased kcat 1.3 ± 0.1-fold and hindered KM 1.8 

± 0.2-fold. These reversion results are intriguing in that TEVp2 achieves a 3.0 ± 0.3-fold 

increase in catalytic efficiency relative to wild-type via a 4.4 ± 0.7-fold reduction in KM 

but a 1.5 ± 0.2-fold reduction in kcat. Yet the reversion mutants predominantly hinder kcat 

and aid KM. Thus, the mutations act collectively to aid KM while limiting detriment to 

kcat. 



50 
 

 

Table 2-10. Summary of the effect on enzymatic parameters of TEVp2 single-mutant reversions to 

wild-type. 

 

 

Figure 2-18. Illustration of sites mutated in optimal variant TEVp2. PyMOL image of inactivated C151A 

TEVp complexed with its substrate ENLYFQ↓S (black), with the α-carbon of the mutated amino acid 

residues in TEVp2 highlighted: T30I (blue), S31T (yellow), L32V (magenta), L204M (cyan), W211I (orange), 

K215R (green). 

2.4.5 TEVp mutant production and characterization from epistatic analysis 

An epistatic analysis was performed for both BIB and BBB populations to 

evaluate the mutational preferences at various positions in context with particular 

mutations at other specific sites (Figure 2-19). While the epistatic analysis largely 

bolstered the rationale for producing the aforementioned 16 TEVp variants, it also 

suggested a possible preference for L32C, as opposed to L32V, when S31 is mutated to 

threonine. As there also appeared to be a mild preference for W211I over W211M with 

the S31T and L32C mutations, four more TEVp variants (TEVp18-21 in Table 2-9), with 

four sites fixed (I30, T31, C32, I211) and two options at sites 204 (M or L) and 215 (E or 
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R), were produced and characterized. Only one (TEVp21) of the four C32-containing 

TEVp mutants (TEVp18-21) yielded a meaningful improvement over wild-type (Figure 

2-20). In the context of T30I, S31T, L204M, W211I, K215E, the L32C mutation enables 

production whereas the L32V did not; yet the catalytic efficiency is nominally lower than 

wild-type. When this context is modified at K215 to K215R, kcat/KM is nominally lower 

for the L32C variant whereas the L32V exhibited the optimal activity. Yet, when the 

context is modified further to retain wild-type at L204 (i.e., T30I, S31T, W211I, K215R), 

the L32V and L32C variants are equivalently effective with ~8-fold improved KM and 

hindered kcat to yield kcat/KM 1.8-fold superior to wild-type. 

 

 

Figure 2-19. Epistatic analysis. Log2 enrichment values for double mutants in the BBB (left) and BIB (right) 

populations for select compelling residues at sites of interest in the second-generation TEVp library. 

 

Figure 2-20. Comparison of enzymatic parameters of TEVp 18-23 to wild-type enzyme (TEVp1).  a) kcat 

(s-1), b) KM (µM), and c) catalytic efficiency (s-1 µM-1) for TEVp clones 1 and 18-23. Error bars are 95% 

confidence intervals. 

In evaluating TEVp variants 2-15 and 18-21, a mostly consistent pattern emerged 

regarding the enzymatic effects of one mutation over another at a particular position 

when evaluated in the context of an otherwise fixed TEVp sequence (Figure 2-21). For 
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the V32-containing variants TEVp2-15, the turnover number kcat was generally aided at 

the expense of KM for S31T (vs. S31C), L204M (vs. wild-type leucine), and K215E (vs. 

K215R), while any correlation for C32-containing variants TEVp18-21, applicable only 

for L204M vs. wild-type leucine and K215E vs. K215R, was less clearly determinable. 

W211I (vs. W211M) caused kcat and KM to generally move in the same direction, either 

both increasing or both decreasing depending on the context. For L32V (vs. L32C), two 

of the three cases demonstrated an improved kcat with minimal hindrance to KM, and in 

the third cases there was minimal impact on both parameters. 

Two additional mutations, F204 and E220, were relatively frequent, albeit not 

dominant, in the pool of functional variants (Figure 2-15). Thus, the F204-and E220-

containing clones (TEVp22 and TEVp23, respectively, in Table 2-9) that exhibited the 

highest enrichment were also selected for production and characterization. TEVp22 

dropped the catalytic efficiency by 4.9 ± 0.5-fold from wild-type and TEVp23 had a 

catalytic efficiency equivalent to wild-type with a trade-off in improved kcat (1.9 ± 0.2-

fold) offset by an increase in KM (1.9 ± 0.3-fold) (Figure 2-20). 
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Figure 2-21. Summary of the effect on enzymatic parameters of singular mutations when evaluated in 

the context of a various TEVp clones. V32-containing variants TEVp2-15 and C32-containing variants 

TEVp18-21 are shown in grey circles and white triangles, respectively. 

2.4.6 Investigation of potential auxiliary cysteine protease activity at sites 30-32 

Due to the strong enrichment of cysteine at sites 30-32 and the relative proximity 

of these sites to the catalytic triad cysteine (C151) and the substrate (specifically the 

cleavage point, Figure 2-22), it was hypothesized that cysteine was enriched at sites 30-

32 because it possibly provided supplementary cysteine proteolytic activity. Of the deep 

sequenced clones that contained cysteine in these sites, the top four most enriched 

variants (TEVp24-27 in Table 2-9 were selected for production with C151A mutation; 

TEVp26 coincidentally also represented the C151A variant of TEVp14, which 

conveniently enabled a direct comparison to determine if supplemental proximal 

cysteines can preserve, or prevent the absence of, cysteine proteolytic activity when the 

wild-type active site is inactivated. Evaluating reaction velocity at a substrate 

concentration of 50 µM and an enzyme concentration of 0.1 µM, it is evident that 
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TEVp24-27 registered no activity (Figure 2-23). This provides substantial evidence to 

disprove the hypothesis that supplemental cysteine protease activity can be engineered 

into TEVp at sites 30-32. 

 

Figure 2-22. Illustration of proximity of active site cysteine (C151) to sites 30-32. PyMOL image of 

inactivated C151A TEVp complexed with its substrate ENLYFQ↓S (green), with the α-carbon of the amino 

acid residues at positions 30-32 shown in yellow and at position 151 shown in blue. 

 

Figure 2-23. Comparison of enzymatic activity of TEVp 24-27 to wild-type enzyme (TEVp1). Substrate 

and enzyme concentrations were 50 µM and 0.1 µM, respectively, and error bars are 95% confidence 

intervals. 

2.4.7 Enzyme-substrate co-display system successfully stratifies protease mutants by 

activity 

To further demonstrate the yeast surface display construct’s ability to differentiate 

mutants based on activity, plasmid DNA was extracted from cells in the top and middle 

gates from the second-generation library’s first sort (Figure 2-13). Three random clones 

from top and eight from middle (TEVp28-30 and TEVp31-38, respectively, in Table 2-9) 

were isolated for evaluation. There was no activity or minimal activity for the three 

clones from the top gate (TEVp28-30) and six of the eight TEVp variants from the 

middle gate (TEVp clones 31-32, 34-35, 37-38); of the remaining two middle gate TEVp 
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variants, one (TEVp36) showed activity comparable to wild-type (TEVp1) and the other 

(TEVp33) showed above-negligible activity, though significantly below wild-type 

(Figure 2-24). Compared to the improved activity of TEVp mutants 2-15, this provides 

further evidence that the TEVp/substrate fusion display construct effectively stratifies 

yeast cells on FACS based on their encoded TEVp from low to high enzymatic activity 

when selecting for high to low HA:c-Myc ratio, respectively.  

 

Figure 2-24. Comparison of enzymatic activity of top and middle gate mutants to wild-type enzyme 

(TEVp1). Three top gate mutants (TEVp28-30) and eight middle gate mutants (TEVp31-38) were analyzed 

at substrate and enzyme concentrations of 50 µM and 0.1 µM, respectively. Error bars shown are 95% 

confidence intervals. 

2.4.8 Extension of the enzyme-substrate co-display system to sortase enzyme 

The generalizability of this enzyme/substrate fusion protein display construct in 

differentiating enzymatic activity was also examined. The genes for the TEVp enzyme 

and substrate from the SAT construct were swapped out for a heptamutant version of 

sortase (Srt7) and its substrate (LPET↓GG, with the final G not part of the canonical 

substrate), respectively. SrtA can function as a protease cutting the substrate LPET↓G if 

water is used as a nucleophile instead of an oligoglycine molecule, resulting in only a 

41% decrease in catalytic efficiency103. Specifically, we examined an N-terminal 
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truncated (residues 60-206) SrtA heptamutant (five mutations – 

P94R/D160N/D165A/K190E/K196T – for enhanced activity and two more – 

E105K/E108A – for calcium-independence) with 11-fold improvement in catalytic 

efficiency compared to wild-type28,104-106. A negative control was also tested that replaced 

the canonical substrate with a scrambled version (TEGLGP). Yeast transformed with one 

of these plasmids were induced for 4 hrs and labeled with the same antibodies as before 

for flow cytometry analysis (Figure 2-25). As with the analogous SAT versions, 4 hrs of 

induction elicits standard surface display. There is also a clear shift in the displayed 

population of SAS compared to the negative control SscAS (Table 2-11). Display levels 

of c-Myc appear equivalent between the two, but the SAS sample has a demonstrably 

weaker surface display of the HA tag, indicative of enzymatic cleavage of the tethered 

substrate. Further, a theoretical gate for collecting improved Srt7 variants can still be 

drawn below this population in the SAS sample. These results in total suggest that our 

system is possibly generalizable and that different proteolytic enzymes could be 

examined for the discovery of improved mutants using this yeast display framework.  

 SAS SscAS 

HA 6,148 34,445 

c-Myc 1,947 2,033 
Table 2-11. Summary statistics of flow cytometry-assisted Srt7 activity profiling. Median fluorescence 

signal originating from HA and c-Myc tags in the c-Myc+ population of SAS and SscAS samples after 4 hours 

of SG-CAA induction. 
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Figure 2-25. Protease activity profiling of Srt7 via flow cytometry.  Flow cytometry plots of SAS (Srt7 

with substrate LPETGG) and SscAS (incorporating scrambled substrate TEGLGP in place of LPETGG) after 

4 hrs induction.  Cells were labeled with fluorescent antibodies to detect HA and c-Myc tags.  

2.5 Discussion  

We demonstrated in this study that co-display of a protease and its corresponding 

substrate on the same Aga2 yeast surface protein can be harnessed to differentiate cells 

based on the catalytic activity of the protease variant expressed. This extends the utility 

of yeast display for enzyme engineering beyond previous co-display constructs employed 

for bond-forming enzymes27-28 via library-scale evolution of the concept initially 

published by Cochran and team27.  

Seven first-generation saturation mutagenesis TEVp libraries, which were 

rationally designed based on structure to target the area around the active site, were 

sorted using the TEVp/substrate dual-display system to identify mutations that increased 

catalytic efficiency. A retrospective analysis was performed to evaluate sitewise 

mutational tolerance (Figure 2-9) in relation to expectations predicated on a variety of 

common metrics (relative solvent accessibility107, distance to the substrate cut site30,89, 

FoldX-predicted changes in stability56, substitution matrices such as BLOSUM6261, and 

consensus design39). The relative lack of predictive power for these metrics highlighted 

the need for thorough sampling of sequence space via the yeast display activity screen to 
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identify improved mutations. An analysis of the number of mutations at a particular site 

with positive enrichment versus that site’s relative solvent accessibility (Figure 2-26) or 

distance to the glutamine residue in the TEVp substrate’s cut site (Figure 2-27) both 

demonstrated no meaningful correlation. Assessment of the relationship between 

increased functional enrichment and computationally predicted stability (Figure 2-28) 

revealed weak nominal benefit of stability.  

 

Figure 2-26. Relative solvent accessibility is a poor predictor of mutational tolerance in the sites 

around TEVp’s active site. The number of mutations exhibiting positive enrichment in the first-generation 

TEVp library were obtained from the data in Figure 2-9. Relative solvent accessibility at a particular site was 

computed as the solvent-accessible surface area of the wild-type residue, obtained using the get_area 

command in PyMOL, divided by the empirical maximum possible solvent-accessible surface area of the 

same amino acid108. 
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Figure 2-27. Distance to the substrate cut site is a poor predictor of mutational tolerance in the sites 

around TEVp’s active site. The number of mutations exhibiting positive enrichment in the first-generation 

TEVp library were obtained from the data in Figure 2-9. Distance between residues was calculated in 

PyMOL. 

 

 

Figure 2-28. FoldX-predicted stability changes from point mutations is a poor predictor of mutational 

tolerance in the sites around TEVp’s active site. Enrichment values in the first-generation TEVp library 

were obtained from the data in Figure 2-9. ΔΔG values were calculated using the PDB file 1LVB102 and the 

fourth version of FoldX56. 85% of data points possessed both ΔΔG values below 10 kcal/mol and log2 

enrichment values above -8; the remaining 15% were excluded for analysis. 

