
ABSTRACT 

CRUZ-TERAN, CARLOS ALBERTO. Engineering the Sso7d Scaffold for Biosensing 

Applications. (Under the direction of Balaji M. Rao). 

 

Current biosensor limitations include low thermal stability, complex protein 

immobilization protocols, and high cost. In this thesis, we show how the hyperthermophilic 

protein scaffold Sso7d can be modified by protein engineering to address some of these 

limitations.   

While non-specific adsorption is widely used for immobilizing proteins on surfaces, 

proteins may become immobilized with occluded active sites due to the random nature of this 

process. We hypothesized that the orientation a protein assumes on a given surface can be 

controlled by systematically introducing mutations into a region distant from its active site, 

thereby retaining activity of the immobilized protein. We generated a combinatorial protein 

library by randomizing six residues in a binding protein derived from the Sso7d scaffold; 

mutations were targeted in a region far from the binding site. This library was screened to 

isolate binders that retain binding to its cognate target as well as exhibit adsorption on silica. 

A single mutant – Sso7d-2B5 – was characterized. We demonstrated that silica beads coated 

with Sso7d-2B5 could achieve up to seven-fold higher capture of target than beads coated 

with the parent protein. Thus, we provide a generalizable approach for introducing mutations 

in proteins to improve their activity upon immobilization. 

Magnetization of yeast cells is important for the generation of biocatalysts, 

biosorbents, and yeast recovery. For this process to work yeast cells must be able to become 

magnetized in complex mixtures. We hypothesized that we could isolate proteins to anchor 

yeast on iron(II,III) oxide, thus rendering the cells magnetic.  A yeast surface display library 

of Sso7d mutants was panned against iron oxide under stringent conditions. After six rounds 



of selection, a single Sso7d mutant (SsoFe2) was characterized. Yeast cells expressing 

SsoFe2 could be magnetized in complex mixtures where magnetization of yeast cells not 

expressing SsoFe2 was poor. Adding titanium(IV) or silicon dioxides did not decrease 

SsoFe2-yeast magnetization, suggesting that SsoFe2 is specific to iron oxide. Overall, we 

demonstrate the usefulness of yeast surface display for isolating proteins with strong binding 

for a material’s surface. 

Mix-and-read assays are useful for detecting analytes in complex biological fluids 

without the need for washes. An ideal assay should produce a fast response and have a high 

signal to noise ratio. We previously designed a mix-and-read assay for lysozyme detection 

based on tripartite GFP (green fluorescent protein) reconstitution. However, 4 hours were 

required for reliable lysozyme detection. We sought to increase the response time of this 

system by replacing split-GFP with fragments of split-NanoLuc luciferase. Indeed, lysozyme 

could be detected immediately after adding luciferase substrate, without loss of sensitivity. 

These results demonstrate that the subunits of bivalent Sso7d binders isolated from 

combinatorial pairwise assembled libraries can be adapted to different split-protein 

complementation systems.  

Simultaneous surface display and secretion of proteins would increase the speed at 

which mutants isolated from combinatorial libraries can be characterized. To this end, we 

developed a system in Saccharomyces cerevisiae for simultaneous surface display and 

secretion of proteins based on ribosomal skipping. A “self-cleaving peptide” with 50% 

skipping efficiency (F2A) was placed in between the protein to be displayed and the anchor 

protein Aga2, downstream of a secretion leader. Consequently, half of the translation product 

corresponds to protein-Aga2 fusions, which get displayed on the yeast surface, while the 



other half are proteins with a secretion tag. Secretion and display of two Sso7d mutants and 

glucose oxidase from Aspergillus Niger is demonstrated. We also show secretion and display 

of glucose oxidase and Sso7d in C-terminal configuration, where Aga2 is placed downstream 

of a secretion signal followed by F2A and the protein of interest. Thus, we present a versatile 

secretion and display system in Saccharomyces cerevisiae. 
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CHAPTER 1 

Addressing biosensor limitations by engineering of the Sso7d scaffold  
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1.1 Introduction 

Being able to detect molecules is imperative for diagnosing diseases, detecting 

pathogens, or monitoring our environment. Such endeavors can be accomplished with sensors, 

which are devices capable of detecting molecules or physical stimulus (temperature, pH, ionic 

strength, etc.) and producing a measurable signal. Sensors are composed of two key elements, 

a sensing probe and a signal transducer. The sensing component is responsible for detecting an 

analyte or stimuli, while the signal transducer converts the “sensing” event into a measurable 

output. The output of the transducer could be: colorimetric, electrical, mechanical, photonic, 

among others1,2. In a biosensor, at least one of the components is a biological entity, such as 

an enzyme, immunoglobulin, nucleic acid, or cell. This definition of a biosensor was first 

introduced in 1985 by Lowes3; since then, biosensor research has increased steadily4, with a 

particular increase in funding after 20015. A key advantage of biosensors over chemical or 

physical sensors is the plethora of biological molecules and systems that could be used as 

sensing elements or transducers. Enzymes can detect small molecules such as glucose, oxygen, 

urea; while proteins can detect other proteins, toxins, nucleic acids, and viruses. There are two 

types of biosensors, metabolism and affinity biosensors5. Metabolism biosensors transform the 

analyte into a signal through a chemical reaction that can be detected by the transducer, such 

as a glucose sensor. On the other hand, in affinity sensors, an analyte complexes (reversibly or 

irreversibly) with the sensing probe, and this event is then detected and amplified by the 

transducer, such as in the detection of proteins by surface plasmon resonance.  

Affinity biosensors are important for pathogen and biohazard detection in point-of-care 

diagnostics, environmental monitoring, and bioterrorism prevention5,6. Furthermore, they are 

also useful for drug discovery, since they facilitate the study of protein-protein interactions. 

For example, biosensors have been critical for discovery of drugs that target G protein-coupled 

receptors4,7, a ubiquitous family of proteins that control many cellular processes. A rapidly 

growing field in which biosensors are being used is point-of-care diagnostics8. This named is 

used to describe devices that allow detection of biomarkers for diseases at the point of 

treatment. This is particularly important for cancer treatment, since early cancer detection is 

crucial for improved prognosis. For this reason,  there is intensive research in developing point-
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of-care biosensors capable of recognizing cancer biomarkers9 and circulating cancer cells10. 

Advances in nanotechnology have revolutionized biosensing5,9–11, increasing the feasibility of 

using biosensor in-vivo, lab-on-a-chip applications, and in microfluidic devices, to name a few. 

The large surface area to volume ratio makes it possible to immobilize more sensing probes 

per gram of material, increasing sensitivity and signal amplification8.  Furthermore, some 

nanomaterials, such as silica nanoparticles12, are attractive for in-vivo biosensing applications 

since they are biocompatible13.  

 Despite their promising characteristics and success in the lab space, not many 

biosensors have achieved commercial success9; the qualities that need to be improved are 

sensitivity, specificity, stability, and reproducibility2,6. A biosensor must produce reproducible 

results from batch to batch. Therefore, the sensing probe must be stable in the sensing medium, 

it must specific to its target analyte, and it must retain functionality upon immobilization on a 

transducer. The orientation and stability of the protein on the transducer’s surface can dictate 

its functionality, stability, and reproducibility; thus many resources and effort have been 

devoted to developing protein immobilization techniques4,6,14. Whether the biosensor is in the 

macroscale or nanoscale, the sensing element of a biosensor is critical for detecting the analyte. 

In affinity sensors, high affinity and specificity of the sensing probe towards the target are 

desired. Tighter binder, or higher affinity, would increase the sensitivity of the biosensor, 

making it possible to detect analytes at lower concentrations1. Currently, antibodies are used 

in many affinity sensors and immune assays due to their high affinity and specificity. However, 

antibodies do not come without limitations; these limitations include cross-reactivity with other 

immunoglobulins, lack of chemical and thermal stability, and high cost of production5. 

Consequently, there is an urge to replace antibodies with other proteins that are more 

chemically and thermally stable, can be produced inexpensively in mass quantities, can be 

easily immobilized on a transducer in a reproducible manner, and have high affinity and 

specify for their targets.  

In recent years, antibody mimetics have appeared as alternative immunosensing 

molecules that address the shortcomings of antibodies. Antibody mimetics are protein 

scaffolds that have been engineered to bind to different ligands. The most widely used antibody 
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mimetics are affibodies, which are proteins derived from the B-domain of protein A from 

Streptococcus aureus15. Antibody mimetics are generated by screening combinatorial libraries 

of the scaffold by in vitro display techniques such as yeast surface display, mRNA display, and 

phage display. The central dogma of display technologies is creating a link between a protein’s 

genotype and phenotype. This link is necessary to sequence the novel proteins after screening. 

Consequently, innumerous antibody mimetics against different targets have been isolated over 

the years16.  Protein scaffolds and their mutants can also be selected for increased thermal 

stability, solubility, resistance to proteases, and size16, thus addressing the shortcomings of 

antibodies. Another common feature of antibody mimetics is that most antibody mimetics can 

be produced recombinantly in E. coli, which would reduce the cost of biosensor manufacturing, 

a critical step towards their commercialization6. A detailed review of different antibody 

mimetics is given by Yu16. Well stablished methods to generate genetic material for a 

combinatorial library exist, including the fabrication of synthetic oligonucleotides with 

degenerate codons, error prone mutagenesis, and DNA shuffling, facilitating the generation 

and affinity maturation of antibody mimetic libraries. A concise review on methods used to 

diversify genes is given by Packer and Liu17. Consequently, antibody mimetics are essential 

tools for the development and improvement of biosensors.  

In the next section a more in detailed description of yeast surface display and the 

antibody mimetic Sso7d are provided. Yeast surface display has been fundamental for 

engineering Sso7d, a hyperthermophilic protein scaffold, for biosensing applications. We have 

put special emphasis in improving the adsorption properties of Sso7d, mainly achieving 

oriented immobilization of an Sso7d mutant on a material’s surface.  

1.1.2 Yeast surface display for directed evolution of biosensing probes 

Yeast surface display is a high throughput screening platform used to isolate unique 

proteins from combinatorial protein libraries. This technique could be used to isolate new 

proteins for biosensor development, including novel or improved binding probes or repurposed 

enzymes. The yeast surface display system based on a-agglutinin was first proposed by Border 

and Wittrup18 in 1997, and since then it has enabled the discovery of innumerous new proteins. 

The premise of yeast surface display is that multiple copies, between 104 to 105 copies, of a 
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single mutant protein get covalently anchored to cell wall of Saccharomyces cerevisiae, 

building a link between protein phenotype and genotype. Proteins are expressed as fusions to 

the N- or C- terminus of the yeast mating protein subunit Aga2. Once Aga2 enters the 

endoplasmic reticulum, it dimerizes though disulfide bridges with the protein subunit Aga1 to 

form a mature a-agglutinin mating factor. The final product is exported to the yeast surface, 

where Aga1 gets crosslinked to the yeast cell wall through β-glucan covalent bonds. In the 

yeast strain EBY100, expression of Aga1 and Aga2 is most often controlled by a galactose 

inducible promoter18; therefore, yeast cells can grow in the absence of galactose before being 

induced. This makes it possible to maintain phenotypes that may be toxic to the cells, since 

expression and yeast growth occur independently19. Proteins are often expressed with peptide 

tags, such as c-myc or HA tags, to quantify their expression levels on the surface. Yeast surface 

display is also useful for expressing proteins that require post-translational modifications, such 

as glycosylation or disulfide bridge formation, something that cannot be accomplished by 

phage display or bacterial display20. Yeast surface display can be applied to other yeast strains 

that are more suited for industrial applications, such as Pichia pastoris21.  

Yeast surface display is a well stablished technology for isolating novel or improved 

proteins and enzymes for biosensing applications. Clones with desired properties can be 

selected by directed evolution though different methods. Typically, libraries are screened by 

magnetic activated cell sorting (MACS) or fluorescence activated cell sorting (FACS). The 

specific method used to apply selective pressure on a yeast population depends on the protein 

or enzyme property that is being engineered. We next describe the steps typically used to screen 

a library for new or improved binding probes. During MACS, yeast cells expressing a library 

of proteins are incubated with magnetic beads that have been functionalized with a target 

analyte. The beads are then recovered with a magnet, and all the cells that bound to the beads 

are expanded in selective growth media. MACS is useful for processing 108 or more cells 

simultaneously, which is something that is not feasible by FACS22. During MACS, non-binders 

or non-expressing mutants get discarded, resulting in an enrichment factor of functional 

mutants of at least a hundred19. It is not possible to discriminate mutants by their binding 

affinity during MACS; even low affinity binders are recovered due to the strong avidity effect 
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between the cells and the beads. However, FACS makes it possible to discriminate and isolate 

cells expressing mutant proteins based on their binding affinity. Generally, a population of 

yeast cells are fluorescently labeled with antibody-fluorophore and target-fluorophore 

conjugates to quantify expression and binding, respectively. The fluorescence of individual 

cells is then quantified by flow cytometry. For the same levels of expression, cells displaying 

mutants with higher affinity show more binding fluorescence than cells displaying lower 

affinity mutants. Individual cells can be sorted, and after a few rounds of FACS, a population 

rich in high affinity binders can be obtained.  Detailed screening protocol for isolation of novel 

binding proteins are given by Gera23 and Angelini24, to list a few.  

Yeast surface display is not only useful for isolating proteins with high affinity for a 

target, it can also be used to engineer other protein properties such as thermal stability and 

secretion. For example, yeast surface display has been used to increase the thermal stability of 

proteins through different directed evolution approaches, as described elswhere21,22.  It has also 

been used to enhance secretion of heterologous proteins in Saccharomyces cerevisiae25,26, 

which would be useful for reducing production costs. Yeast surface display can also be used 

for enzyme engineering20,22. Properties that can be engineered include: substrate specificity, 

catalytic activity, and stability, as described in the comprehensive review by Mei20. Despite of 

its usefulness, one limitation of yeast surface display is that isolated proteins must be cloned 

into another expression system for recombinant production and characterization. This step may 

slow down the characterization process. Therefore, there is interest in developing systems were 

surface display and secretion are combined into a single system. This would make it possible 

to screen for new proteins on the surface of yeast, as well as purifying them for characterization 

from the supernatant. A system that combine secretion and display in Saccharomyces 

cerevisiae are described in Deventer27 and  in chapter 5 of this thesis. Overall, yeast surface 

display is a versatile technique that can help address concerns of biosensing probes such a low 

affinity, specificity, thermal stability, or enzymatic activity. Well stablished methods exist to 

generate and screen combinatorial protein libraries to address these limitations, as described in 

this section. 



 

7 

1.1.3 The Sso7d protein scaffold and its applications for biosensor development 

The hyperthermophilic protein Sso7d from Sulfolobus Solfataricus is an attractive 

protein for the development of affinity ligand and biosensors due to its small size (7.4 kDa), 

high thermal stability, and lack of cysteine residues28. These are all desired properties for a 

biosensing probe, since ideal biosensors should be stable, being able to expressed or function 

under reducing environments, and smaller scaffolds are more useful for in-vivo applications29. 

Consequently, combinatorial libraries of Sso7d mutants have been generated and screened by 

standard display technologies including  yeast surface display30, mRNA display31, and phage 

display32. Gera30 was the first one to demonstrate the versatility of Sso7d by generating binders 

against different IgG molecules, lysozyme, fluorescein, streptavidin, and a beta-catenin peptide 

by yeast surface display. Since then, Sso7d has been used to design pH sensitive human IgG 

binders33, and binders against the RCNMV virus34 by yeast surface display. From phage 

display libraries, Sso7d binders have been isolated against bovine serum albumin, green 

fluorescent protein and neutravidin32, and Mycobacterium tuberculosis ornithine 

transcarbamylase35.  In general, the isolated mutants retained the high thermal and chemical 

stability of wild type Sso7d30,32, and they were amiable for affinity maturation33,36, an important 

technique for increasing the affinity of a protein for its target37. The interest in using Sso7d as 

a biosensor and a therapeutic agent has lead researchers to re-engineered Sso7d38. The new 

Sso7d is less positively charged than the wild type protein, to prevent non-specific interactions 

with negatively charged epitopes, but retains the high thermal stability of the wild type protein. 

A library of this new Sso7d variant was successfully used to isolate binders against mouse 

serum albumin, human epithermal growth factor receptor, and streptavidin38,39.  

Sso7d has not only been useful for isolating binders against different targets, but it has 

also been tested as a reagent for the development of various kinds of biosensors. Sso7d proved 

to be a useful SuCeSsFul biosensor, that is, scaffold conjugated to environment-sensitive 

fluorophore biosensor, for spatial and temporal detection of proteins40. Solvatochromic 

fluorophores or environment-sensitive fluorophores are fluorescent molecules whose emission 

spectra change upon changes in their local environment41. These fluorophores can be ligated 

to proteins to detect binding events, since protein-protein interactions lead to changes in the 
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proteins’ microenvironment40,41. Sso7d-fluorophore conjugates showed reduced background 

compared to other protein scaffolds because its rigid structure prevented interactions between 

the fluorophore and the protein, an interaction which could result in high background. In a 

work by Carlin and Cruz-Teran36, a combinatorial method for isolating Sso7d binders with 

non-overlapping epitopes was developed. These binders were then applied to a split-

fluorescent protein complementation system to develop a mix-and-read assay. A fluorescent 

response to the target, lysozyme, could be measured in a wide range of concentrations, and the 

signal was sustained even after 16 hours. These publications show examples in which Sso7d 

has been used for fluorescence-based detection of proteins, and these systems could be used 

for live-cell imaging applications. 

Sso7d has been immobilized on surfaces to generate devices capable of detecting 

different analytes. Miller39, as a proof of concept, immobilized an Sso7d mutant with 

nanomolar affinity towards streptavidin on paper strips to develop inexpensive diagnostic 

strips. Functional paper strips were generated with Sso7d, and they showed higher thermal 

stability than conventional polyclonal antibody strips. Cruz-Teran42 showed that an Sso7d 

mutant against chicken IgY30 could be immobilized on silica for capture of cIgY, and that this 

mutant could be further engineered by site directed mutagenesis for improved functionality 

upon immobilization. These two publications show that Sso7d mutants can be used to 

functionalize surfaces for biosensor development. A mayor advantage of using Sso7d to 

functionalize surfaces is that mutants can be generated and purified in E. coli at high yields30,39. 