The overall relationship between increased functional enrichment and chemical 

homology appeared similarly weak (Figure 2-29). To evaluate the performance of 

homologous vs. non-homologous mutations in predicting beneficial mutations, mutations 
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with a score of 0 or greater in the BLOSUM62 matrix61 were considered homologous. 9 

of 182 (5.0%) homologous mutations, and 8 of 464 (1.7%) non-homologous mutations, 

were beneficial. Interestingly, while the general correlation between BLOSUM62 score 

and enrichment appears weak, homologous mutations with a BLOSUM62 score of 0 or 

greater were three times as likely to be beneficial compared to non-homologous 

mutations. It is also worth noting that all 6 mutations in TEVp2 are quite homologous: 

T30I, S31T, L32V, L204M, W211I, and K215R. Additionally, in evaluating all 17 

beneficial mutations (Table 2-5), 53% of beneficial mutations were chemically 

homologous and 47% were non-homologous. Some examples of chemically homologous 

mutational preference include: S31 strongly preferring mutation to the neutral polar 

residue threonine, L32 preferring mutation to the nonpolar amino acids valine and 

methionine, and L204 strongly preferring mutation to the nonpolar residues methionine, 

isoleucine, phenylalanine, and valine. Yet, notable exceptions were also observed, such 

as T30 strongly preferring the nonpolar residue isoleucine, and significant positive 

enrichment for cysteine and threonine at site L32. Our results lend credence to the 

assertion that homologous mutations are more likely to be beneficial than non-

homologous mutations109, but library designs that neglects non-homologous mutations 

will likely miss beneficial mutations that are potentially roughly equal in number to that 

generated by homologous mutations.  
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Figure 2-29. BLOSUM62 score is a poor predictor of mutational tolerance in the sites around TEVp’s 

active site. Enrichment values in the first-generation TEVp library were obtained from the data in Figure 2-9. 

BLOSUM62 scores were obtained from literature61. Box and whisker plot shown with the bottom and top of 

the box indicating 1st and 3rd quartiles, respectively, with the line drawn in the box indicating the median 

enrichment. Whiskers extend to minimum and maximum data points that are still within the median plus or 

minus 1.5 times the interquartile range.  

Consensus design39 using the peptidase C4 family in Pfam110 (PF00863) would 

not have efficiently identified the six sites that benefit from mutation that our two-

generation strategy found; while 5 of 6 exhibit high mutational tolerance (63-96% non-

wild-type, Table 2-12), this is also true of 14 of the other 28 sites in the proximal region. 

Moreover, W211 would not have been identified as it is 96% conserved in homologs. 

Beyond site choice, the particular beneficial amino acids would not have been identified 

by consensus design as only S31T (23%), L32M (40%) and L204F (11%) were present at 

more than 5% in homologs.  
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Table 2-12. Results of homologous protein sequence analysis. The six sites that benefited from 

mutation across our two-generation study are shown in green, with all other library sites shown in blue.  

Of the 34 sites that were subjected to saturation mutagenesis (646 possible single 

mutations) in TEVp, 17 (2.6%) were deemed beneficial (Table 2-5), which is in the 

middle of previously published frequencies: 0.1-14.5%111-114. This beneficial mutation 

rate, as well as our success in ultimately engineering improved enzymatic activity in 

TEVp, further bolsters the literature findings that active site mutations can provide a clear 

benefit30,89. However, there are likely as many failures as reported successes with this 

approach115, and distal mutations have also consistently demonstrated the ability to 
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improve enzymatic activity or stability48,85-88, so a balanced approach that incorporates 

different regions for mutagenesis is still useful, if not recommended.  

When the beneficial mutations from the first-generation libraries were pooled to 

create a single larger and more-constrained second-generation library, these mutations 

did not necessarily remain beneficial. A graphical analysis of enrichment in both the first- 

and second-generation TEVp libraries illustrates that roughly half of the residues that 

were positively enriched in the first-generation were negatively enriched in the second-

generation TEVp library (Figure 2-30). For example, L204I was strongly enriched in the 

first-generation library, but was extremely disfavored in the second-generation library. 

 

Figure 2-30. Relationship between first-generation enrichment and second-generation enrichment. 

Two groups of amino acids were omitted: 1)) wild-type residues with negative first-generation enrichment 

(S31, L204) and 2) amino acids included in the second-generation due to codon degeneracy (T30A). 

Utilizing the sitewise enrichment data from our second-generation library, a 

handful of TEVp multi-mutants were produced in E. coli and subsequently analyzed to 

determine the impact on catalytic activity when these beneficial individual mutations 

were merged in different combinations. Using our strategy, the vast majority of TEVp 

multi-mutants produced represented an improvement over wild-type in terms of catalytic 
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efficiency (Figure 2-17a-b). However, this improvement was generally, though not 

always, manifested principally via a reduction in KM as opposed to an improved kcat 

(Figures 2-17c and 2-17d). There were no instances where both parameters were 

improved in a single multi-mutant. Rather, there usually was a tradeoff in slightly 

diminished kcat with significantly lower KM, although some mutants (TEVp3 and 

TEVp11, specifically) preserved KM while improving turnover number. It is unclear 

whether this display framework is technologically more suited towards finding mutations 

that improve KM instead of kcat in general, or if our findings are more specific to the 

enzyme used and sites identified for mutation. Further, by comparing multi-mutants that 

differed only at one site, we were able to examine the effect of specific mutations in 

various contexts to examine if there was a particularly reliable effect (Figure 2-21). This 

analysis demonstrated that, in general, a consistent narrative emerged for each site (e.g., 

K215R generally leads to a relatively equivalent drop in both turnover number and KM as 

compared to K215E); this insight can be used for future enzyme engineering efforts if 

particular functionality (binding vs. catalysis) needs to be emphasized. Finally, these 

improvements in catalytic efficiency could be used as the starting point for another round 

of directed evolution, where areas adjacent the recently-discovered hot spots (e.g., sites 

30-32) are targeted for mutagenesis. 

We considered the potential for a yeast cell’s displayed substrate being cleaved by 

a TEVp variant on a neighboring cell, as opposed to the TEVp variant that is tethered to 

the same Aga2p as the substrate. The sampleable space of a tethered TEVp variant was 

modeled as a hemisphere (Figure 2-31), and both the substrate and TEVp variant were 

assumed restricted to a radius of nearly 15 nm from the yeast cell surface based on the 
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(G4S)2-ASASPAAPAPASPAAPAPSA-(G4S)2 linker that connects both TEVp and its 

substrate to Aga2p.. This suggests that a given TEVp variant occupies a volume of 

approximately 10-17 mL around Aga2p, resulting in an effective localized concentration 

of roughly 250 µM for each tethered TEVp variant. The overall concentration of TEVp in 

solution was calculated based on the induction OD600 of 1.0, which corresponds to 107 

cells/mL. Using a high estimate of 105 displayed constructs per yeast cell97, the molar 

concentration of all TEVp in solution would be roughly 1 nM. Thus, the effective 

concentration of the tethered TEVp is over 105-fold more than that of any neighboring 

TEVp variant, theoretically making cross-sampling a negligible concern and suggesting 

that cells exhibiting a decreased HA/c-Myc ratio are the result of increased catalytic 

efficiency of the encoded TEVp variant of that particular cell.  Further, our ability to 

leverage this construct and our screening assays to enrich TEVp variants with 

demonstrably enhanced catalytic efficiency empirically disproves any major concerns 

about cross-sampling.  

 

Figure 2-31. Schematic of yeast surface display construct. Theoretical half-sphere volume is denoted by 

dotted line. Radius of 15 nm is determined by length of linker. 
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Our display framework’s ability to distinguish based on proteolytic activity was 

shown to function for two proteases, as both TEVp (Figure 2-7) and SrtA (Figure 2-25) 

effectively separated wild-type and inactive protease/substrate pairings on FACS plots. 

For both enzymes, 4-hr induction of display provided adequate signal differential for a 

collection gate for improved mutants in the low HA/high c-Myc area of the FACS plot. 

Notably, this region was less well-defined for SrtA as the displayed cells were more 

diffusely distributed on FACS plots compared to TEVp. This suggests that while our 

display construct appears generalizable to other proteases, the optimal experimental 

conditions and effectiveness may be protein-dependent. Also, there is a tradeoff with 

additional induction time, as increased display increases epitope signal, which creates 

more opportunity for activity differentiation but at the cost of more exposure time of 

surface-bound substrates to enzymatic cleavage, which reduces the fraction of intact 

substrate tethered with any active protease and thus reduces the space for a collection 

gate. An induction time of 4 hrs yielded an effective compromise for the proteases we 

tested, but the overall delicate position potentially motivates future alteration and 

optimization of the display construct to widen the dynamic range, specifically when using 

proteases with higher catalytic activity. These screens could be made more stringent by 

lengthening linkers or altering their composition to reduce substrate engagement by 

enzyme. Alternatively, a reversible enzyme inhibitor could also be utilized during 

induction to allow for increased display without enzymatic cutting, followed by a 

window of time at the experimenter’s choosing for proteolysis after washing the inhibitor 

out. Nevertheless, the current experimental design enabled effective differentiation of 

enzyme activity. 



67 
 

Our novel yeast dual-display construct effectively differentiates cells 

quantitatively via FACS based on the catalytic activity of encoded proteases. Rationally-

designed TEVp libraries were screened for mutants with enhanced catalytic efficiency in 

a directed evolution scheme, and the success of this approach was not noticeably 

hindered by deliberate under-sampling. Due to the targeted nature of our libraries, this 

approach likely had a higher probability of finding beneficial mutations than an error-

prone PCR approach given the immensity and sparsity of sequence space. Further, other 

approaches such as multiple sequence alignment and consensus design, if the relevant 

sequence data existed, would possibly miss some of the hot spots our structure-guided 

libraries uncovered. Our approach represents a novel and more comprehensive way to 

find more active protease mutants. Additionally, while this display construct was mostly 

employed to study TEVp in this study, its success with SrtA demonstrates a potential 

tolerability for the use of other enzymes, which can be harnessed during efforts to 

improve other proteases. Finally, while this new comprehensive methodology does 

represent another addition to the protein engineering toolbox, there is specific and 

immediate benefit from multiple enhanced TEVp variants. Any biotechnological use of 

TEVp, such as its original intent as a specific tag remover, will be aided by an 

approximate 3-fold improvement in catalytic efficiency.  
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Chapter 3 – Applying ligand-enzyme fusion proteins to synthetic 

urinary biomarkers for noninvasive detection of abnormal disease-

related receptor expression______________________________________ 

3.1 Abstract 

Blood-based biomarkers indicative of diseases like cancer are an appealing means 

for disease detection, but issues such as degradation and low concentration limit efficacy. 

To circumvent this, a novel concept was introduced: synthetic biomarkers. In brief, 

nanoparticles, which are connected to reporters by a substrate linkage, are first 

administered intravenously. When these nanoparticles survey diseased tissue, reporters 

are generated in a manner that reflects the concentration of a disease-specific enzyme. 

These reporters can be filtered into the urine for noninvasive disease detection. This 

approach is, however, limited by its reliance on upregulation of disease-specific 

proteases. Many diseases are characterized by abnormal expression of cell-surface 

receptors, but current diagnostic techniques are plagued by invasiveness, unreliability, 

and cost. In this chapter, we introduce a novel extension of the synthetic reporter 

approach to noninvasively detect abnormal receptor expression by harnessing ligand-

enzyme fusion proteins, which impart exogenous enzymatic activity to tissue with 

aberrant receptor expression. A mathematical model for epidermal growth factor receptor 

(EGFR) tumor xenografts in mice demonstrated feasibility of this approach with tobacco 

etch virus protease (TEVp)-based fusions, suggesting detection of tumors as small as 0.28 

mm when using typical substrate concentrations for synthetic reporter in vivo studies. 

Using a flexible linker, a variety of fusions were produced using different enzymes, 

ligands, and orientations. In each fusion combination tested, binding and catalytic activity 
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was well preserved, indicating a modular fusion framework. Demonstrating feasibility 

with anti-EGFR TEVp-based fusions in an in vitro cellular assay was not consistently 

successful. However, the following limitations were identified for improvement: high 

substrate lability, and insufficient fusion-specific product generation due to inadequate 

catalytic activity – which would motivate protease engineering – or suboptimal fusion 

linker design that resulted in ineffective projection of receptor-bound fusion’s enzyme 

component to engage soluble substrate. 

3.2 Introduction  

The global incidence, prevalence and mortality rates of noncommunicable 

diseases such as cancer have been on the rise for decades, and the overall burden is 

increasingly and disproportionately being borne by the developing world, with cancer the 

second leading cause of mortality in developing countries for over a decade68,116. Early 

detection of cancer is linked with improved patient outcomes117. In the United States, 

colorectal cancer mortality rates have substantially declined mainly due to advancements 

in colonoscopy that have led to earlier diagnosis of colorectal polyps116. Similarly, 

mammography screening has led to a significant reduction in breast cancer-specific 

mortality in the industrialized world118, and evidence suggests that lung cancer screening 

via low-dose computed tomography has led to reduced mortality from lung cancer, the 

largest individual cause of death from cancer worldwide119. Nevertheless, a substantial 

percentage of cancer patients in the developed world are first identified with advanced 

stage disease116, and many require an invasive biopsy that, due to intratumor 

heterogeneity and sampling variation (Figure 3-1), can incorrectly diagnose or stage the 

cancer, and often requires a repeat biopsy69. Overall, this illustrates the need to improve 
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early diagnosis and screening methods to catch cancerous lesions when therapy can be 

curative, more cost-effective, and result in lower morbidity116. Furthermore, imaging 

modalities, colonoscopy technology, histopathology laboratories, and other essential 

medical infrastructure are often cost-prohibitive for remote or resource-limited settings68. 