Not only pure Sso7d molecules could be useful for detection applications, but phage particles 

or yeast cells displaying Sso7d mutants could be used as inexpensive biosensing materials. For 

example, Zhao35 used phage particles displaying an Sso7d mutant as inexpensive and stable 

reagents to detect tuberculosis in an ELISA format assay. Although the use of Sso7d as a 

scaffold for biosensor development is still in its early steps, this protein shows remarkable 

versatility and stability for the development of different types of biosensors. 
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1.1.4 Engineering protein adsorption properties for protein immobilization on solid 

surfaces 

As previously discussed, the affinity of the sensing probe for an analyte determines the 

sensitivity of the biosensor. Usually, higher affinity means higher sensitivity. However, when 

the probe is immobilized on a surface of a transducer, the activity of the protein and the 

functionality of the biosensor depend on the probe’s final orientation on the surface. Ideally, 

the active site of the molecule should be oriented away from the surface43. Otherwise, the active 

site of the probe may become occluded, preventing the probe from binding to the analyte. For 

example, the sensitivity of an antibody-based biosensor was improved by a factor of 200 when 

the sensing probes were deposited on the surface with a favorable orientation44. Proteins can 

be adsorbed on a surface through three main methods: passive adsorption, covalent attachment, 

or affinity mediated immobilization. Comprehensive reviews on protein immobilization 

techniques for biosensor design are provided by Liu43 and Welch14. Passive adsorption is the 

simplest immobilization technique. It involves the spontaneous adsorption of proteins on a 

surface since, in general, this is an energetically favorable process45. Covalent attachment 

involves crosslinking a functional group on the material’s surface to a surface exposed amino 

acid on the protein, usually an amine, carboxyl, or thiol group14. Given that surface exposed 

amino acids are not evenly distributed through a protein, multiple points of contact could exist 

on a given protein. Therefore, either method could result in proteins immobilized with multiple 

orientations, some of which may not be functional43. To solve this problem, it would be 

beneficial to introduce a specific point of contact into the protein, so that interaction between 

the protein and the surface occurs mainly through this domain. This could be accomplished 

though protein engineering, as described next. 

In passive adsorption, protein-surface interactions, which are influenced by the 

properties of the surface and the protein46, determine the orientation with which proteins sit on 

a surface45. Proteins will assume orientations on the surface which minimize their Gibbs free 

energy. Solvent exposed residues on the protein interact with functional groups on the surface 

through  electrostatic interactions, Van-der-Waals forces, and hydrogen bonds45. Therefore, 

screening a combinatorial protein library against a material would result in enrichment of 
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proteins with favorable protein-surface interactions. Indeed, phage display has been 

successfully used to isolate peptides with affinity for various surfaces from combinatorial 

peptide libraries47. These peptides could be used as tags to immobilize proteins on materials; 

however, proteins bind more tightly to surfaces than peptides. Given that proteins have larger 

surface area than peptides, they can make more points of contacts with the surface, increasing 

the strength of the interaction. Consequently, it would be expected for a protein to be harder to 

elute than a peptide. Studies have shown that constraining a peptide increased its specificity 

against a surface48; therefore, proteins selected against a material would also be expected to be 

specific for that surface, since they have a rigid structure. However, only a couple examples of 

proteins libraries sorted against solid substrates exist49,50, and none of those libraries were 

screened by yeast surface display. Consequently, it would be advantageous to stablish a 

protocol for isolating proteins with domains that have high affinity and specificity for a surface 

by yeast surface display. 

1.1.5 Design of “mix-and-read” assays based on split-protein reconstitution 

Being able to detect analytes in complex biological mixtures is of paramount 

importance for point-of-care diagnostics, pathogen detection, and development of cheap, 

portable biosensors. Conventional detection assays, such as ELISA (enzyme-linked 

immusorbent assay), are cumbersome and require multiple steps, washes, and surface 

immobilization of sensing probes51. Furthermore, ELISA assays must be performed by trained 

personal, and it may not be possible to perform them in remote locations. Therefore, there is 

need to design a simple assay to detect analytes in complex biological fluids without the need 

for washes or complex instrumentation. Such a detection scheme could be accomplished 

through mix-and-read assays.  In this detection systems, sensing probes are added to a complex 

solution, and then a signal, such as luminescence or fluorescence, is detected. Split-enzyme or 

split-protein reconstitution assays could be used for such purposes. Split enzymes are proteins 

that have been dissected into two non-active components. When these two components are 

brought into proximity by protein-protein interactions or a dimerization domain, the two 

fragments bind to each other and the activity of the enzyme is reconstituted52. Stains53 

demonstrated the use of a luciferase complementation assay to detect HIV-1 gp120, human 
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VEGF, and HER-2. For each analyte, two sensing probes that interacted with the target with 

non-overlapping epitopes were conjugated the inactive components of a split luciferase. 

Binding of the probes to the target resulted in luciferase reconstitution, and a luminescent 

signal was detected upon addition of the enzyme’s substrate. An advantage of using luciferase 

as the reporter is that luminescence detection is quick and easy9. With the advancement of 

smartphone-based bioluminescence detection54, on-site detection of biomarkers or pathogens 

using the split-luciferase systems is possible. For instance, Cevenini55 was able to detect 

NanoLuc luciferase56 expressed in HEK293T cells as a response to inflammation using a 

smartphone’s camera.  

As discussed in the previous paragraph, split-enzyme complementation assays are 

useful for detecting analytes in complex mixtures. For split-protein reconstitution assays to 

work, it is necessary to have two sensing probes that bind to the target with non-overlapping 

epitopes. Furthermore, the epitopes should be close to each other to allow for protein 

reconstitution. Carlin and Cruz-Teran36 developed a combinatorial pairwise library assembly 

approach to isolate high affinity ligands that bind to a target with two non-overlapping 

epitopes. Additionally, the distance between epitopes is restricted due to the presence of a 

flexible link connecting the two ligands. Two non-overlapping binders with affinity for 

lysozyme were then used to detect lysozyme in a mix-and-read assay format using the tripartite 

GFP system designed by Cabantous57. GFP is a barrel protein composed of 11 β-sheets. 

Cabantous57 dissected GFP into three non-fluorescent components, β-sheet 10 (GFP10), β-

Sheet 11 (GFP11) and β-sheet 1 through 9 (GFP9). One lysozyme binder was fused to GFP10 

and the other binder to GFP11. These two fusions and GFP9 (in excess) were added to complex 

mixtures containing lysozyme. A linear fluorescence response to lysozyme concentration was 

obtained. The assay had a limit of detection of 235 nM a limit of quantification of 460 nM. 

However, the response time of the biosensor was slow, 4 hours were necessary to obtain 

measurable fluorescence above background. Nonetheless, the work of Carlin and Cruz-Teran36 

stablished a systematic approach for developing binders with non-overlapping epitopes. 

Consequently, replacing the tripartite GFP system with a faster split-enzyme system is 

necessary. Stains53 showed the usefulness of luciferase for such assays, but the number of split 
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enzyme systems available for mix-and-assay development is rapidly increasing. Newly 

developed split enzymes for biosensor development include horseradish peroxidase58, RNA59 

polymerase, Cas960, biotin ligase BirA61, and TET2 methylcytosine deoxygenase62. Lists of 

other split enzymes and their applications are given by Shekhawat and Gosh52, and Wehr63. 

The key parameters to consider when choosing a split enzyme system would be protein 

stability, recombinant yield, sensitivity, and the affinity between the split fragments. High 

affinity between the split fragments could reduce the signal to noise ratio, given that more 

enzyme reconstitution would occur in the absence of analyte. 

1.2 Thesis overview 

Our work highlights how protein engineering and yeast surface display can be applied 

to address current limitations of sensing probes for biosensor development.  We also 

demonstrate the usefulness and versatility of the Sso7d-based biosensing. Given that protein 

immobilization is an essential component of biosensor fabrication, we dedicate two chapters 

on protein library design and selection strategies to improve the surface adsorption properties 

of Sso7d. Another chapter is dedicated to the design of “mix-and-read” assays based on Sso7d 

mutant for fast, one-step detection of analytes. Lastly, given the usefulness of yeast surface 

display for isolating probes for biosensor design, we dedicate a chapter to the design of a novel 

simultaneous yeast surface display and secretion system for rapid characterization of novel 

binders. 

In Chapter 2, we demonstrate how site directed mutagenesis of a domain orthogonal to 

the molecular recognition phase of Sso7d and combinatorial library screening biases the 

orientation Sso7d assumes on silica. Surfaces functionalized with the isolated mutants capture 

more analyte than surfaces coated with the parent protein. Emphasis is placed on library desing 

and screening methodology.  

In Chapter 3 we detailed a protocol for isolation of Sso7d mutants with affinity for iron 

oxide by yeast surface display. This chapter demonstrates the importance of using stringent 

conditions when panning a yeast surface display library against a surface. We also show how 

addition of proteins and competitor cells can be used to isolate Sso7d mutants that allow for 
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recovery of Saccharomyces cerevisiae from complex solutions by addition of iron oxide 

nanopowder.  

In Chapter 4, we demonstrate how a split-luciferase reconstitution can be applied to 

generate fast, one-step “mix-and-read” assays. Previous works by our group demonstrated that 

two Sso7d mutants that bind to lysozyme with non-overlapping epitopes can be used to detect 

this analyte via split-GFP reconstitution. In this chapter, we describe how replacing split-GFP 

with split-luciferase decreases the signal response time from 4 hours to 3 minutes, without loss 

of sensitivity. 

Chapter 5 deals with the design of a new system for simultaneous yeast surface display 

and secretion. There is need to combine protein selection and recombinant production into a 

single organism to speed up the discovery and characterization of new proteins. In this chapter, 

we demonstrate how ribosomal skipping can be applied to achieve simultaneous surface 

display and secretion of Sso7d mutants and glucose oxidase in Saccharomyces cerevisiae. 
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CHAPTER 2 

Targeted mutagenesis and combinatorial library screening enables control of protein 

orientation on surfaces and increased activity of adsorbed proteins 
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2.1 Introduction 

Functionalization of solid surfaces by passive protein adsorption is a simple method 

used for the construction of biosensors and biocatalysts1–3. However, it is often difficult to 

control the orientation a protein assumes upon adsorption on the surface. This is due to the fact 

that protein-surface interactions result from the cumulative effect of multiple forces, including, 

electrostatic, hydrophobic, and van der Waals interactions, and entropy gains4,5. The uneven 

distribution of different types of amino acids throughout the protein surface may result in 

different local clusters of hydrophobic, hydrophilic, or charged surface-exposed amino acid 

residues. This in turn may provide multiple points of contact between the protein and the 

surface, allowing proteins to assume an ensemble of orientations on the solid surface4. 

Therefore, protein adsorption may result in occluded active sites on the protein thereby 

reducing the activity of the immobilized protein, and consequently degrading the performance 

of the biosensor or catalyst6,7. Furthermore, in some cases proteins may assume a single 

predominant orientation2; occlusion of active sites in these cases may cause nearly complete 

loss of activity. 

Numerous methods have been developed to achieve oriented immobilization of 

proteins on solid surfaces via adsorption, chemical crosslinking, or affinity-mediated 

immobilization1,8,9. Oriented-adsorption methods rely on increasing the interaction between a 

particular region of a protein and a surface by manipulating immobilization conditions, such 

as pH10 or ionic strength11, tuning surface charge or composition10,12–14, or appending affinity 

tags specific for a surface to the protein of interest6,15. However, one may have little control 

over the distribution of surface charges or solvent-exposed amino acid residues in a wild-type 

protein such that it can be immobilized on a surface with an active orientation. Also, in some 

cases presence of an affinity tag can disrupt the folding or activity of the protein16. 

Mutagenesis of amino acids at specific sites on a protein has been used to increase the 

interaction between a particular protein region and a surface, with the intention of biasing the 

orientation of protein upon immobilization2,17–19. However, these attempts have been limited 

to known, specific amino acid-surface interactions, such as crosslinking of cysteine residues 

to thiol-reactive surfaces17, interactions between lysine side chains and glyoxyl-agarose18 or 
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glyoxyl-disulfide19 supports, electrostatic interactions between ionic supports and charged 

amino acid sidechains2, or the interaction of histidine residues with surface-chelated metal 

cations2. Therefore, a more general mutagenesis approach to control protein orientation on 

surfaces is highly desirable. We hypothesized that randomization of multiple, solvent-exposed 

residues in a specific domain of a protein that is distant from the active site, followed by 

screening of the resultant combinatorial library, can be used to identify mutations that 

maximize the interaction of the selected domain with a surface of interest. This, in turn, would 

bias the orientation of the adsorbed protein in a manner that results in increased activity of the 

protein-functionalized surface17–19. Importantly, such an approach would be generalizable for 

achieving control of protein orientation on any given surface, even without prior knowledge of 

the specific protein-surface interactions involved.  

To test this hypothesis, we chose to investigate the adsorption of an affinity ligand 

derived from the hyperthermophilic protein scaffold Sso7d on unmodified silica surfaces. 

Sso7d is a non-immunoglobulin protein scaffold that has been used to generate affinity ligands 

for a wide spectrum of targets20–22. Sso7d-derived mutants retain the inherent high thermal 

stability of wild-type Sso7d, making them good candidates for further site directed 

mutagenesis; highly stable proteins tend to be more tolerable to mutations23. We chose Sso7d-

cIgY, an Sso7d-derived ligand that binds to chicken immunoglobulin Y (cIgY), as a model 

protein for our study. We generated combinatorial libraries through mutagenesis of a region of 

Sso7d-cIgY distinct from the binding site that mediates interaction with cIgY. Subsequently, 

these libraries were screened using yeast surface display to isolate mutant proteins that retain 

binding to cIgY as well as exhibit adsorption on unmodified silica. Pertinently, yeast surface 

display has been successfully used to isolate polypeptides with affinity for different 

surfaces24,25. If the mutations introduced in Sso7d-cIgY indeed alter its orientation relative to 

the parent protein such that the cIgY binding sites are largely directed away from the silica 

surface, then surfaces functionalized with the mutant proteins should exhibit increased levels 

of cIgY capture relative to the parent Sso7d-cIgY. We sought to rigorously investigate this 

proposition for a single mutant protein, Sso7d-2B5, identified using our mutagenesis strategy.  
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2.2 Results and Discussion 

2.2.1 Combinatorial screening identifies bi-specific Sso7d mutants that bind silica and 

cIgY. 

Molecular recognition in Sso7d-derived ligands is mediated by a beta-sheet domain 

composed of three antiparallel beta-strands20, denoted hereon as the 3B region (Figure 2.1A). 

Sso7d has a second beta-sheet domain, denoted hereon as the 2B region (Figure 2.1B), which 

is located on the opposite side of the 3B region. We sought to identify mutations in the 2B 

region that would mediate interaction of Sso7d-cIgY with unmodified silica surfaces. 

Accordingly, we generated a library of Sso7d-cIgY mutants by randomizing six different 

solvent-exposed amino acid positions in the 2B region. A second Sso7d-cIgY library (denoted 

2BL) was generated by introducing the same six mutations in the 2B region, along with four 

additional mutations in a loop adjacent to the 2B region (Figure 2.1B).   
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Figure 2.1.  Mutagenized positions in the molecular recognition region (A) and surface sensing region (B) of 

Sso7d. C) Strategy for the selection of bi-functional Sso7d mutants. Sso7d images in (A) were generated with the 

UCSF Chimera package 1.10.226.  

 

Bi-specific Sso7d mutants that exhibit binding to silica surfaces, while retaining 

binding activity to cIgY, were isolated using the yeast surface display platform (Figure 2.1C). 

The 2B and 2BL yeast libraries, each containing ~ 108 mutants, were combined and incubated 

with magnetic silica beads to select mutants that bind to silica surfaces. Bovine serum albumin 

(BSA) was present in excess during this selection step to minimize non-specific binding of 

yeast to silica. To eliminate mutations in the 2B region that disrupt binding activity mediated 

by the 3B region, selection for silica binding was followed by screening for cIgY binding using 

flow cytometry. Finally, a second round of selection for silica binding was conducted to further 

enrich the population in silica binders. Twelve mutants were sequenced after the selection 

process depicted in Figure 2.1C (Table 2.1).  Two out of twelve sequenced mutants were 

derived from the 2BL library. However, despite the cIgY selection step, neither mutant showed 

binding to cIgY under the conditions tested (data not shown). These results suggest that 
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mutations in the loop region in the 2BL library can affect binding activity in the 3B region, 

and may not be optimal for design of bi-specific Sso7d mutants.  

Table 2.1. Sequences of the mutated regions of the selected mutants. Positions differing from 

the parent Sso7d scaffold are in bold font. 
 

2B Residues Loop 

Position 2 3 4 5 6 7 8 9 10 11 12 13 14 15 49 50 51 52 53 

Sso7d-cIgY T V K F K Y K G E E K Q V D D A P K E 

Sso7d-2B1 A V K F W Y K G E V K A V E           

Sso7d-2B2 C V G F P Y K G E V K S V R A A P P N 

Sso7d-2B3 C V H F T Y K G E L K R V E           

Sso7d-2B4 V V V F G Y K G E A K R V D           

Sso7d-2B5 I V L F D Y K G E R K R V A           

Sso7d-2B6 M V S F C Y K G E C K R V E           

Sso7d-2B7 G V E F G Y K G E G K L V G P A I D S 

Sso7d-2B8 T V R F S Y K G E S K L V R           

Sso7d-2B9 T V R F L Y K G E P K A V R           

Sso7d-2B10 D V A F S Y K G E W K R V P           

Sso7d-2B11 G V W F R Y K G E Q K W V S           

Sso7d-2B12 L V H F S Y K G E H K I V P           

 

The ionic strength of PBS buffer used throughout the selection process was 0.5 M; pH 

was 7.4. Under these high ionic strength conditions, layers of Na+ ions on the silica surface 

will likely prevent long-range electrostatic interactions between positively-charged amino acid 

side chains and negatively charged silanol groups (SiOH) on the surface27,28. Consequently, 

short-range protein-surface interactions such van der Waal forces, hydrogen bonding between 

silanol groups and carbonyl or imido groups, and hydrophobic interactions between siloxane 

bridges (Si-O-Si) and apolar side chains are expected to dominate28–30. Consistent with this 

expectation, most of the selected mutations in the randomized positions are not positively 
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charged residues that would lead to increased electrostatic interactions with the negatively 

charged silica surface. Rather, there is a prevalence of hydrophobic mutations (Table 1). 