Also factoring in the lack of requisite trained medical personnel, it is abundantly evident 

that early diagnosis and screening in developing countries is quite difficult. Thus, there is 

a pressing need for improved cancer screening tools and diagnostics for global health 

applications that are cheap, noninvasive, quantitative, highly sensitive and specific, 

image-free, user-friendly and point-of-care. This technology could also be revolutionary 

in the United States and the rest of the industrialized world, as there is a compelling case 

for a first-line imaging alternative that, while it sacrifices information on tumor location, 

provides for dramatic improvements in convenience and cost68. Using inexpensive point-

of-care assays or devices to detect naturally-occurring molecular biomarkers from 

circulation is an appealing solution to the aforementioned dilemma. However, very few 

endogenous blood-based cancer biomarkers can reliably identify disease in an early state, 

either because of low concentration65, rapid degradation66, or an inability to detect the 

marker in such a complex biological fluid67. The dilution effect biomarkers experience 

upon entrance into the bloodstream from tumor cells is particularly dramatic; 

computational calculations indicate a solid tumor will not release sufficient biomarker 

amounts for disease detection until it has reached a spherical diameter of greater than 2.5 

cm, which would take more than 10 years to develop120.  
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Figure 3-1. Biopsy of a heterogenous tumor. Intratumor heterogeneity leads to biopsy sampling variability, 
which can result in insufficient characterization of the total molecular profile of the tumor, necessitating a 

repeat biopsy. 

 

The concept of synthetic biomarkers was introduced to circumvent these particular 

issues, and has shown promise in noninvasively detecting noncommunicable diseases such 

as thrombosis, liver fibrosis, and colorectal cancer68-70. Instead of relying on low-level and 

unstable endogenous blood-based biomarkers, patients receive an intravenous dose of an 

engineered nanoscale agent that can interrogate potentially diseased tissue and remotely 

report on the existence of natural molecules or molecular processes by generating reporter 

molecules in circulation that can then be filtered into the urine for disease detection (Figure 

3-2). The nanoscale agent consists of reporter peptides conjugated to a biocompatible 

nanoparticle via a protease-sensitive cleavage site. The nanoparticle bestows the 

conjugated peptides with long circulation times to facilitate prolonged surveying of the 

diseased tissue and also restricts the conjugated peptides from being filtered into the 

urine69. Additionally, in the case of a variety of cancers, transport of the nanoscale entity 
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to the tumor is greatly aided by angiogenic tumor vasculature and the enhanced 

permeability and retention effect121. Tumor proteases cut the susceptible peptide substrate, 

releasing reporter peptides into the circulation68-70 to be selectively filtered and 

concentrated into the urine70. Localized tumor-specific upregulation of matrix 

metalloproteinases found in many solid cancers has previously been exploited by tailoring 

cleavage sites to a specific matrix metalloproteinase68-70. Many reporter types in 

unmodified urine have been investigated, including mass-encoded reporters analyzed via 

mass spectrometry68 and ligand-encoded reporters detected via enzyme-linked 

immunosorbent assay (ELISA) or paper test strips68,70 based on the lateral flow assay 

technology used in home pregnancy tests and in diagnostic tests for liver damage122 and 

HIV123. Further, the use of mass spectrometry or various specific capture antibodies on a 

paper test strip allows for multiplexing and simultaneous quantification68. Unfortunately, 

while the injection of nanoparticles and the subsequent collection and analysis of a readily 

accessible and compositionally simple bodily fluid like urine is amenable to point-of-care 

disease detection, a mass spectrometer will likely not be available for global health cases; 

however, the aforementioned sandwich immunoassays would be an acceptable 

accompanying point-of-care assay for both the industrialized world and resource-limited 

settings68. 
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Figure 3-2. Illustration of how synthetic reporters can non-invasively detect disease. Nanoparticle-
substrate-reporter composites are administered intravenously, circulate in the blood, and sample the 
disease environment to probe for aberrant enzymatic activity. Reporter peptides are conjugated to 

nanoparticles via linkages sensitive to disease-specific upregulated proteases, facilitating release of 
reporters that can then be renally filtered to enable non-invasive disease detection using a patient’s urine. 

Yet, this technology is dependent on a local dysregulated enzymatic profile. It 

would be helpful to diagnose and characterize noncommunicable diseases like cancer based 

on abnormal expression of cell-surface markers such as growth factor receptors. Growth 

factor receptors, including vascular endothelial growth factor receptor (VEGFR), insulin-

like growth factor 1 receptor (IGF1R), mesenchymal epithelial transition (MET) receptor, 

and those found in the ErbB family of receptor tyrosine kinases, are often overexpressed 

in a multitude of cancers124. The ErbB family, also referred to as the epidermal growth 

factor receptor (EGFR) family, consists of four members: EGFR/ErbB1/HER1, 

ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4125. Each ErbB receptor has three regions: 

an extracellular ligand-binding region, a transmembrane domain, and an intracellular 

tyrosine kinase region126-127. Growth factor binding induces homo- and hetero-dimerization 
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of the ErbB receptors, leading to autophosphorylation of several tyrosine residues on the 

intracellular domain that can then associate with a multitude of proteins possessing 

phosphotyrosine-binding SH2 domains128. This results in activation of various downstream 

signaling pathways responsible for pleiotropic biological events, including cell 

proliferation, differentiation, survival, adhesion and migration129-130 (Figure 3-3). 

Normally, ErbB signaling is tightly regulated, but releasing this control, and activating the 

receptors via overexpression or mutation127, has been linked to several cancers128. 

Overexpression or activating mutations of EGFR have been noted in non-small cell lung 

cancer131-132, glioblastoma133, breast carcinoma134, as well as esophageal135 and head and 

neck136-137 squamous cell carcinoma, among others. Similarly, overexpression of HER2 

has been observed in gastric and gastroesophageal junction adenocarcinoma138, as well as 

breast and ovarian cancer139-140. Overexpression or activating mutations of these ErbB 

receptors confers unique survival advantages to malignant cells by enhancing cellular 

proliferation, enabling metastatic spread and suppressing apoptosis, which together creates 

a more aggressive form of cancer resistant to standard therapies, decreases disease-free and 

overall survival rates and leads to an increased risk of disease recurrence141-142. 

Consequently, the ErbB family of receptors is an appealing biological target for cancer 

therapy. Several therapeutics, either antibodies against the extracellular domain such as 

trastuzumab (HER2) or small-molecule tyrosine kinase inhibitors such as gefitinib 

(EGFR), have shown promise in blocking the ErbB receptor’s pathway, retarding tumor 

growth and improving prognosis127. Thus, characterizing a patient’s ErbB receptor 

expression levels and mutational status is not only crucial for initial diagnosis and 
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monitoring of disease recurrence, but also for patient stratification, treatment guidance, and 

monitoring of treatment response over time. 

 

Figure 3-3. Signaling pathways of EGFR. EGF, transforming growth factor alpha (TGF-α), and other 
ligands can activate the EGFR signaling pathway. Some of the important signaling pathways regulated by 

EGFR are shown, with other pathways and cross-talk left out for clarity. Figure reproduced from {137}. 

 

The current gold standard techniques for identifying abnormal ErbB expression are 

immunohistochemistry at the protein level and fluorescence in situ hybridization (FISH) at 

the gene level143-147, yet both of these approaches possess significant limitations. Both 

techniques require a tissue sample from either an excisional biopsy or core needle 

biopsy148, with multiple biopsies sometimes necessary to account for tissue 

heterogeneity143-144. These procedures are inherently invasive and thus carry particular 

risks, some of them quite significant; for instance, when performing a transthoracic needle 

biopsy of a pulmonary nodule, there is a 15% risk of pneumothorax, which could 

necessitate a chest tube, a longer length of stay, and even lead to respiratory failure 

requiring mechanical ventilation149. Additionally, there are major concerns regarding the 
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reproducibility and reliability of both immunohistochemistry and FISH. There is 

considerable intra- and inter-laboratory inconsistency in results due to differing 

methodology, instrumentation and experience in tissue fixation, antigen retrieval and 

staining143-147; further, in using immunohistochemistry or FISH to determine ErbB status, 

there is even significant discordance between samples taken via different biopsy 

procedures148. In addition, staining interpretation can fluctuate dramatically between 

pathologists, and the threshold setting for reporting positive results is varying; a large 

number of false negatives may be observed if the threshold is too high, and many patients 

must then undergo a repeat biopsy if dictated by their clinical characteristics143-145. Finally, 

resource-limited settings typically do not possess the expensive histopathology facilities or 

skilled personnel needed to run such procedures and assays, and thus this form of detection 

is ill-equipped to impact the global health cancer crisis68. These shortcomings underscore 

the need for inexpensive, noninvasive, sensitive and specific point-of-care detection 

technologies to quantitatively characterize ErbB receptor status, making EGFR an ideal 

model target for our initial studies. 

Here we propose an innovation that potentially, and significantly, broadens 

applicability of the synthetic biomarker approach (Figure 3-4). Pairing excessive receptor 

proteins with an exogenous enzyme, accomplished by administering a dose of a fusion 

protein that combines exogenous enzymatic activity with binding capabilities (in this case 

anti-EGFR binding), provides an artificially increased enzyme concentration in the local 

disease environment. If sufficiently small, unbound fusions will be rapidly cleared by the 

renal system in vivo, leaving only those fusions bound to EGFR. Administration of a 

substrate, such as reporter peptides conjugated to the nanoparticle surface by the exogenous 
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enzyme’s substrate68, will lead to unique product release into circulation upon substrate 

sampling of the disease site, and then urinary analysis of these filtered products can reveal 

underlying receptor expression levels. 

 

Figure 3-4. Synthetic reporters to detect or quantify receptor expression. The proposed system 
involves the binding of ligand-enzyme fusions, followed by delivery of reporters linked to nanoparticles via a 

cleavable linkage, and subsequent enzymatic release of reporters that are filtered into urine for analysis. 

 

The proposed synthetic reporter strategy requires ligands and enzymes that meet 

rigorous criteria. For the ligand, small molecular size is desired to facilitate rapid urinary 

clearance of unbound molecules – to ensure low background – and enhanced extravasation 

and solid tumor penetration – to maximize delivery to tumor and drive sensitivity98,150-151. 

Antibodies perform poorly in this category due to restrictions imposed by large size 

(immunoglobulin G is 150 kDa, for example)150. High specificity and affinity, preferably 

in the low-nM dissociation constant (KD) region, are needed for effective ligand delivery 

and reduced clinical side effects151. The Hackel Lab has engineered multiple small-

molecule protein scaffolds for low-nM affinity EGFR binding, including affibody (7 

kDa)150, gene 2 protein (Gp2, 6 kDa)151, and fibronectin (Fn, 11 kDa)98. The tenth type III 

domain of human Fn has proven effective as a scaffold for molecular recognition, with 

three solvent-exposed loops (denoted BC, DE, and FG) that resemble an immunoglobulin 

complementarity-determining region and are amenable to sequence modification to create 
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novel binding capabilities152 (Figure 3-5). Multiple anti-EGFR Fn binders have been 

engineered to bind various epitopes on the receptor (Table 3-1). Fn clone C (FnC) possesses 

a low-nM KD, whereas FnA and FnD has a sub-nM KD, making these variants ideal ligands 

for this proposed technology. Additionally, a non-binding Fn clone (FnNB), which replaces 

the wild-type RGD (arginine, glycine, aspartate) binding motif with an RDG scrambled 

sequence to abolish binding153, can serve as an experimental negative control. Additionally, 

many of these anti-EGFR Fn mutants have already been successfully used in a fusion 

protein context with a flexible GGGSGGGKGGG linker98. Other anti-EGFR clones of 

interest include the affibody clone EA68150 and the 45-amino acid Gp2E2.2.3
151 (hereafter 

referenced as simply Gp2), which exhibit binding affinities to A431 cells of 5.3 ± 1.7 nM 

and 18 ± 8 nM, respectively. 

 

Figure 3-5. The wild-type tenth type III domain of fibronectin (PDB: 1TTF). The three loops engineered 
for EGFR binding are shown: DE (red), BC (purple), FG (blue). 
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Table 3-1. The sequences, epitopes and affinities of EGFR-binding Fn mutants. aEpitope mapping 
identified EGFR mutations that reduced affinity for the clone of interest98. bThe affinity per clone was 

determined by titration of Fn binding to A431 cells at pH 7.4 (on ice to prevent internalization). 