However, close-contact electrostatic interactions between positively charged amino acids at 

pH 7.4, arginine and lysine, and the negatively silanol groups could still be stablished at the 

surface under high ionic strength conditions30, explaining the prevalence of mutations to basic 

amino acids (lysine and arginine) compared to acidic residues (glutamate and aspartate). A 

single mutant, referred to as Sso7d-2B5, was picked at random for further characterization. 

Overall, the 2B region of Sso7d-2B5 is more positively charged than that of Sso7d-

cIgY (Figure 2.2). Sso7d-2B5 has a total of 4 basic amino acids (K8, R11, K12, R13) and 2 

acidic amino acids (D6, E10) whereas Sso7d-cIgY has 4 basic amino acids (K4, K6, K8, K12) 

and 3 acidic amino acids (E10, E11, D15). It can be observed in Figure 2.2 that mutations 

E11R, Q13R, and D15A, change the electrostatic potential distribution in the 2B region of 

Sso7d-cIgY and make this region more positively charged, which would be beneficial for 

stablishing close-contact electrostatic interactions with the negatively charged silica surface. 

Additionally, the 2B region of Sso7d-2B5 is also more hydrophobic, since it has 3 surface-

exposed hydrophobic residues (I2, L4, A15), which could stablish hydrophobic interactions 

with siloxane bridges. In contrast, Sso7d-cIgY has no surface-exposed hydrophobic residues 

in the 2B region; Sso7d-cIgY has two polar surface exposed residues (T2, Q13).  Therefore, 

this combination of hydrophobic and electrostatic amino acid substitutions could potentially 

increase the number of interaction points between the 2B region and the silica surface, and bias 

the orientation of Sso7d-2B5 on the surface. 
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Figure 2.2. Charge distribution in the 2B region of Sso7d-cIgY and Sso7d-2B5. Mutagenized positions are 

labeled. Blue and red colors represent positive and negative electric potentials, respectively. Models of Sso7d-

cIgY and Sso7d-2B5 were generated with Swiss-Model Workspace, using wild-type Sso7d (1SSO) as a template.  

Images were generated with the UCSF Chimera package 1.10.226.   

 

2.2.2 Mutant Sso7d-2B5 exhibits similar binding affinity to cIgY as parent protein 

Sso7d-cIgY. 

Mutations in the 2B region may enhance or disrupt the binding functionality of the 3B 

region in Sso7d-2B5 relative to the parent protein Sso7d-cIgY. To confirm that Sso7d-2B5 

indeed had similar binding affinity to cIgY as the parent protein, we used yeast surface display 

to estimate the apparent equilibrium dissociation constant (KD) of its binding to cIgY, as 

described20,31 (Figure 2.3). The apparent KD of Sso7d-2B5 (27 nM), is similar to that reported 

for Sso7d-cIgY (30 nM)20. Thus mutations in the 2B region do not affect the binding activity 

of the 3B region of Sso7d-2B5. We hypothesized that mutations in Sso7d-2B5 will enable 

greater capture of cIgY relative to the parent Sso7d-cIgY protein when adsorbed on silica 
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surfaces, due to altered orientation of the adsorbed protein. In this context, the binding affinities 

of Sso7d-cIgY and Ssso7d-2B5 for cIgY being essentially equivalent is helpful for rigorous 

evaluation of our hypothesis. Capture of cIgY on silica surfaces functionalized with these 

proteins will not be affected by differences in binding affinities of the adsorbed proteins for 

cIgY.   

 

 
Figure 2.3. Estimation of apparent KD for cIgY binding to yeast surface displayed Sso7d-2B5. A global fit was 

used to estimate KD as 27 nM (13-53 nM, 68% confidence interval (CI)). Error bars correspond to the standard 

error from 3 independent experiments. 

 

2.2.3 Adsorption isotherms of Sso7d-2B5 and Sso7d-cIgY on silica surfaces are similar 

To compare cIgY capture efficiency of silica surfaces functionalized with either Sso7d-

cIgY or Sso7d-2B5, it was first necessary to determine conditions at which the surface 

coverage is similar for both proteins. To do so, Langmuir adsorption isotherms for Sso7d-cIgY 

and Sso7d-2B5 were obtained by both flow cytometry and ellipsometry. In flow cytometry 

assays (Figure 2.4A), the extent of protein adsorption to 1 µm silica beads upon incubation 

with varying concentrations of protein was quantified. A hexa-histidine tag present on both 

proteins was detected using an antibody-fluorophore conjugate. The calculated adsorption 

coefficients for Sso7d-cIgY and Sso7d-2B5 are similar to each other. It is not unexpected for 

both Sso7d mutants to have similar maximum surface coverage values and adsorption 

coefficients. Sso7d is a small protein, so it is unlikely that adsorption through side-on 
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orientation or end-on orientation would result in significant differences in maximum surface 

coverage (Figure A.1), unlike larger proteins like antibodies or BSA. Furthermore, given that 

protein desorption from the surface is, in general, a very slow process32, true equilibrium 

conditions may not have been achieved in the time scale of the experiment, masking the 

differences in adsorption coefficients between Sso7d-2B5 and Sso7d-cIgY. Nevertheless, the 

Langmuir adsorption isotherms obtained allow us to establish conditions at which silica surface 

will be saturated with either Sso7d mutant. 

Figure 2.4A shows that Sso7d-cIgY and Sso7d-2B5 have similar maximum loading 

capacities on silica beads. To further confirm these results, the Langmuir adsorption isotherms 

of Sso7d-cIgY and Sso7d-2B5 obtained through flow cytometry were validated using ex-situ 

ellipsometry (Figure 2.4B). Ellipsometry is a label-free technique that has been widely used to 

measure protein adsorption33. The thickness of the saturated layers formed by Sso7d-cIgY (2.4 

nm) and Sso7d-2B5 (2.6 nm) are similar (see supplementary methods).  Further, the adsorption 

coefficients calculated by ellipsometry for Sso7d-cIgY and Sso7d-2B5 are similar to each 

other, in agreement with corresponding results from flow cytometry analysis.  Additionally, 

the thicknesses of the layers do not exceed the dimensions of Sso7d, as determined by its 

crystal structure34, suggesting the formation of a monolayer. Based on our results from flow 

cytometry and ellipsometry, we estimated that greater than 95% saturation of silica surfaces 

can be achieved for protein concentrations greater than 60 µg/mL (7.5 µM) for both proteins. 

Therefore, further studies on cIgY capture were carried out using silica surfaces functionalized 

by incubation with ~ 100 µg/mL (12.5 µM) of each protein.  
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Figure 2.4. Adsorption isotherms of Sso7d-cIgY and Sso7d-2B5 by A) flow cytometry and B) ellipsometry. 

Experimental data were fitted to a Langmuir adsorption model (hashed or dotted lines). Adsorption coefficients 

for Sso7d-cIgY and Sso7d-2B5 were estimated using a global fit as A) 375 nM (268-520 nM, 68% CI) and 397 

nM (227-672 nM, 68% CI), respectively, and B) 39 nM (17-95 nM, 68% CI) and 25 nM (9-70 nM, 68% CI), 

respectively. Error bars are standard error of the mean from 3 independent experiments. 

 

2.2.4 Surfaces with Sso7d-2B5 exhibit greater capture of cIgY than those with Sso7d-

cIgY. 

The amount of cIgY captured by silica beads saturated with Sso7d-cIgY or Sso7d-2B5 

was examined by flow cytometry, to determine activity of adsorbed proteins (Figure 2.5A). 

Protein-functionalized beads were incubated with varying concentrations of cIgY, and 

fluorescent signal corresponding to surface bound cIgY was detected by flow cytometry 

(Figures 2.5B, C). Greater fluorescence signal is observed when silica beads are functionalized 

with Sso7d-2B5 than with Sso7d-cIgY at all cIgY concentrations (Figure 2.5B). The difference 
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in fluorescence is highest at 25 nM cIgY, where Sso7d-2B5 functionalized beads have seven-

fold greater signal than Sso7d-cIgY-functionalized beads. Even as the concentration of cIgY 

in solution increases and the beads get saturated with cIgY (Figure 2.5C), a four-fold higher 

capture of cIgY is obtained with Sso7d-2B5 beads (Figure 2.f5B). Negligible binding of cIgY 

to beads not functionalized with either Sso7d mutant but blocked with BSA was observed 

(Figure A.2). 

 

 
Figure 2.5. Estimating capture of cIgY by silica surfaces functionalized with Sso7d-2B5 and Sso7d-cIgY. A) 

Experimental scheme for detection of cIgY captured on silica surfaces. Silica is functionalized with Sso7d mutants 

and incubated with cIgY-biotin. Immobilized cIgY-biotin can then be detected with streptavidin-PE. B) For beads 

functionalized with Sso7d-cIgY and Sso7d-2B5, the ratio of fluorescence corresponding to cIgY binding and 

fluorescence corresponding to His-tag binding was computed (R). A ratio of R for Sso7d-2B5 to R for Sso7d-cIgY 

for different cIgY concentrations is shown. Error bars are the standard error from the mean. C) Capture of cIgY 

by Sso7d-2B5 or Sso7d-cIgY for different cIgY concentrations, as calculated by the ratio of fluorescence 

corresponding to cIgY binding and fluorescence corresponding to His-tag binding. Error bars are the standard 

error from the mean. * p<0.05 for a two-tailed t-test. 
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It is important to note that both mutant and parent proteins have similar affinities for 

cIgY, and capture experiments were conducted under conditions where silica surfaces are 

expected to be saturated with both proteins. Yet, significantly greater capture of cIgY is 

obtained with surfaces functionalized with Sso7d-2B5 relative to those with Sso7d-cIgY. 

Therefore, we conclude that the mutant protein assumes a different orientation on silica 

surfaces as compared to Sso7d-cIgY. In case of Sso7d-2B5, a greater fraction of the 

immobilized proteins assumes an orientation in which the 3B region is accessible for cIgY 

binding. Mutations introduced in the 2B region mediate interaction of Sso7d-2B5 with the 

silica surface. An alternative explanation is that protein adsorption may cause differential 

unfolding and/or conformational change in Sso7d-cIgY and Sso7d-2B5. Therefore, decreased 

capture of cIgY by surfaces coated with Sso7d-cIgY may be due to conformational change or 

unfolding of surface-adsorbed Sso7d-cIgY – but not Sso7d-2B5 – resulting in loss of binding 

for cIgY. However, Sso7d-cIgY is expected to behave as a “hard” protein due to its exceptional 

stability35–37; hard proteins tend to suffer less conformational changes upon adsorption on 

hydrophilic surfaces than soft proteins, as it has been observed in the adsorption of lysozyme 

to silica surfaces36,38. Therefore, it is unlikely that Sso7d-cIgY undergoes significant 

conformational changes upon adsorption (also see discussion on additional studies on 

reversibility of adsorption of Sso7d mutants (Figure A.3) in Supporting Information; results 

from these studies are consistent with Sso7d mutants not undergoing significant structural 

perturbation upon adsorption) 

2.2.5 Sso7d-2B5 has lower thermal stability than Sso7d-cIgY 

The thermal stability of Sso7d-2B5 in solution was determined by a fluorescence-based 

thermal shift denaturation assay (Figure A.4 in Supporting Information). The mutant protein 

shows a melting temperature of 33°C, whereas Sso7d-cIgY has a melting temperature of 

101°C20; indicating that the six mutations introduced into Sso7d-2B5 significantly decreased 

its thermal stability. It is possible that some of the mutations introduced into the 2B face disrupt 

the salt-bridge network that contributes to the high thermal stability of Sso7d39; in particular, 
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K5,K7,Q13, and D16. Nevertheless, two of the other selected mutants (Table 1) showed 

melting temperatures of 44°C and 49°C (Figure A.4), indicating that more stable mutants could 

still be isolated from the 2B and 2BL libraries. A screen for thermal stability may be added to 

the overall selection process to isolate mutants with higher thermal stability, as described40. 

The loss of thermal stability in Sso7d-2B5 also highlights the usefulness of working with 

hyperthermophilic proteins with high thermal stability. Such proteins are more likely to tolerate 

mutations introduced for tailoring interactions with surfaces, and yield mutants with acceptable 

thermal stability41. Sso7d mutants from the 2B library have 16 point mutations (out of 64 total 

residues) when compared to wild type Sso7d. Yet, some mutants retain reasonable thermal 

stability. 

2.3 Conclusion 

Introduction of six mutations into the 2B region of Sso7d-cIgY causes the resulting 

mutant protein, Sso7d-2B5, to assume an altered orientation when adsorbed on a silica surface. 

Silica beads functionalized with Sso7d-2B5 capture up to seven-fold higher cIgY than beads 

with Sso7d-cIgY, despite both proteins having similar binding affinities for cIgY and 

equivalent surface coverage. A combinatorial approach can be used to systematically introduce 

mutations in specific regions of proteins, so as to control the orientation of adsorbed proteins. 

This approach is easily generalizable and can be used to improve the activity of protein-

functionalized surfaces in biosensing or catalysis applications.  

2.4 Materials and Methods 

2.4.1 Materials 

Plain silica beads, 1 μm in diameter, were purchased from Bangs Laboratories (Fishers, 

IN), and magnetic silica beads were purchased from Microspheres-Macrospheres (New Jersey, 

NJ). Silicon wafers (p-type, boron-doped, orientation <100>) were purchased from Silicon 

Valley Microelectronics (Santa Clara, CA). Biotinylated cIgY and goat anti-rabbit antibodies 

conjugated with Alexa633 (GAR633) were obtained from Immunoreagents (Raleigh, NC). 

Streptavidin-phycoerythrin (SA-PE), rabbit anti-HA antibody and SYPRO® Orange were 

purchased from Life Technologies (Carlsbad, CA). A mouse anti-histidine (anti-His) tag 
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antibody conjugated to Alexa647 was obtained from Qiagen (Valencia, CA). All 

oligonucleotide primers were purchased from Integrated DNA Technologies (Coralville, IA). 

2.4.2 Generation of Sso7d 2B and 2BL libraries 

The 2BL and 2B libraries were generated by two sequential rounds of PCR.  The first 

round amplified the Sso7d-cIgy DNA with mutations at the desired positions. For the 2BL 

library, primers containing NNK codons at the library positions residues 2, 4, 6, 11, 13 and 15 

for the forward primer (pLf1) and 49, and 51-53 for the reverse primer (pLr2) were used. 

pLf1: (5’) TGG GGT GGT TCT GCT AGC ATG GCG NNK GTG NNK TTT NNK TAT 

AAA GGC GAA NNK AAA NNK GTG NNK ATT AGC AAA ATT GAT GGT GTG TCT 

CATG G  

pLr2: (5’) A CCA AGA AAT AAG CTT TTG TTC GGA TCC TTT TTT CTG TTT TTC 

CAG CAT CTG CAG CAG KNN KNN KNN CGC KNN TTT TTC GCT CAC AAT GCC 

AAT GCA TAA 

The 2B library was generated using pLf1 and a reverse primer encoding for the 3’ end of Sso7d 

(pLr3).   

 pLr3: (5’) CCG CCG CTC GAG TTT TTT CTG TTT TTC CAG CAT C 

The amplification conditions for both the 2B and 2BL libraries were identical.  A 50 L 

reaction contained 1 ng of Sso7d-cIgY containing DNA, 500 nM of each primer, 1 M betaine, 

3% DMSO, 1U Phusion polymerase (New England Biolabs, Ipswich, MA), 200 nM dNTP’s 

and the balance water.  Thermocycler conditions were 98C for 45 seconds, followed by 11 

cycles of touchdown PCR (-1C/cycle) starting at 72C (10 seconds annealing time) with a 

hold at 72C (8 seconds extension time); followed by thirty PCR cycles conducted with an 

annealing temperature of 61C (10 seconds annealing time) and an extension temperature of 

72C (8 seconds extension time).   

The PCR product from these reactions were purified and further amplified by PCR utilizing 

primers pHef and pHer, which add consensus sequences with the yeast surface display vector 

pCTCON for homologous recombination in yeast. The PCR was carried and purified as 

described previously20.  
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pHEf: (5’) CTG CAG GCT AGT GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT 

GGT GGT GGT GGT TCT GCT AGC ATG GC 

pHEr: (5’) CTC GAG CTA TTA CAA GTC CTC TTC AGA AAT AAG CTT TTG TTC GGA 

TCC TTT TTT CTG TTT TTC CAG CAT CTG 

Yeast surface display libraries were generated following an improved transformation 

protocol described elsewhere42. Briefly, pCTCON was linearized with NheI and BamHI 

restriction enzymes (New England Biolabs), and purified by PelletPaint™ (Novagen, San 

Diego, CA). For each electroporation reaction, 12 µg of insert and 4 µg of cut vector were 

mixed with 400 µL of electrocompetent Saccharomyces Cerevisiae strain EBY100, and 

electroporated at 2500V, 25 µF, 200 Ω using a Bio-Rad Gene Pulser System (Bio-Rad, 

Hercules, CA). Five electroporation reactions were conducted for each library, and 1 reaction 

for a vector-only control.  The diversity of the libraries was: 2x108 (2BL) and 2x108 (2B). The 

control vector showed 103 transformants. Yeast libraries were mixed together prior to 

screening. 