For the enzyme, four major criteria were considered: a) small size to enhance tissue 

permeability and urinary clearance, as with the binder; b) high specificity to minimize any 

off-target promiscuous enzymatic activity; c) high substrate stability to maintain low 

background product formation from endogenous enzymes; and d) high catalytic activity 

(high kcat) and substrate affinity (low KM) at physiological conditions (pH, temperature, 

ionic strength, oxidation state) to ensure fusions will generate sufficient reporter in the 

urine for sensitive detection. Two enzymes were selected: the aforementioned TEVp1 (28 

kDa) and Srt7 (17 kDa, referenced in Chapter 2 as a heptamutant version of sortase A with 

five mutations for enhanced activity – providing an 11-fold improvement in catalytic 

efficiency – and two more for calcium-independence28,104-106), which are both remarkably 

substrate-stringent proteases with respective literature kcat values of 0.30 ± 0.02 and 1.85 ± 

0.1 s-1, and KM values of 65 ± 8 and 320 ± 50 µM26,106. Further, both proteases possess an 

optimal temperature of approximately 30 °C, with only a minor dropoff (~20-25%) in 

activity from this maximum at 37 °C, though TEVp possesses only ~5-10% of this maximal 

activity at 4 °C154-155. 

Here we evaluate the performance of multiple elements of the strategy for synthetic 

reporters via ligand-enzyme fusion activity. We demonstrate the ability to produce various 

recombinant fusion proteins in E. coli, including those with TEVp1 and Srt7 as the enzyme 
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component, and FnA, FnC, FnD, FnNB, EA68 and Gp2 as the ligand component. In many 

instances, both the ligand-enzyme and enzyme-ligand orientation, were tested. The vast 

majority of these fusions demonstrated significant binding activity, which in some cases 

was nearly identical as their parental individual ligand component. Two fusions, FnD-

TEVp1 and FnNB-TEVp1, were also investigated for enzymatic activity and were shown 

to exhibit similar values for the turnover number, Michaelis-Menten constant and catalytic 

efficiency as compared to TEVp1. These fusions were then evaluated on EGFR-expressing 

A431 cells to assess the ability of cell surface-bound fusion to generate a reporter 

fluorescence signal significantly above background (e.g., from non-binding fusions). 

Inconsistencies in the results from this cellular assay suggested that fusions must be 

improved, either in terms of enhancements in enzymatic activity or alterations of the 

linking entity connecting ligand and enzyme to better project enzyme from the cell surface 

to engage soluble substrate molecules. 

3.3 Methods 

3.3.1 Creation of fusion protein-encoding DNA constructs 

Plasmid pET constructs containing various ligand-enzyme and enzyme-ligand 

fusion proteins were created via several steps. To start, a pET Fn-linker-Fn-His6 (or 

simply Fn-Fn) construct was used that featured wild-type Fn proteins separated by a 

GGGSGGGKGGG linker; the N-terminal Fn was flanked by NheI and BamHI cut sites 

and the C-terminal Fn was flanked by KpnI and SacI cut sites. Using analogous protocols 

as described in Chapter 2, the N-terminal Fn in the pET Fn-Fn vector was removed by 

digesting the plasmid with NheI and BamHI restriction enzymes, followed by recovery of 

cut vector using gel electrophoresis. FnA (primers 1-2), FnC (3-4), FnD (5-6), FnNB (7-
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8), EA68 (9-10), Gp2 (11-12), TEVp1 (13-14), and Srt7 (15-16) genes were all PCR 

amplified (Supplemental Table 3-1) to add flanking NheI and BamHI cut sites; 

NheI/BamHI restriction enzyme digestion of these PCR amplified genes, and subsequent 

recovery via gel electrophoresis, created a gene with the appropriate NheI and BamHI 

sticky ends to permit ligation of these eight entities into the cut vector to create FnA-Fn, 

FnC-Fn, FnD-Fn, FnNB-Fn, EA68-Fn, Gp2-Fn, TEVp1-Fn, and Srt7-Fn. For the first six 

of these genetic constructs (i.e., featuring N-terminal ligand), the C-terminal Fn was 

excised via a digestion using KpnI and SacI; TEVp1 or Srt7 genes, PCR amplified to add 

KpnI and SacI cut sites using primers 17-18 and 19-20, respectively, were then digested 

using KpnI and SacI enzymes to facilitate ligation with the cut vector to create six 

versions of ligand-TEVp1 and four versions ligand-Srt7 (FnC-Srt7 and EA68-Srt7 were 

not created). The C-terminal Fn was similarly removed from pET TEVp1-Fn and pET 

Srt7-Fn with an analogous KpnI/SacI restriction digest; PCR amplification of the genes 

for four ligands (FnA, FnD, FnNB, Gp2) was performed to add KpnI and SacI cut sites 

using primers 21-22, 23-24, 25-26, and 27-28, respectively; subsequent KpnI/SacI 

restriction digest facilitated ligation of the four ligand options into constructs possessing 

N-terminal TEVp1 or Srt7. pET vectors were thus created for 15 fusion proteins: FnA-

TEVp1, FnA-Srt7, FnC-TEVp1, FnD-TEVp1, FnD-Srt7, FnNB-TEVp1, FnNB-Srt7, 

EA68-TEVp1, Gp2-TEVp1, Gp2-Srt7, TEVp1-FnA, Srt7-FnA, TEVp1-FnD, Srt7-FnD, 

TEVp1-FnNB, Srt7-FnNB, TEVp1-Gp2, and Srt7-Gp2.  

3.3.2 Fusion protein production 

T7 Express competent E. coli were transformed with one of the 15 fusion protein-

encoding pET plasmids, grown in 150 mL lysogeny broth cultures at 37 °C, 250 rpm and 
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then induced with 0.5 mM IPTG at an OD600 of 0.7-1.0 for 5 hrs at 30 °C, 250 rpm. Cell 

pelleting, lysis, processing, and analysis by SDS-PAGE and densitometry was performed 

as before in Chapter 2, except 12 µL instead of 6 µL of sample was added to each well on 

the gel. Productions were performed in quadruplicate. 

3.3.3 Cell culturing 

A431 cells were grown at 37 °C in a humidified atmosphere with 5% CO2, 

cultured in Dulbecco’s modified Eagle medium with 4.5 g/L glucose, sodium pyruvate, 

and glutamine supplemented with 10% (v/v) fetal bovine serum. When cells reached 

~80% confluence, 0.25% trypsin and 1 mM EDTA was used to detach cells for passage 

or analysis, and when appropriate cells were counted with a Countess II Automated Cell 

Counter.  

3.3.4 Affinity titration of fusion proteins  

50,000 cells were labeled with differing concentrations of each fusion protein, 

rotating for 6 hrs on ice (i.e., at 4 °C) to ensure >95% equilibrium binding was achieved. 

Cells were pelleted at 400g for 3 min, washed with cold PBSA, and incubated for 30 min 

on ice in 50 µL PBSA with 20 µg/mL anti-His6 tag antibody conjugated to FITC 

(ab1206, Abcam); cells were washed in PBSA to remove unbound antibody conjugate 

and resuspended in PBSA for flow cytometry analysis on an Accuri C6 instrument. The 

sum of squared errors was minimized to obtain the value of KD assuming a 1:1 binding 

interaction. The number of replicates for specific fusions were: three (FnA-TEVp1, Gp2-

Srt7, and Srt7-Gp2), five (FnC-TEVp1), and two (all other fusions. 

3.3.5 Fusion protein catalytic analysis  
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The peptide substrate 2-Abz-ENLYFQSGTK-Dnp was again used to examine 

fusion protein catalytic parameters. The peptide contains the canonical TEVp1 substrate 

sequence (ENLYFQSG), where cleavage occurs between Q and S, and is flanked by the 

2-aminobenzoyl fluorophore and its quencher 2,4-dinitrophenyl. Thus, intact peptide 

exhibits minimal fluorescence but cleaved peptide is highly fluorescent156-158. Fusions 

(FnD-TEVp1 or FnNB-TEVp1) was diluted to a concentration of 0.4 µM using TEVp-

free lysate of E. coli-produced FnD. 40 µL of this solution was added to five microplate 

wells. 40 µL solution containing the peptide substrate in PBS at various concentrations 

(0, 5, 20, 50, and 150 µM) was then added to the five wells to give a final fusion protein 

concentration of 0.2 µM and final substrate concentrations of 0, 2.5, 10, 25, and 75 µM. 

Fluorescence (λex = 320 nm, λem = 420 nm) measurements were taken every 30 s for 150 

s total on a Synergy H1 microplate reader. Background fluorescence from a TEVp-free 

negative control, consisting of FnD lysate, was subtracted, and slopes of background-

subtracted fluorescence versus time were calculated at each substrate concentration. A 2-

Abz standard curve allowed for the conversion of slopes to initial reaction velocities. 

These reaction velocities at various substrate concentrations were fit to a Michaelis-

Menten model to calculate kcat and KM. Triplicate measurements were conducted. 

3.3.6 In vitro cell assay  

Four samples, each tested in triplicate, were identified for the in vitro cellular 

assay to validate the efficacy of the synthetic reporter approach applied to surface-bound 

fusion proteins generating signal correlative to cell-surface receptor density: fusion (FnD-

TEVp1) with substrate, and three negative controls that either eliminated binding (i.e., 

using FnNB-TEVp1 instead of FnD-TEVp1), catalytic activity (i.e., using FnD instead of 
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FnD-TEVp1), or substrate (PBSA added instead). FnD-TEVp1, FnNB-TEVp1, or FnD 

ligand were first diluted in cold PBSA to yield a concentration of 60 nM. 100 µL of FnD-

TEVp1, FnNB-TEVp1 or FnD at this concentration was used to resuspend 150,000 

pelleted A431 cells. This represented a ligand:receptor ratio of approximately 10:1 

assuming two million EGFR molecules per A431 cell159-161. Samples were placed on ice 

on a rotator for 1 hr to approach equilibrium binding. Samples were pelleted at 400g for 3 

min, washed twice with 1 mL cold PBSA, and resuspended in 50 µL of 100 µM peptide 

substrate. This volume of solution was added to 96-well plates, which were covered in 

aluminum foil and rotated in the cold room when not being read by the fluorimeter. 

Fluorescence measurements were made every hour for the first five hours followed by 

measurements at 11.5 hr, 17.5 hr, and 22.5 hr. 

3.4 Results 

3.4.1 Mathematical modeling of ligand-enzyme-reporter system  

 Our proposed extension of the synthetic reporter approach harnesses ligand-

enzyme fusions to create an artificial exogenous enzymatic presence in the disease site 

that is reflective of the underlying receptor burden and can be exploited by substrate to 

generate reporters for noninvasive urinary disease detection. To first ensure feasibility of 

this approach, we modeled the intended in vivo application. Our mathematical model 

made several reasonable assumptions to predict the rate of reporter generation from an 

EGFR-bearing tumor in mice. The model assumes two million EGFR molecules per 

A431 cell, which has been experimentally measured in cell culture159-161 and murine 

models162. The model also assumes a 20% tumor void fraction and that 2% of EGFR are 

labeled by ligand-enzyme fusion, which is consistent with published results for 
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molecularly targeted ligands in tumors163-164. Michaelis-Menten parameters for TEVp1 

from literature were used26. A total mouse blood volume of 1.5 mL165 was used to 

estimate the dilution factor once reporters move from the tumor environment to 

circulation. Finally, the blood:urine concentrating factor, estimated as approximately 70, 

was determined by dividing the total mouse blood volume of 1.5 mL by the mouse urine 

volume after 1 hour, equal to the daily urine volume of 0.5 mL166 divided by 24. 

Considering the standard ELISA detection limit (~0.1 nM)167, our mathematical model 

predicts robust reporter generation after one hour for a variety of substrate concentrations 

(40 nM to 100 µM) and a range of tumor burdens (up to 5 mm in diameter). For example, 

a tumor diameter of 5 mm and a substrate concentration of 1 µM, which is in line with 

the concentrations used in previous in vivo synthetic reporter experiments68,70, results in 

fusion-bound TEVp generating 52 pM of reporter per second, and a urinary reporter 

concentration after one hour of approximately 600 nM, between three and four orders of 

magnitude greater than the limit of detection (Figure 3-6, Supplemental Figure 3-1). 

Additionally, the minimum tumor diameter required for detection predictably decreases 

with increased substrate concentration, from approximately 0.81 mm for 40 nM to 0.079 

mm for 100 µM (Figure 3-7). Holding the substrate concentration at 1 µM, the minimum 

tumor diameter needed for detection decreases from 0.58 mm to 0.28 mm to 0.17 mm for 

kcat values of 0.03 s-1, 0.3 s-1, and 3 s-1, respectively, and these same minimum tumor 

diameter values held for varying KM from 650 µM to 65 µM to 6.5 µM, respectively. 

Finally, operating at a substrate concentration of 1 µM and predicting the effect of KD on 

EGFR labeling from Schmidt and Wittrup164, the minimum tumor diameter needed for 

detection only modestly increases from 0.28 mm to 0.29 mm to 0.37 mm for KD values of 
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1 nM, 10 nM, and 100 nM, although an additional 10-fold increase in KD to 1 µM results 

in a substantially larger minimum tumor diameter. The results of the in vivo mathematical 

model persuasively suggest that, in context with the literature, the system is indeed 

practical.  