2.4.3 Screening for bi-functional Sso7d mutants from combinatorial protein libraries 

Generation and screening of yeast display libraries largely followed previously 

described general protocols31. Detailed procedures for generating libraries of Sso7d-cIgY 

mutants using yeast surface display are provided as Supporting Information. For selection of 

silica binders, 8 x 109 yeast cells (~ 20x estimated library diversity) expressing Sso7d mutants 

as cell surface fusions were incubated with 1 μm magnetic silica beads (400 μL of stock, 

approximately 8 x 109 beads) in 6 mL of PBS buffer with 0.1% BSA, pH 7.4 (PBSA), for an 

hour at 4°C. Beads were recovered with a magnet, washed three times with PBSA buffer, and 

cells bound to the beads were expanded. This population was subsequently screened for cIgY 

binding by fluorescence activated cell sorting (FACS). Yeast cell fusions express an HA tag to 

allow for quantification of the number of cell surface fusions on each yeast cells. Induced yeast 

cells (108 cells) were labeled with 100 nM cIgY-biotin and rabbit anti-HA antibody (1:100 

dilution) in PBSA buffer for 15 minutes at room temperature. After a wash step, cells were 

labeled with SA-PE (1:250) dilution to detect bound cIgY-biotin, taking advantage of the high 

affinity between biotin and streptavidin, and with GAR633 (1:250 dilution) to quantify HA-
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tag expression. Yeast cells expressing Sso7d-cIgY were labeled in the same fashion, and 

mutants that showed similar levels of binding to cIgY as Sso7d-cIgY, for a given level of cell 

surface expression, were sorted as previously described31. The selected clones were expanded 

and subjected to another round of silica binding selection. The silica beads from this second 

round of selection were plated, and 12 resulting colonies were sequenced. Individual clones 

were tested for cIgY binding at 100 nM, as discussed earlier. 

2.4.4 Protein production and purification  

Sso7d-cIgY, Sso7d-2B5, Sso7d-2B9 and Sso7d-2B12 were amplified by PCR with 

forward primer psYf, psB5f, psB9f, psB12f, respectively, and reverse primer psR, and cloned 

into pET-22(b)™ between NdeI and XhoI restriction sites.  

 psYf: (5’) GAA TCC CAT ATG ATG GCG ACC GTG AAA TTT AAA 

 psB5f: (5’) GAG TCC CAT  ATG GCG ATT GTG CTT TTT G 

 psB9f: (5’) GAA TCC CAT  ATG GCG ACG GTG CGT TT 

 psB12f: (5’) GAG TCT CAT ATG GCG TTG GTG CAT TTT T 

 psR: (5’) CCG CCG CTC GAG TTT TTT CTG TTT TTC CAG CAT C 

Positive clones were transformed into Rosetta™ E. coli cells for expression. For all mutants, 

expression was carried in 2XYT media (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl). 

Briefly, 5 mL overnight cultures were used to inoculate 1 L of 2XYT, and induction was started 

when the OD reached a value between 0.6 and 0.8. Sso7d-cIgY production was induced with 

0.5 mM IPTG, and expression was carried overnight at 37°C. For Sso7d-2B5, Sso7d-2B9, and 

Sso7d-2B12, induction was carried at 37°C for 6 to 8 hours with 0.25 mM IPTG. Proteins were 

purified using a BioLogic LP FPLC system (BioRad) by cation exchange and metal affinity 

chromatography. Cell cultures were collected and lysed in 35 mL of Buffer A-cat (50 mM tris, 

50 mM NaCl, pH 8), loaded onto a 5 mL Bio-Rad High S column (Biorad), washed with 40 

mL of buffer A-cat, and eluted with a 40 mL linear gradient of Buffer B-cat (50 mM tris, 1M 

NaCl, pH 8). All the elution fractions were combined together, and subsequently loaded onto 

a 5 mL Mini-Profinity IMAC column (BioRad) for purification by metal affinity 

chromatography. The column was washed with 40 mL of Buffer A-IMAC (50 mM tris, 300 

mM NaCl, 10 mM imidazole, pH 8), and proteins were eluted over a 40 mL linear gradient of 
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Buffer B-IMAC (50 mM tris, 300 mM NaCl, 500 mM imidazole, pH 8). Protein fractions were 

analyzed by SDS-PAGE, and pure protein fractions were dialyzed into 50 mM tris-HCl, 300 

mM NaCl buffer, pH 7.4. All purification steps were conducted at room temperature. Protein 

concentration was quantified by BCA assay. 

2.4.5 Estimation of apparent KD of Sso7d-2B5 to cIgY 

The apparent equilibrium dissociation coefficient (KD) of Sso7d-2B5 for cIgY was 

estimated as described elsewhere20. Error bars were calculated as the standard error from 

triplicate experiments. A global fit was used to estimate the apparent KD using non-linear least 

squares regression and 68% confidence interval were computed as described31. 

2.4.6 Adsorption isotherm measurement by flow cytometry 

All assays were performed in 50 mM tris-HCl, 300 mM NaCl buffer, pH 7.4, unless 

otherwise stated. Prior to use, plain 1 μm silica beads were incubated with 2N nitric acid for 1 

hour, followed by several washes with assay buffer. Acid treated beads (5 μL) were incubated 

with 0.5 mL of protein solutions of different concentrations for 22 hours, at room temperature, 

on a nutator. No BSA was present during the incubation. The beads were then washed once 

with 50 mM tris-HCl buffer plus 0.1% BSA, pH 7.4 (wash buffer), and incubated with anti-

His antibody conjugated with Alexa647 in wash buffer (1:250 dilution) for 12 minutes at room 

temperature. As a negative control, beads incubated with neither Sso7d-cIgY nor Sso7d-2B5 

were also labeled with anti-His antibody. The beads were washed after incubation and kept on 

ice until analysis. Bead fluorescence was quantified by flow cytometry using a BD Accuri C6 

flow cytometer (BD, Franklin Lakes, NJ). The average fluorescence of 50,000 beads per 

sample was quantified. 

A classic Langmuir adsorption isotherm was fitted to the data (Equation 1), were F is 

fluorescence, C is the protein concentration of the starting solution, K is the adsorption 

coefficient, and Fmax is the maximum fluorescence.  

𝐹 = 𝐹𝑚𝑎𝑥
𝐶

𝐾+𝐶
           (1) 

The fluorescence value of the negative control was subtracted from each sample. Error bars 

were calculated from the standard error of 3 independent measurements. A global fit to 
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Equation 1 was used to estimate K, and 68% confidence intervals were calculated as 

described31.  

2.4.7 Adsorption isotherm measurement by ellipsometry 

All samples prepared for ellipsometry measurements were carried in PBS, 300 mM 

NaCl buffer, pH 7.4. Silicon wafers were cut into 1 by 1 cm pieces, rinsed with ethanol, dried 

with a nitrogen gun, and treated in an UV-ozone chamber for 5 minutes prior to use. Silicon 

wafers were incubated with protein solutions of different concentrations for 20 hours at room 

temperature, rinsed with deionized water, and dried with a nitrogen gun. Protein layer thickness 

measurements were taken with a variable angle spectroscopic ellipsometer (J.A. Woollam, 

Lincoln, NE). Samples were scanned from 300 to 1000 nm at 60°, 65°, and 70° angles. Protein 

layer thickness values were calculated by fitting optical data to a model encompassing a 1 mm 

layer of silicon, a 1.5 nm silicon dioxide layer, and a Cauchy layer (1.50 An, 0.01 Bn) of 

unknown thickness and refractive index.  

A classic Langmuir adsorption isotherm was fitted to the data (Equation 2), were d is 

thickness of the layer, C is the protein concentration of the starting solution, K is the adsorption 

coefficient, and dmax is the thickness of the protein layer under saturation conditions.  

𝑑 = 𝑑𝑚𝑎𝑥
𝐶

𝐾+𝐶
           (2) 

2.4.8 Functionalization of silica beads with Sso7d for cIgY capture 

To characterize the activity of the immobilized proteins, 35 μL of acid-treated plain 

silica beads were incubated with 3.5 mL of 98.8 μg/mL (12.5 µM) solutions of either Sso7d-

cIgY or Sso7d-2B5 in 50 mM tris, 300 mM NaCl, pH 7.4 for 22 hours, at room temperature. 

No BSA was present during immobilization. The beads were then washed once with wash 

buffer, and the surface was blocked with 1 mL of 50 mM tris, 300 mM NaCl, 1% BSA buffer 

(block buffer), pH 7.4 for 2 hours to prevent non-specific adsorption of cIgY. After blocking, 

the beads were washed and re-suspended in 50 μL of block buffer. Aliquots of 5 μL 

functionalized beads were incubated for 18 minutes at room temperature with 100 μL of 

biotinylated cIgY, diluted at different concentrations, in 50 mM tris, 300 mM NaCl, 0.05% 

tween, 1% BSA buffer, pH 7.4 (incubation buffer). As negative controls, plain beads with 

neither protein were blocked and incubated with the same cIgY solutions. The beads were then 
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washed with wash buffer, and incubated with 100 μL of SA-PE solution in incubation buffer, 

1:250 dilution, for 12 minutes at room temperature, to detect captured cIgY. The beads were 

then washed and kept on ice until analysis by flow cytometry. The average fluorescence of 

50,000 beads per sample was quantified. The amount of Sso7d-cIgY and Sso7d-2B5 on the 

functionalized beads after blocking was quantified using anti-His Alexa647 for a single aliquot, 

as previously described. Fluorescence resulting from cIgY binding was normalized by the 

amount of Sso7d-cIgY or Sso7d-2B5 immobilized on the surface. The assay was conducted 

three times for 0 nM, 10 nM, 150 nM and 200 nM cIgY solutions, and five times for 25 nM, 

50 nM, 75nM and 100 nM cIgY solutions. Error bars were calculated from the standard error 

of the measurements. 
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CHAPTER 3 

An Engineered Sso7d Variant Enables Efficient Magnetization of Yeast Cells 

 

Adapted from a manuscript in preparation by Cruz-Teran, C.A., McArthur, N., Rao, B.M. 
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3.1 Introduction  

Yeast cells are versatile biocatalysts that are used for many different industrial 

applications, and their surface can be engineered by yeast surface display for improved 

functionality. In particular, the surface of Saccharomyces cerevisiae and other yeast strains 

have been engineered for ethanol fermentation, bioremediation, and biomining1–5. However, 

being able to easily separate the yeast cells from the medium at the end of the production step 

would reduce the processing time and cost and make it possible to reuse the cell catalysts2,3,6. 