 

Figure 3-6. Schematic illustrating feasibility of our extension of the in vivo synthetic reporter 
approach that leverages ligand-enzyme fusions to remotely detect aberrant receptor expression. Our 
model evaluated an EGFR-bearing tumor, shown here with diameter of 5 mm, and assumed TEVp catalytic 

properties in accordance with literature26. For a substrate concentration of 1 µM, the average product 
formation rate over one hour in the tumor environment was approximately 50 pM/s and the predicted urinary 

reporter peptide concentration after one hour was between three and four orders of magnitude above the 
ELISA limit of detection167. 

 

Figure 3-7. Urinary reporter concentration after one hour as a function of EGFR-expressing tumor 
burden at various substrate concentrations. A) Substrate concentrations of 0.04, 0.2, 1, 5, 25, and 100 
µM were tested for a tumor burden of 0-5 mm in diameter. Y-axis is presented on a log scale for better data 
visualization. ELISA limit of detection (LOD: ~0.1 nM) is shown with a horizonal red line. B) Equivalent data 
shown, but zoomed in on the 0-0.5 mm tumor diameter and 0-1 nM urinary reporter range in order to better 
show performance with respect to the LOD. Increased substrate concentration permits detection of smaller 

tumors, approximately 0.81, 0.47, 0.28, 0.16, 0.10 and 0.079 mm in diameter for substrate concentrations of 
0.04, 0.2, 1, 5, 25 and 100 µM, respectively. 



87 
 

Before progressing to any in vivo studies, however, we sought to demonstrate 

practicality in an in vitro cellular assay (Figure 3-8). This assay examines the 

performance of fusion proteins, compared to relevant negative controls such as ligand-

only or non-binding fusions, in first binding to EGFR proteins on A431 cells on ice in 

vitro, and then subsequently generating product from the cell surface upon substrate 

exposure. Mathematical modeling of this assay, even at reduced temperature, suggested 

robust product generation from the A431 cell surface. Assuming two million EGFR 

molecules per A431 cell159-161, 95% binding of fusion proteins to EGFR, and adequate 

washing out of unbound fusions, 150,000 cells in 50 µL should yield an approximate 

bound fusion, and thus bound TEVp1, concentration of 10 nM. Applying Michaelis-

Menten kinetics to a substate concentration of 100 µM, and factoring in a roughly 10-fold 

reduction154 in the TEVp turnover number at 4 °C compared to room temperature, 

roughly 1 µM of unquenched Abz should be generated every hour. Using the standard 

curve for 2-Abz (Figure 2-4), this roughly correlates to an hourly increase in arbitrary 

fluorescence units of 10,000. Therefore, while this system incorporates a wide array of 

components, our models suggest robust signal generation in both the in vitro and in vivo 

settings to make this extension of the synthetic reporter technology feasible. 

 

Figure 3-8. Schematic illustrating the sequence of the synthetic reporter in vitro assay using ligand-
enzyme fusion proteins. Fusions (e.g., FnD-TEVp1) are first bound to A431 cells, and substrate peptide is 
added after unbound fusions are washed away. The increase in fluorescence signal should be correlative 

with the number of fusion proteins, and thus the number of accessible EGFR molecules. 



88 
 

3.4.2 Fusion protein production 

Ligand-enzyme fusion proteins were expressed from pET vector in NEB5α E. coli 

in 150 mL volume for 5 hrs at 30 °C. Cell lysate was analyzed by SDS-PAGE, along with 

carbonic anhydrase (CA) and bovine serum albumin (BSA) reference proteins, to 

quantify fusion protein concentration via densitometry (Figure 3-9). Noticeably, the Srt7-

based fusions consistently generated greater yields than the TEVp1-based fusions, 

particularly when FnA or Gp2 is used as the ligand (Figure 3-10). There did not appear to 

be a consistent trend in yields when comparing different ligands aside from FnNB-

containing fusions, which tended to offer higher fusion yields, and there was not a 

significant difference when comparing different orientations, irrespective of the ligand or 

enzyme under consideration.  Regardless, for each fusion protein produced, yields were 

sufficient to permit affinity and catalytic analysis. 

 

Figure 3-9. SDS-PAGE analysis to quantify fusion production yield. Example of SDS-PAGE gels of E. 
coli lysate from productions of four fusions [FnD-TEVp1 (40 kDa), FnNB-TEVp1 (39 kDa), Srt7-FnD (30 

kDa), and Srt7-Gp2 (25 kDa)] along with references CA, BSA and FnD. Arrows are shown to illustrate the 
band corresponding to FnD-TEVp1 and FnNB-TEVp1. 
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Figure 3-10. Production yield of various fusions. Ligand-enzyme fusions were expressed in NEB5 E. 
coli, and yield was quantified by SDS-PAGE and densitometry with calibrant protein standards. For ligands 
FnA, FnD, FnNB and Gp2, fusions were made for both TEVp1 and Srt7, in both orientations for each. For 
FnC and EA68, only the ligand-TEVp1 version was made. Error bars shown are 95% confidence intervals. 

3.4.3 Affinity titration of fusion proteins 

Fusion proteins were titrated to assess binding affinity to EGFR-expressing A431 

cells (Figure 3-11). It appears that only the FnA- and FnD-containing TEVp1 fusions 

exhibited a meaningful decrease in affinity, specifically one to two orders of magnitude 

compared to published KD values for the corresponding ligand. Nevertheless, low 

nanomolar affinities are preserved, making FnA- and FnD-based fusions still suitable for 

further efforts in the synthetic reporter approach. FnC, EA68, and Gp2 binding was not 

substantially impacted by TEVp1-based fusions. All four Srt7-based fusions tested 

exhibited roughly unaffected KD values. FnNB-based fusions were evaluated at the 

highest concentration tested (200 nM) and consistently demonstrated negligible binding, 

as expected. All tested fusions exhibited acceptable binding performance; FnD-TEVp1 

was chosen for further evaluation because of high affinity and good yield in the context 

of TEVp, which was chosen for initial enzyme focus. 
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Figure 3-11. Affinity estimations for various fusions compared to literature KD values for ligand only. 
A) Example of Srt7-Gp2 dissociation constant (KD) being determined by titration, specifically using seven 

fusion concentrations (0.01, 0.5, 2, 5, 20, 50, and 200 nM). EGFR-overexpressing A431 cells were 
incubated in a particular fusion concentration while on ice, followed by labeling of EGFR-bound fusions with 
FITC-conjugated anti-His6 antibody. Analysis by flow cytometry provided fluorescence that was correlative 

with bound fusion amount. B) KD values shown for each fusion evaluated, including for various ligands, 
enzymes and orientation of components. Error bars shown are 95% confidence intervals. KD values for 

ligand-only samples were obtained from literature41-43. 

3.4.4 Fusion protein catalytic analysis 

Two fusions, FnD-TEVp1 and non-binding control FnNB-TEVp1, were examined 

for catalytic activity via a quenched fluorophore peptide assay (Figure 3-12, Table 3-2). 

The kcat values of both fusions were similar to wild-type (0.39 s-1 from Table 2-9 in 

Chapter 2) and the KM values were only increased by approximately 2-fold (from wild-

type value of 24.3 µM from Table 2-9 in Chapter 2), yielding a decrease in catalytic 

efficiency of roughly two for both fusions. This result, combined with the widespread 
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preservation of all or most of the binding affinity of the ligand portion of the fusion, 

motivated progressing to in vitro cellular assays to examine if the synthetic reporter 

approach could be achieved with our particular fusions. 

 

Figure 3-12. Michaelis-Menten fit to kinetic data. Example trials are shown for two TEVp1-based 
fusion proteins: a) FnNB-TEVp1 and b) FnD-TEVp1. The cleavage of peptide substrate 2-Abz-

ENLYFQSGTK-Dnp, at various concentrations, by fusion protein (0.2 µM final concentration) was examined 
via fluorimetry. Background-subtracted fluorescence versus time graphs allowed for determination of 

reaction velocities and thus turnover number and Michaelis-Menten constant upon data fitting to a Michaelis-
Menten kinetic model. 

 

 

Table 3-2. Catalytic performance of fusion proteins FnD-TEVp1 and FnNB-TEVp1. Errors shown are 
95% confidence intervals. 

 

3.4.5 In vitro cellular assay 

The results of the in vitro cellular assay proved to be inconsistent across several 

iterations. In three trials, the use of FnD-TEVp1 to bestow an increased TEVp1 

enzymatic activity to the surface of A431 cells was successful, as fluorescence from 

unquenching substrate outpaced that of the relevant negative controls in a statistically 

significant manner (Figure 3-13a). However, in four other trials this differentiation failed 
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to materialize (Figure 3-13b). Of the substrate-containing samples, the fluorescence range 

for the FnD-TEVp1-containing samples was ~45,000-80,000, while the two relevant 

negative controls ranged in fluorescence from ~45,000-60,000. Even in Figure 3-13a, two 

major limitations were observed. First, the increase in fluorescence was far below what 

was expected based on the experimentally established binding affinity and enzymatic 

kinetics. Assuming EGFR-bound fusion internalization was indeed negligible at 4 °C168-

169, the increase in fluorescence compared to negative controls during the first five hours 

in Figure 3-13a was projected to be approximately 50,000 units, but experimentally it 

was short of 10,000 units. Potential explanations for this discrepancy are legion, but 

include a failure to adequately minimize fusion internalization with incubation on ice, a 

larger than anticipated decrease in TEVp turnover number due to the decreased 

temperature, and suboptimal fusion linker design that hinders bound fusion’s enzyme 

component in accessing soluble substrate.  Clearly, an increased activity TEVp variant 

would be beneficial in generating higher signal. The evolved variants from Chapter 2, 

which were engineered after the studies in the current chapter, offer a compelling 

solution. There is also potentially a need for linker length/composition optimization for 

this system so that bound fusions can more effectively project the TEVp1 enzyme from 

the surface to engage soluble substrate molecules. The second limitation revealed by the 

cellular reporter assay is the appreciable increase in fluorescence over time for both 

substrate-containing negative controls. The lack of cellular binding of FnNB should 

render minimal residual TEVp1 after washing for FnNB-TEV1p. More strikingly, the 

TEVp1-free FnD sample has no enzyme in the system at any point, and previous 

experiments involving peptide substrate mixed with FnD in E. coli lysate generated 
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negligible signal (Figure 3-14). The possibility that the FnNB-TEVp1-containing sample 

generated high background fluorescence due to inadequate washing out of the TEVp1-

containing fusion seems unlikely as the rise in fluorescence generally mirrored that of the 

samples containing only FnD. Therefore, it appears that this particular TEVp1 substrate is 

far more labile than ideal in the environment of A431 cells over this particular timeline 

(i.e., approaching 24 hours). While engineering substrate stability (without sacrificing 

enzymatic activity) in future experiments to lower background non-TEVp-related 

fluorescence is an intriguing avenue to explore, and likely a necessary one for any in vivo 

experiments using TEVp-containing fusions to proceed successfully, the proof-of-

concept in this in vitro cellular assay should still be achievable with sufficient bound 

fusion-specific signal. This perspective reiterates the importance of the aforementioned 

first point regarding improving enzymatic activity and/or optimizing linkers. 

 

Figure 3-13. Results of in vitro cellular assay. a) Example of the FnD-TEVp1 sample successfully 
outpacing the relevant negative controls (i.e., no enzyme or non-binding fusion). b) Example of the FnD-

TEVp1 failing to differentiate from the negative controls. Error bars shown are 95% confidence intervals. The 
inconsistency in the result, illustrated via numerous attempts at the cellular assay, indicated a need to 
increase enzymatic activity, optimize linkers, or decrease substrate lability to maximize signal/noise 

separation and validate the theoretical predictions and functionality of this approach. 
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Figure 3-14. FnD in E. coli lysate generates minimal background fluorescence signal compared to 
TEVp mutants in lysate. Fluorescence from cutting a 2-Abz-ENLYFQSGTK-Dnp peptide was evaluated for 

protein and substrate concentrations of 0.1 µM and 50 µM, respectively, in a volume of 80 µL. TEVp11 is 
shown here as a representative example. All measurements were made in triplicate.  

3.5 Discussion 

Our novel approach to using synthetic biomarkers involves targeting aberrant cell-

surface receptor expression by first creating an artificially increased local enzyme 

concentration via the use of ligand-enzyme fusions, and then exploiting this by 

administering the exogenous enzyme’s substrate to generate a reporter signal in 

congruence with the underlying abnormal receptor expression. This differs from the 

established synthetic reporter approach in the literature68,70 that targets a disease based on 

its aberrant local soluble enzymatic upregulation. Thus, to first demonstrate the feasibility 

of this approach, we modeled our proposed approach to ensure sufficient product 

generation. Compared to negative controls that substituted non-binding fusions or only 

the ligand component, our fusions were predicted to generated added hourly fluorescence 

from the surface of 150,000 A431 cells of approximately 10,000 units. This, however, 

was predicated on a number of assumptions such as near-saturation of receptors with 

fusions and a 10-fold decrease in the fusion turnover number while on ice154. While the 
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specific product generation from bound fusions was predicted to be robust and easily 

outpace negative controls, any deviation from these assumptions, such as decreased 

receptor expression, poor fusion binding, greater-than-expected temperature-related 

decline in fusion kcat, or difficulties with the bound fusion accessing soluble substrate, 

could threaten an otherwise favorable signal-to-noise ratio. 

We established the ability to produce a variety of fusion proteins that 

simultaneously combined enzymatic activity with the binding capabilities of ligands. The 

modularity of this fusion protein system was effectively demonstrated, as tolerance for an 

array of enzyme and ligand components, as well as switching the order of each 

component, was illustrated by observing only a minor or moderate impact on the binding 

affinity and/or catalytic efficiency of the fusion when such changes were made. This 

result was not necessarily surprising as fusion systems with the same GGGSGGGKGGG 

linker98, as well as other similar linkers170, have previously demonstrated the ability to 

preserve much, if not all, of the activity of both fusion components for many 

combinations, although certainly some combinations were sub-optimal in that they failed 

to preserve an appreciable percentage of the wild-type component’s activity98. In 

designing fusion proteins, adequate, much less optimal, activity is not guaranteed for two 

fusion components and a given linker170. While reasonable fusion modularity with the 

GGGSGGGKGGG linker has been suggested by successfully testing various 

components, the use of an enzyme as a component had not yet been attempted. Further, 

whereas longer linker length (i.e., two- to three-fold increase) for fusions with bivalent 

binding may harm overall performance98, other studies examining fusion systems with an 

enzyme component strongly suggest the benefit of increased linker length (i.e., 20 amino 
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acids instead of 5-10) to achieve fusion catalytic activity approaching that of the wild-

type component171. It would be a worthwhile endeavor to evaluate different linkers to 

further improve upon the soluble activity of our linker-enzyme fusions. That being said, 

our fusions generally performed sufficiently like their wild-type components in a soluble 

setting to motivate progression to the in vitro cellular assay.  

Linker optimization in terms of length, composition or hydrophobicity is crucial 

for engendering the desired specific function170, in this case in the cell-bound context. 

While our linkers may have been adequate for soluble fusion activity, our unique 

synthetic reporter approach to utilizing fusions requires the enzyme component to be 

active when the linked binder places the fusion in a cell-bound, instead of soluble, state. 

Enzymatic activity of fusions when bound may be hindered by a variety of factors 

including steric hindrance from neighboring cell-surface proteins. In light of the results 

from the in vitro cellular assay, other linkers, such as the rigid linker 

A(EAAAK)4ALEA(EAAAK)4A or the flexible linker (GGGGS)4
170, should be 

investigated to examine if fusion-based catalytic activity can be preserved in the soluble 

state and also produce the necessary signal generation when bound to the cell-surface. 

The different properties of these linkers, namely added length, may assist the projection 

of surface-bound fusion’s enzyme component away from the cell surface to enable 

proteolysis of soluble substrate, which could remedy the experimental limitation we 

observed of weak signal from cell surface-bound fusions cutting soluble substrate. 

Another option is to use a ligand, such as FnA, that targets an epitope less proximal to the 

cellular membrane. In hindsight it should be noted that FnD binds a membrane proximal 

region of EGFR98. Insufficient cutting could also possibly be remedied by substituting 
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TEVp1 for an improved version of TEVp. The cell assay studies were conducted before 

the entirety of Chapter 2, which is why a TEVp variant like TEVp11 has not yet been 

swapped into the fusion in place of TEVp1, but this is certainly compelling for future 

work.  

A potential criticism of the cellular assay, and our extension of the synthetic 

reporter approach to quantifying receptor expression in general, either in the in vitro or in 

vivo setting, is that there is no guarantee that substrate cutting is occurring with cell 

surface-bound fusions exclusively. Rather, some bound fusions will slowly dissociate 

over time, and these soluble dissociated fusions could be contributing to some fraction of 

the catalysis. The lack of consistent fluorescence differentiation between ligand-enzyme 

samples and negative controls in the cellular assay over nearly 24 hours suggests this is 

of minimal concern. Further, it importantly should be of no consequence if catalysis is 

derived from still-bound fusions or fusions that have since dissociated from receptor, as 

the effective total fusion concentration in solution, and thus the rate of product 

generation, is still correlated to the underlying receptor burden.  

In this study, we aimed to evaluate a variety of fusion proteins that combined 

binding and catalytic activity. Our work in this chapter demonstrates that recombinant 

ligand-enzyme fusions that preserve a significant portion, if not all, of the activity of the 

individual components can be produced. Further, we sought to study the modularity of a 

ligand-enzyme fusion system with a GGGSGGGKGGG linker, and we have 

demonstrated this particular linker allows for a modular fusion protein system that 

appears to work well with a variety of ligands and enzymes in both orientations. While 

these results in a soluble setting were satisfactory, we chiefly sought to establish an 
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extension of the synthetic reporter technology to quantify abnormal receptor expression. 

Our results in the in vitro cellular assay demonstrate a clear need for further optimization 

of this system to validate the practicality of this extension. While our mathematical model 

suggested this extension’s feasibility, poor signal generation from receptor-bound 

fusions, among other technical issues, prevented this empirically. To boost this signal, 

there are numerous potential remedies: replace the TEVp variant used (TEVp1) with an 

improved mutant from Chapter 2 (e.g., TEVp2, TEVp10, TEVp11) or from an additional 

round of directed evolution. If, however, the lack of surface signal generation is less a 

result of insufficient enzymatic activity – which our mathematical modeling suggests it is 

not – and more an issue of soluble substrate accessibility for the bound enzyme, utilizing 

a ligand that targets an epitope further from the cell membrane or a linker with increased 

length to further project the linked enzyme from the cell surface are more likely to 

resolve the issue.  

Any in vivo translation of our synthetic reporter adaptation after successful in 

vitro validation will require a significantly more stable substrate, particularly as serum, 

with its collection of proteases, is likely to be even less forgiving for the substrate172. If 

TEVp is to be used in the in vivo setting, substrate engineering would be necessary to 

decrease lability. A sensible approach would be to use the yeast display construct from 

Chapter 2, with TEVp1C151A installed to inactivate the enzyme, and design a substrate 

library to first identify those mutants that are impervious to background serum proteolysis 

(i.e., those cells with a lack of a decrease in HA signal). Of these stable substrate mutants, 

only those that contained some residual activity with TEVp could be propagated further. 

To identify this, improved substrate sequences inserted into the yeast display construct, 
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now with TEVp1, could be analyzed via flow cytometry to find samples that still permit 

TEVp-facilitated lysis above negative control signal (i.e., TEVp1C151A). Once this has 

been achieved, directed evolution to improve TEVp activity against this newly improved 

substrate could then be performed to recover, if not improve from, wild-type catalytic 

activity, now against the stable substrate. These experiments would also aid the in vitro 

cellular assay, as substrate lability was a major limitation as well. Another option that 

would primarily address the aforementioned weak signal generation, but also potentially 

assist in substrate lability, is to entirely replace the TEVp1 enzyme with another enzyme 

with improved catalytic efficiency, assuming that catalytic activity is mostly preserved in 

the fusion context. Srt7, for example, does not possess a meaningful improvement in 

catalytic efficiency, as its turnover number and Michaelis-Menten constant are 

approximately six-fold and five-fold higher, respectively26,106; however, if operating at a 

saturating substrate concentration, this six-fold improvement in kcat would theoretically 

boost the signal generation rate by roughly the same amount, which could prove 

sufficient in differentiating from negative control signal. Regarding substrate lability, the 

Srt7 substrate may be more or less labile, with the latter option potentially being of 

significant benefit. 

An additional avenue of compelling future work is to study the impact of various 

variables, such as substrate concentration, fusion concentration, and EGFR burden (either 

cell surface density or cell number), on reporter generation from cell-bound fusions once 

the base case cellular assay has been worked out. Below enzyme-saturating conditions, an 

increase in substrate very well might improve the signal-to-noise ratio. Increased fusion 

concentration should lead to more bound fusion at equilibrium up to a certain saturating 
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point, when further increases yield no meaningful improvement in signal. As EGFR 

burden increases (say from MDA-MB-435S to MDA-MB-231 to A431 or MDA-MB-468 

cells173), assuming saturating amounts of fusion, signal should invariably increase. The 

proposed in vivo framework involves a multitude of moving parts, including but not 

limited to fusion dose, substrate dose, exposure time, and extent of disease. Thus, a 

heightened understanding of how altering these parameters impacts reporter generation in 

vitro will inform us regarding basic levers of system performance, as well as assist in 

future optimization of the in vivo framework. 
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Chapter 4 – Concluding Remarks and Future Work_________________ 

In general, there is a poor understanding of sequence-function relationships in 

enzymes18, and this work includes a significant advancement in the mapping of that 

relationship for a specific region – the active site – of TEVp, a protease of significant 

biotechnological importance6,90,174. Some of our key findings regarding TEVp’s 

sequence-function relationship include the identification of clearly beneficial mutations at 

hotspots T30, S31, and L32, which were proximal to the substrate cut site, as well as 

F139, which interacts with the substrate distant from the cut site, and L204, which is 

distal from the substrate. We also identified multiple sites with substantially positive non-

wild type enrichment at H167, N171, W211, K141, S170, K220 and P221. Future TEVp 

engineering efforts should investigate those areas directly adjacent to the hotspots we 

have identified. When many of these sites were include in a single second-generation 

library with diversity constrained by the first-generation results, we were able to identify 

those mutational pairings that tend to provide optimal catalytic efficiency: T30I, S31T or 

S31C, L32V, L204 or L204M, W211I or W211M, and K215R or K215E. In producing 

and evaluating a series of multi-mutants in accordance with these findings, we examined 

how specific mutations engendered particular catalytic function. For example, in 

examining a variety of V32-containing multi-mutants, we observed an improvement in 

kcat at the expense of KM for S31T (vs. S31C), L204M (vs. wild-type leucine), and 

K215E (vs. K215R). The ability to identify which mutations are likely to aid catalytic 

efficiency, and specifically which mutations grant a specific function (e.g., increased kcat 

or decreased KM), will be of benefit to future TEVp engineering efforts that are explicitly 

trying to engineer a specific function.  
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The vast majority of our multi-mutant(s) improved catalytic efficiency, with a 

max improvement of 2.9-fold for TEVp2 (T30I/S31T/L32V/L204M/W211I/K215R). It 

should be noted that improvements in our tested multi-mutants were generally achieved 

with a lower KM as opposed to a higher kcat; for example, TEVp2 successfully decreased 

KM from 24.3 µM to 5.5 µM, but its turnover number fell, not as dramatically, from 0.39 

s-1 to 0.26 s-1. It is not necessarily clear if this was a function of the specific protease 

tested, the specific active site library screened, or rather a property of the display 

construct as currently constructed. Interestingly, per the calculations shown in the 

Discussion section of Chapter 2, the effective local concentration of both protease variant 

and substrate on the cell surface is 250 µM, whereas the literature KM for TEVp1 is 65 

µM26. This suggests we are likely already operating at close to saturating conditions, as 

the substrate concentration is substantially greater than the KM value. One would expect 

this system to mostly favor mutants that improve kcat as decreases in KM should not 

improve catalytic cutting substantially. It is quite possible that the tendency to find 

beneficial mutations that mostly lowered KM was related to the specific region of 

sequence space tested. That is, active site libraries may be heavily weighted towards KM-

lowering mutations as opposed to kcat-increasing mutations, even when the substrate 

concentration at the cell surface favors finding the latter. Future efforts that use this 

construct to evaluate other regions of TEVp sequence space – such as sites distant from 

the active site – or other proteases will provide perspective. For other enzymes with 

larger values of KM such as sortase A (320 ± 50 µM26,106), there are adjustments to the 

surface display construct that should favor identifying mutants with improved kcat as 

opposed to KM, namely alterations that further increase the local substrate concentration. 
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This could be achieved by adding additional substrate sequences to the construct or 

decreasing the linker length, though not enough that tethered enzyme and substrate 

cannot physically interact. This increase in substrate concentration could more favor 

enzyme saturation conditions, and in this case improvements in turnover number would 

be more likely to generate increased cutting. This is an intriguing area of future work that 

should be investigated as it would further allow customization of enzyme screens to find 

mutations with a specific type of improved fitness. 

It should also be noted that most of the other TEVp-focused directed evolution 

studies have been chiefly concerned with imparting novel substrate selectivity26 or 

solubility175, making our study unique for TEVp in that its focus was on catalytic 

efficiency. TEVp, like all cysteine proteases, is noteworthy for its substrate selectivity, 

not its catalytic activity, especially when compared to serine proteases like factor Xa and 

thrombin, which possess much higher catalytic activity – including a turnover number 

that is approximately two orders of magnitude larger – but more substrate 

promiscuity90,93,176-179. Thus, activity engineering in TEVp is potentially of great import, 

as a protease with dually high activity and high substrate specificity could be immensely 

useful for a variety of applications90,174, and more TEVp-focused directed evolution 

attempts to improve catalytic efficiency in the future would be of substantial utility.  

Another major goal of this dissertation was to provide further insight on optimal 

combinatorial library design, specifically in the context of sites around the protease active 

site. In past enzyme engineering efforts, including those involving TEVp175,26, random 

mutagenesis has almost exclusively been used for library construction. Given the 

immensity, sparsity and ruggedness of sequence space, this is a rather inefficient method 



104 
 

for scanning sequence space for increased fitness18. This area of enzyme engineering 

would benefit from the implementation of smarter, smaller libraries, which are becoming 

more commonplace in other areas of protein engineering180, that target particular sites 

with specific constrained diversity to maximize the chance of identifying beneficial 

mutations. We elected to create seven rational first-generation TEVp mini libraries (4-5 

amino acids per library, all within 6 Angstroms of the substrate) by saturation 

mutagenesis, with beneficial individual mutations from the first-generation incorporated 

into a single second-generation library to capture any synergistic effects between 

beneficial mutations in different first-generation libraries. Individual libraries were 

capped at 5 amino acids because the exponential nature of combinatorics suggests that 

library size above this number, if created via saturation mutagenesis, is at best poorly 

sampleable using standard FACS techniques. An alternative approach that was 

considered was to create a single first-generation library based on the 34 amino acids 

examined, but with constrained sitewise diversity to limit the overall first-generation 

diversity so that reasonable sampling coverage could be achieved. In this approach, it is 

not fully clear what metrics one should use to constrain diversity. Relative solvent 

accessibility107, distance to the substrate cut site30,89, FoldX-predicted stability changes56, 

BLOSUM62-based chemical homology scoring61 and consensus design using a database 

of homologous enzymes39 are all viable options from the literature, but their 

comprehensive utilization in active site protease libraries has not been adequately studied. 

Thus, we opted to perform saturation mutagenesis to obtain comprehensive enrichment 

data on every possible amino acid mutation at each site, which would allow us to 

retrospectively evaluate whether any of the aforementioned metrics would have properly 



105 
 

constrained diversity or if they would have let beneficial, but unexpected, mutations 

evade analysis. 

Relative solvent accessibility and distance to substrate cut site exhibited no 

meaningful relationship with the number of positively enriched mutations. FoldX-

predicted stability changes did not fare significantly better as there was a very weak 

relationship with enrichment. However, a reasonably convincing argument could be made 

that our results suggest a general rule of precluding any mutations with FoldX-predicted 

ΔΔG values at the extreme positive end (i.e., >10 kcal/mol; all mutations (19 total) with 

ΔΔG > 15 kcal/mol, and 94% (31/33) of mutations with ΔΔG > 10 kcal/mol, had negative 

enrichment. Consensus design in this case was shown to be poor at predicting both sites 

to target and diversity to incorporate. Of the six sites that benefit from our two-generation 

approach, consensus design would have likely identified all but one (W211); however, 

the consensus design recommendations for mutation at these five sites were poorly 

reflective of empirical improvement, as the optimal mutations of T30I, S31C, L32V, 

L204, L204M, K215E, and K215R were found in homologous enzymes at rates of 1.1, 

1.4, 5.2, 3.8, 0.0, 5.4, and 1.2%, respectively. Further, consensus design also suggested 

inclusion of half of the remaining 28 amino acids that eventually yielded no benefit. The 

case for using chemical homology to constrain active site library diversity was stronger 

than these other metrics, though still imperfect. Homologous mutations were 

approximately three times as likely to be beneficial compared to non-homologous 

mutations, but fully neglecting non-homologous mutations is bound to exclude several 

unexpected beneficial mutations. For example, in the first-generation TEVp library 

(Figure 2-9) at site T30, the chemically homologous serine had a log2 enrichment score of 
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0, but the chemically non-homologous isoleucine and valine had enrichment scores of 2.7 

and 1.7, respectively. Thus, implementation of constrained diversity around the TEVp 

active site based on any of these poorly-predictive metrics would have invariably led to 

missing several beneficial, but unexpected, mutations, and our saturation mutagenesis 

approach with relatively thorough sampling was rather essential in finding these. 

It should be stressed that a mutational analysis in the active site region around one 

protease does not necessarily generalize to distal mutations in the same protease or active 

site mutations for a different protease. It is quite possible that relative solvent 

accessibility would be more predictive for distal non-active site mutations, or that active 

site mutational analysis for another protease would yield different findings. Future work 

evaluating distal mutations in TEVp or active site mutations in another enzyme (e.g., 

sortase A or other cysteine proteases like tobacco vein mottling protease6 or human 

rhinovirus 3C protease6,181) using a similar saturation mutagenesis approach should be 

applied to evaluate the predictive power of these metrics in different proteases and 

various protease domains. There is evidence that efforts to engineer protease activity by 

mutating the active site region likely result in as many failures as successes, so a 

combined approach targeting the active site and distal mutations may be of benefit113.  

In this dissertation, we developed a yeast surface substrate/protease co-display 

construct for efficient analysis of protease activity. During our development, the concept 

was validated by Cochran and team27 for clonal analysis but not high-throughput 

combinatorial evaluation. In that prior study, protease cleavage of tethered substrate was 

followed by 3-azido-1-propanamine conjugation to the tethered cut substrate and a click 

reaction between the incorporated 3-azido-1-propanamine and biotin-
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dibenzocyclooctyne. The amount of cell surface-bound biotin, labeled with PE-avidin 

conjugate, was thus reflective of enzymatic cutting, so in this case an increased catalytic 

activity resulted in increased fluorescence. We skipped the 3-azido-1-propanamine 

conjugation step and everything thereafter, and instead looked for signal reduction after a 

substrate-adjacent epitope tag was removed from the display construct. This display 

system has the notable advantage of experimental simplicity compared to the procedure 

put forward by Cochran and team. While we successfully demonstrated this construct’s 

ability to differentiate wild-type TEVp activity and negative controls with no activity, 

this general approach has a potential disadvantage: a theoretical difficulty in 

differentiating between two extremely active enzymes. Yet, the success of our efforts in 

screening libraries and enriching beneficial mutations over several rounds of sorting 

illustrates that this theoretical concern may not be a practical one. Additionally, there are 

opportunities to improve this display system by making changes to enable modulation of 

screening stringency. An ideal protocol would allow for significant surface display of 

construct without substrate cutting, followed by a brief and tunable amount of time when 

protease can cut tethered substrate before analysis immediately thereafter. Using a 

soluble inhibitor in the induction medium could help achieve this. In this format, as 

constructs are synthesized and displayed, their protease is inhibited; inhibitor would be 

washed out when display is satisfactory, allowing the experimenter to modulate the 

cutting time in accordance with desired screening stringency.  A highly stringent screen 

would wash out inhibitor for a brief period of time, followed by reintroduction of 

inhibitor to stop further cutting. This could theoretically be useful in differentiating 

mutants with very high catalytic activity.  
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While some display constructs have been tested with multiple enzymes to 

demonstrate generalizability26, Cochran and team examined their construct’s ability to 

differentiate activity for one enzyme: sortase A. We tested our modified construct on two 

enzymes, sortase A and TEVp, demonstrating activity differentiation in both cases and 

providing preliminary evidence that our system is generalizable. Cochran and team had 

also not published validation of their display construct’s ability to screen combinatorial 

libraries. From that perspective, our work represents a significant advancement in the 

application of this type of construct to effectively screen combinatorial libraries for 

improved catalytic activity. This is especially important because heretofore most enzyme 

engineering display platforms for library screening have been designed for either bond-

forming enzymes28 or proteases localized to an intracellular compartment such as the 

endoplasmic reticulum26. To our knowledge, this is the first yeast cell surface display 

construct that has been validated for both differentiation of proteolytic activity and 

effective screening of combinatorial protease libraries.  

We also explored a possible application of improved protease activity in ligand-

enzyme fusion proteins to extend the concept of synthetic reporters to noninvasively 

detect disease based on aberrant receptor expression. Our in vivo mathematical modeling 

suggest that fusions composed of current ligands and enzymes can feasibly and robustly 

generate synthetic reporters from the surface of diseased cells to enable this noninvasive 

quantification and detection, specifically estimating urinary reporter signal three to four 

orders of magnitude above the limit of detection. The ligand-enzyme fusions, however, 

failed to consistently achieve this result in the in vitro cellular assay. It is possible this 

was a result of insufficient catalytic activity, which motivates the use of one of our 
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improved TEVp mutants, or a to-be-discovered TEVp mutant from future directed 

evolution efforts with further improvements in catalytic efficiency. It is also possible that 

the fusion linker length was insufficient, leading to inadequate projection away from the 

cell surface of the enzymatic component of receptor-bound fusions, resulting in poor 

engagement of soluble substrate. If this was the culprit, increased enzymatic activity, as 

documented by our mathematical model, would still present significant benefit in 

improving reporter generation in the in vivo and in vitro models. This application of 

improved protease activity represents an exciting way, among many others, to benefit 

from our directed evolution efforts by enabling the extension of a promising diagnostic 

technology. Despite the roadblock encountered in completing this synthetic reporter 

extension, our enhanced understanding of the system attributes has identified concrete 

areas to focus on to remedy the issue, and the methodology and discoveries in our 

protease engineering efforts make improving the synthetic reporter system more possible. 

In summary, the work presented in this dissertation represent a significant 

advancement of a yeast cell surface display platform that enables cellular differentiation 

based on encoded protease activity and can be exploited for the screening of 

combinatorial libraries. This platform was successfully leveraged to improve the catalytic 

efficiency of a host of TEVp multi-mutants, up to 2.9-fold and generally via decreases in 

the Michaelis-Menten constant. A wealth of information was also obtained regarding 

optimal library design in the region around the active site of proteases, specifically 

TEVp. While chemical homology, and FoldX-predicted stability changes to a lesser 

extent, may have a role in constraining diversity, non-saturation mutagenesis approaches 

run the risk of missing several beneficial, but unexpected, mutations. Our sequence-
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function mapping of TEVp will also be of benefit to future engineering endeavors. The 

broader biotechnological community will benefit from improved activity TEVp variants, 

and we also explored an application of these variants with regards to diagnosing receptor 

overexpression using synthetic urinary reporters. We demonstrated in vivo feasibility of 

this system using our novel ligand-enzyme fusions in a mathematical model, and 

estimated the benefit of improved enzymatic activity in this system. This exciting 

connection between engineering protease activity and improving the performance of a 

novel and noninvasive molecular diagnostic technology should be furthered in the future 

to achieve the diagnostic aims of this extension of the synthetic reporter approach. 
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Supplemental Tables___________________________________________ 

Name 
Sequence 

gBlock 1 GCTAGCTATCCTTACGATGTACCGGACTATGCTCTGCAGACCGAGAATTTATATTTCCAATC

AGGCACAAGAAGATGGCCATGGGGAAAACCAATACCCAATCCTTTACTGGGGCTTGATTCT

ACGCCCGGGGGTGGAGGCGGAAGCGGTGGCGGTGGAAGCGCAAGCGCCAGTCCCGCAGCA

CCAGCACCGGCTTCACCGGCTGCACCTGCCCCGTCAGCGGGAGGTGGAGGTTCCGGCGGAG

GTGGATCACATATGCAGGAACTTACAACTATCTGCGAACAAATACCCTCCCCAACGCTGGA

ATCTACACCTTACTCCCTTAGCACGACTACAATTTTAGCAAACGGAAAGGCAATGCAAGGC

GTGTTCGAGTATTATAAGTCCGTTACGTTTGTGTCAAATTGTGGCAGTCATCCGTCAACTACT

AGCAAAGGCAGTCCTATCAACACTCAGTATGTATTCGTCGACGGCGGAGGAGGGAGTGGTG

GAGGGGGCAGTGCTTCTGCAAGCCCAGCAGCACCTGCCCCAGCGTCCCCTGCCGCGCCCGC

ACCCTCTGCTGGTGGTGGAGGCAGTGGCGGTGGAGGATCTGGATCCGGTGAATCCCTTTTTA

AGGGACCACGTGATTATAATCCTATTTCGAGTACCATCTGTCATCTTACAAACGAGAGCGAC

GGTCACACAACCAGTCTTTATGGCATCGGATTTGGTCCCTTCATAATAACAAACAAGCATTT

ATTTCGCCGGAACAACGGAACTCTTTTGGTGCAATCACTTCACGGGGTGTTTAAGGTCAAAA

ATACTACCACACTGCAACAGCACCTTATTGATGAAAGAGATATGATCATAATCAGAATGCC

TAAGGACTTTCCTCCATTTCCGCAAAAGCTGAAATTCAGAGAACCCCAGCGCGAGGAGCGC

ATTTGCTTGGTAACAACTAATTTTCAGACTAAGAGTATGAGCAGCATGGTATCGGATACATC

TTGCACCTTCCCTTCATCTGATGGGATTTTTTGGAAACACTGGATTCAGACAAAAGATGGTC

AATGCGGGTCACCTTTAGTCTCAACGCGCGATGGTTTTATTGTCGGAATACACTCGGCCAGC

AATTTTGCCAACACTAACAACTACTTCACTTCCGTGCCTAAAAATTTTATGGAGCTGCTTACT

AATCAAGAGGCGCAACAGTGGGTCTCTGGGTGGAGACTGAACGCCGACTCAGTATTATGGG

GCGGTCACAAGGTCTTTATGGTGAAACCTGAGGAGCCCTTTCAGCCTGTGAAAGAGGCGAC

ACAGCTTATGAACGAGTTAGTCTACTCCCAGCCGCGGGAGCAAAAGCTGATCTCAGAAGAG

GATCTGTAATAGCTCGAG 

gBlock 2 AGTCAGCAAGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGTGGCAGGCTATATTGAAA

TTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACACGCGAACAATTAAA

TAGAGGTGTAAGCTTTGCAAAAGAAAATCAATCACTAGATGATCAAAATATTTCAATTGCA

GGACACACTTTCATTGGTCGTCCGAACTATCAATTTACAAATCTTAAAGCAGCCAAAAAAG

GTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACGTAAGTATAAAATGACAAGTATAAG

AAACGTTAAGCCAACAGCTGTAGAAGTTCTAGATGAACAAAAAGGTAAAGATAAACAATTA

ACATTAATTACTTGTGATGATTTGAATAGAGAGACAGGCGTTTGGGAAACACGTAAAATCTT

TGTAGCTACAGAAGTCAAATCAGTC 

Primer 1 GCTGTTTTTCAATATTTTCTGTTATTGCTTCAGTTTTAGCAGCTAGCTATCCTTACGATG 

Primer 2 CAAAGTCGATTTTGTTACATCTACACTGTTGTTATCAGATCTCGAGCTATTACAGATCC 

Primer 3 CAGACAAAAGATGGTCAAGCGGGGTCACCTTTAGTCTCAACG 

Primer 4 GTTGAGACTAAAGGTGACCCCGCTTGACCATCTTTTGTC 

Primer 5a TGACCTGCAGACGCTATCTCAGGAGTTTTACAACGGCACGAGGCGTTGGCCATGGTGACT 

Primer 5b AGTCACCATGGCCAACGCCTCGTGCCGTTGTAAAACTCCTGAGATAGCGTCTGCAGGTCA 

Primer 6 AGTCATCCGTCAACTACTAGCAAAGGCAGTCCTATCAACACTCAGTATGTATTCGTC 

Primer 7 TATTATGAAGGGACCAAATCCGATGCCATAMNNMNNMNNTGTGTGACCGTCGCTCTC 

Primer 8 GACTAAAGGTGACCCGCAMNNMNNMNNMNNMNNCTGAATCCAGTGTTTCCA 

Primer 9 GGCCGAGTGTATTCCGAC 

Primer 10 CACCATAAAGACCTTGTGMNNGCCMNNTAAMNNTGAGTCGGCGTTCAGTCTCCAC 

Primer 11 ACCGCCCCATAATACTGAG 

Primer 12 CCCGCATTGACCATCTTTTGTCTGAATCCAGTGMNNCCAMNNAATCCCATCAGATGAAGG 

Primer 13 CTCCATAAAATTTTTAGGCACGGAAGTGAAMNNMNNMNNMNNGTTGGCAAAATTGCTGGC 

Primer 14 AAAACCATCGCGCGTTGAGACTAAAGGTGACCCGCATTGACCATCTTT 

Primer 15 CAGAGACCCACTGTTGCGCCTCTTGATTAGTAAGCAGCTCCATAAAATTTTTAGGCACGG 

Primer 16 ACACTGTTGTTATCAGATCTCGAGCTATTACAGATCCTCTTCTGAGATCAGCTTTTGCTC 

Primer 17 GCATCGGATTTGGTCCCTTCATAATAACANNKAAGCATTTATTTCGCCGGAACAAC 

Primer 18 TCAACGCGCGATGGTTTTATTGTCGGAATANNKNNKNNKAGCAATTTTGCCAACACTAAC 

Primer 19 TGCGGGTCACCTTTAGTC 

Primer 20 GTCGGAATACACTCGGCCNNKNNKNNKNNKNNKACTAACAACTACTTCACTTCCGTGCCT 

Primer 21 GCGCAACAGTGGGTCTCTGGGTGGAGANNKAACGCCGACTCAGTATTATGG 

Primer 22 CACAAGGTCTTTATGGTGNNKNNKGAGGAGCCCTTTCAGCCTGTG 

Primer 23 CTCAGTATTATGGGGCGGTNNKNNKNNKNNKNNKGTGAAACCTGAGGAGCCCTTTCAGC 

Primer 24 TTTCCCTACACGACGCTCTTCCGATCTTCTTACAAACGAGAGCGACGGTCACACA 

Primer 25 GTTCAGACGTGTGCTCTTCCGATCTTTGCGCCTCTTGATTAGTAAGCAGCTCCAT 

Primer 26 TTTCCCTACACGACGCTCTTCCGATCTGCACCTTCCCTTCATCTGATGG 
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Primer 27 TTTCCCTACACGACGCTCTTCCGATCTCTCGGCCAGCAATTTTGCCAAC 

Primer 28 GTTCAGACGTGTGCTCTTCCGATCTTTTCACAGGCTGAAAGGGCTCCTC 

Primer 29 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT 

Primer 30 CAAGCAGAAGACGGCATACGAGATATCGTGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 31 CAAGCAGAAGACGGCATACGAGATTGAGTGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 32 CAAGCAGAAGACGGCATACGAGATCGCCTGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 33 CAAGCAGAAGACGGCATACGAGATGCCATGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 34 CAAGCAGAAGACGGCATACGAGATAAAATGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 35 CAAGCAGAAGACGGCATACGAGATTGTTGGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 36 CAAGCAGAAGACGGCATACGAGATATTCCGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 37 CAAGCAGAAGACGGCATACGAGATAGCTAGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 38 CAAGCAGAAGACGGCATACGAGATGTATAGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 39 CAAGCAGAAGACGGCATACGAGATTCTGAGGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 40 CAAGCAGAAGACGGCATACGAGATGTCGTCGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 41 CAAGCAGAAGACGGCATACGAGATCGATTAGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 42 CAAGCAGAAGACGGCATACGAGATGCTGTAGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 43 CAAGCAGAAGACGGCATACGAGATATTATAGTGACTGGAGTTCAGACGTGTGCTCTTCC 

Primer 44 GAAGGGACCAAATCCGATGCCATACGYAVTARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 45 GAAGGGACCAAATCCGATGCCATACABAVTARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 46 GAAGGGACCAAATCCGATGCCATACGYAVTACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 47 GAAGGGACCAAATCCGATGCCATACGYACAARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 48 GAAGGGACCAAATCCGATGCCATACGYACAACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 49 GAAGGGACCAAATCCGATGCCATACABAVTACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 50 GAAGGGACCAAATCCGATGCCATACABACAARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 51 GAAGGGACCAAATCCGATGCCATACABACAACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 52 GAAGGGACCAAATCCGATGCCATAACAAVTARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 53 GAAGGGACCAAATCCGATGCCATAACAAVTACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 54 GAAGGGACCAAATCCGATGCCATAACAACAARYTGTGTGACCGTCGCTCTCGTTTGT 

Primer 55 GAAGGGACCAAATCCGATGCCATAACAACAACATGTGTGACCGTCGCTCTCGTTTGT 

Primer 56 TATGGCATCGGATTTGGTCCCTTC 

Primer 57 TAATACTGAGTCGGCGTTYATTCTCCACCCAGAGACCCACTGTTGCGCCTCTTGATTAGT 

Primer 58 TAATACTGAGTCGGCGTTAAVTCTCCACCCAGAGACCCACTGTTGCGCCTCTTGATTAGT 

Primer 59 TAATACTGAGTCGGCGTTACATCTCCACCCAGAGACCCACTGTTGCGCCTCTTGATTAGT 

Primer 60 AACGCCGACTCAGTATTATGGGGCGGTMAMRRGSWGTTTATGGTGRAGCCTGAGGAGCCC 

Primer 61 AACGCCGACTCAGTATTATGGGGCGGTMAMRRGSWGTTTCCGGTGRAGCCTGAGGAGCCC 

Primer 62 AACGCCGACTCAGTATTATGGGGCGGTMAMRRGSWGTTTGGGGTGRAGCCTGAGGAGCCC 

Primer 63 AACGCCGACTCAGTATTATGGGGCGGTTGGRRGSWGTTTATGGTGRAGCCTGAGGAGCCC 

Primer 64 AACGCCGACTCAGTATTATGGGGCGGTTGGRRGSWGTTTCCGGTGRAGCCTGAGGAGCCC 

Primer 65 AACGCCGACTCAGTATTATGGGGCGGTTGGRRGSWGTTTGGGGTGRAGCCTGAGGAGCCC 

Primer 66 AACGCCGACTCAGTATTAATRGGCGGTMAMRRGSWGTTTATGGTGRAGCCTGAGGAGCCC 

Primer 67 AACGCCGACTCAGTATTAATRGGCGGTMAMRRGSWGTTTCCGGTGRAGCCTGAGGAGCCC 

Primer 68 AACGCCGACTCAGTATTAATRGGCGGTMAMRRGSWGTTTGGGGTGRAGCCTGAGGAGCCC 

Primer 69 AACGCCGACTCAGTATTAATRGGCGGTTGGRRGSWGTTTATGGTGRAGCCTGAGGAGCCC 

Primer 70 AACGCCGACTCAGTATTAATRGGCGGTTGGRRGSWGTTTCCGGTGRAGCCTGAGGAGCCC 

Primer 71 AACGCCGACTCAGTATTAATRGGCGGTTGGRRGSWGTTTGGGGTGRAGCCTGAGGAGCCC 

Primer 72 AGGAGATATACATATGGCTAGCGGTGAATCCCTTTTTAAGGGACCACG 

Primer 73 GATGATGGTGATGGTGGGATCCCTGGGAGTAGACTAACTCGTTCATAAGC 

Primer 74a AGTCAGCTGCAGCTACCCGAAACGGGAGGTCCATGGTCAGTC 

Primer 74b GACTGACCATGGACCTCCCGTTTCGGGTAGCTGCAGCTGACT 

Primer 75a AGTCAGCTGCAGACCGAGGGGTTGGGGCCACCATGGTCAGTC 

Primer 75b GACTGACCATGGTGGCCCCAACCCCTCGGTCTGCAGCTGACT 

Primer 76 AGTCAGGGATCCCAAGCTAAACCTCAAATTCC   

Primer 77 AGTCAGCCGCGGTTTGACTTCTGTAGCTACAAAG 

Supplemental Table 2-1. List of gBlocks and oligonucleotide primers used. 
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Name Sequence 

1 AGCTAGGCTAGCGTTTCCGATGTTCCGAGGGACCTGGAG 

2 CTAGCTGGATCCCTGGGGTGGTTTGTCAATTTCTGTTCG 

3 AGCTAGGCTAGCGTTTCTGATGTTCCGAGGGACCTGGAAG 

4 CTAGCTGGATCCCTGGGATGGTTTGTCAATTTCTGTTCG 

5 AGCTAGGCTAGCGTTTCTGATGTTCCGAGGGACCTGGAAG 

6 CTAGCTGGATCCCTGGGATGGTTTGTCAATTTCTGTTCG 

7 AGCTAGGCTAGCGTGAGCGACGTTCCAAGAGATCTGGAAGTCGTG 

8 CTAGCTGGATCCGGTACGATAATTAATGCTGATCGGACGGCTGGAC 

9 AGCTAGGCTAGCGCACAGGCCAACTACGCCAAAGAAATGTG 

10 CTAGCTGGATCCGTTGGGTGCTTGTGCGTCGTTCAATTTCTG 

11 AGCTAGGCTAGCAAATTTTGGGCGACTGTATCGCGGGGCGACTC 

12 CTAGCTGGATCCCGGACGCACGCGGGTCACGTAATAAATATGATAC 

13 AGCTAGGCTAGCGGTGAATCCCTTTTTAAGGGACCAC 

14 CTAGCTGGATCCCTGGGAGTAGACTAACTCGTTCATAAGCTG 

15 AGCTAGGCTAGCCAAGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGTG 

16 CTAGCTGGATCCTTTGACTTCTGTAGCTACAAAGATTTTACGTG 

17 AGCTAGGGTACCGGTGAATCCCTTTTTAAGGGACCAC 

18 CTAGCTGAGCTCCTGGGAGTAGACTAACTCGTTCATAAGCTG 

19 AGCTAGGGTACCCAAGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGTG 

20 CTAGCTGAGCTCTTTGACTTCTGTAGCTACAAAGATTTTACGTG 

21 AGCTAGGGTACCGTTTCCGATGTTCCGAGGGACCTGGAG 

22 CTAGCTGAGCTCCTGGGGTGGTTTGTCAATTTCTGTTCG 

23 AGCTAGGGTACCGTTTCTGATGTTCCGAGGGACCTGGAAG 

24 CTAGCTGAGCTCCTGGGATGGTTTGTCAATTTCTGTTCG 

25 AGCTAGGGTACCGTGAGCGACGTTCCAAGAGATCTGGAAGTCGTG 

26 CTAGCTGAGCTCGGTACGATAATTAATGCTGATCGGACGGCTGGAC 

27 AGCTAGGGTACCAAATTTTGGGCGACTGTATCGCGGGGCGACTC 

28 CTAGCTGAGCTCCGGACGCACGCGGGTCACGTAATAAATATGATAC 

Supplemental Table 3-1. List of oligonucleotide primers used for PCR amplification. 
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Supplemental Figures__________________________________________ 

 

Supplemental Figure 3-1. Mathematical model for the extension of the in vivo synthetic reporter 
approach to detecting aberrant receptor expression. Relevant variables are V (volume), d (diameter), N 

(number), n (mole), M (molarity), and [R] (synthetic reporter concentration).  

 