For these reasons, functionalizing yeast cells with a magnetically responsive material such as 

iron oxide has become an attractive strategy, since the magnetized cells could be simply be 

removed from the medium using a magnet7,8. Furthermore, iron oxide nanoparticles show little 

toxicity towards yeast9,10 making it an attractive material for yeast immobilization and 

magnetization. Several methods have been developed to magnetize yeast8; some of them rely 

simply on the non-specific adsorption of magnetite or maghemite onto the yeast surface7,10–12. 

However, non-specific adsorption of yeast onto these materials could be inhibited by the 

presence of other competitors such as proteins or other cells, since they would have to compete 

for the surface. Therefore, developing a yeast cell that could be immobilized on iron oxide 

even under the presence of other competitors would be greatly beneficial. 

Although direct magnetization of yeast cells is useful for industrial applications, 

magnetization of other cells and pathogens in complex mixtures could also be useful for 

detection and diagnosis applications13,14. In this approach, specific cells or viruses are targeted 

directly with ligand-functionalized magnetic nanoparticles or with soluble ligands which can 

then be recognized by magnetic nanoparticles15. For the second approach, the ligand must be 

able to interact with the magnetic nanoparticles by functional groups or secondary reagents 

immobilized on the nanoparticles. Alternatively, the antigen could interact directly with the 

material’s surface, making it possible to use non-functionalized particles. Therefore, the 

antigen must bind to the nanoparticle even under stringent conditions, since cells or pathogens 

are being pulled down from complex biological fluids. Thus, isolating binders against a 

material in complex mixtures like blood, serum, or other biological fluids would be 

advantageous16.  
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To this aim, we hypothesize that we can isolate a protein that could be used to 

immobilize yeast cells even under competitive conditions by biopanning a yeast surface 

display library of Sso7d mutants against iron oxide under stringent conditions. The objective 

is to isolate Sso7d mutants that allows yeast cells to become immobilized on iron oxide even 

under the presence of other competing cells, proteins, silicon and titanium(IV) oxides, and 

limited iron oxide surface area. Sso7d is a hyperthermophilic protein that has been used as an 

scaffold to isolate binders against different molecular targets by yeast surface display17–19.  

However, Sso7d has also been used to isolate a bispecific mutant with affinity for silica 

surfaces20. Although phage display has been widely used to pan peptide libraries against 

different materials, yeast surface display has been previously used to isolate peptides or 

proteins that bind to different materials including semiconductors21,22, and sapphire23. In this 

work, we demonstrate how sorting a library of proteins by yeast surface display under 

competitive conditions results in mutants that allow for the isolation of yeast cells in complex 

mixtures. This could have an impact in applications for avidity-based capture of cells in 

complex mixtures, either for industrial or detection applications. 

3.2 Discussion 

3.2.1 Panning an Sso7d library against iron oxide results in enrichment in basic amino 

acids 

A library of Sso7d mutants generated by introducing degenerate codons into ten 

positions in Sso7d17, shown in Figure 3.1A, was screened by yeast surface display to isolate 

mutants with affinity for iron oxide at pH 7.4. Uninduced yeast or yeast expressing wild type 

Sso7d were added during the selection steps to act as a competitor. We and others have 

observed that iron oxide nanoparticles adsorb on the surface of yeast11,12. Therefore, adding a 

non-specific competitor made the selection more stringent, since the yeast expressing the 

binders had to compete for the surface with the non-specific competitors. Excess BSA was also 

added during the selection steps to prevent non-specific binding of the yeast cells to the beads. 

Rawlings et al. observed that adding casein during phage display biopanning against iron oxide 

reduced non-specific binding of phage particles to the surface24. To make the selections even 

more stringent, the amount of iron oxide added to each sort was decreased, while the ratio of 
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binders to non-specific binders was decreased. In the final round of selection, the ratio of 

library to non-specific competitors was 1:1000 and 100 times less iron oxide was used 

compared to the first sort. Therefore, the mutants with tightest binding to the surface were 

selected.  Generating tight binders against a surface is not a disadvantage when using yeast 

surface display for biopanning. With phage display, tightly bound binders could be hard to 

recover and may consequently get lost24, whereas tightly bound yeast cells could double from 

the surface when placed in growth media.  

 

 
Figure 3.6. The Sso7d scaffold. Mutagenized positions (orange) in the Sso7d scaffold (A) and yeast surface 

display of Sso7d (B). Sso7d images were generated with the UCSF Chimera package 1.10.225. 

 

Table 3.2. Sequences of the isolated iron oxide Sso7d binders. Mutagenized positions are 

shown in bold characters 

Protein/Position 20 21 23 24 25 27 28 30 32 34 39 40 42 44 

Wild Type K K W R V K M S T D K T R A 

SsoFe1 I Q L R S K C R W D K F R R 

SsoFe2 R R R R K K C R Y D K Y R I 

SsoFe3 I R I R K K C R V D K S N R 

SsoFe4 V S K R H K K A R D K H S C 

SsoFe5 F K R R R K C K T D K C R S 

SsoFe6 Y T R R K K C L Q D K R R K 

SsoFe7 L R A R S K G K V D K R K C 

SsoFe8 Y S R R K K C R R D K R N F 

SsoFe9 R L I R K K C F C N K L K R 

SsoFe10 R R R R K K C R Y D K Y R I 

 

After six rounds of selection, ten different clones were sequenced. These sequences are 

presented in Table 3.1. As observed in Figure 3.2A-B, selections against iron oxide resulted in 
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enrichment in basic residues, with 47% of all possible mutations being to basic residues 

(arginine, lysine, histidine), 22% to hydrophobic residues, 19% to polar residues, 12% to 

cysteine, and 0% to negatively charged acidic residues. Mutations towards arginine dominated 

over lysine and histidine mutations, with 79% of the basic amino acids being arginine, 17% 

being lysine, and 4%  being histidine. Enrichment in basic amino acids has also been observed 

by others when panning peptide or proteins libraries against iron oxide at neutral pH. Brown 

et al. identified a motif rich in R and H in mutants of an outer membrane protein that allowed 

bacteria to adhere to different iron oxide surfaces26. When panning a phage display library of 

the protein scaffold Adhiron against magnetite, enrichment in basic amino acids, mainly lysine, 

was absorbed24. An antibody library panned by phage display against magnetite yielded 

antibodies enriched in basic residues, mainly arginine27. Furthermore, enrichment in basic 

amino acids is also observed in peptides that bind to other metal oxides, since they are usually 

negatively charged at neutral pH28,29.  There was no enrichment towards acidic residues, 

comparable to the results observed with the Adhiron scaffold24.  All ten sequenced mutants 

contained at least one cysteine residue, and it most frequently appeared at position 28 (Table 

3.1, Figure 3.2A). This is not completely unexpected since it has been observed that cysteine 

residues commonly coordinate binding to iron (III) heme groups30, sulfur containing groups 

are known to coordinate with iron31, and cysteine was frequently observed in peptides panned 

against type II-VI semiconductors22. 
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Figure 3.7. Amino acid composition of the isolated Sso7d mutants. A)  Total number of mutations to basic (red), 

polar (green), hydrophobic (yellow), or cysteine residues at each randomized position. B) Percentage of total 

amino acid mutations in the 3B face to basic (red), polar (green), hydrophobic (yellow), or acidic residues (blue). 

Electrostatic potential of the 3B face of wild type Sso7d (C), and SsoFe2 (D). Sso7d images were generated with 

the UCSF Chimera package 1.10.225. 

 

Mutant 2 (Table 3.1), referred to as SsoFe2, was chosen for further characterization. 

This mutant was chosen because most of its mutations were to arginine residues, and its 

sequence appeared twice within the ten sequenced clones.  However, the close sequence 

resemblance between mutants would make any of the other proteins good candidates for further 

characterization. The estimated isoelectric point of SsoFe2 is 10.1, which is beneficial for 

interaction with the negatively charged iron oxide surface. For comparison, the isoelectric 
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point of WT Sso7d is 9.89. Figure 3.2E-D display the electrostatic potential map of the 3B face 

of SsoFe2 and WT Sso7d. There is clustering of positive charges on one half of the 3B face 

(residues 23 through 30), while the other half is less charged, yet still positively charged or 

hydrophobic. There are no negatively charged patches on the 3B face. The 3B face of Sso7d 

is less positively charged and more hydrophobic than the 3B face of SsoFe2. This would 

suggest SsoFe2 is interacting with the negatively charged iron oxide surface through the 3B 

face. It is necessary to note that selections were performed at high ionic strength, which would 

shield long range electrostatic interactions32, yet positively charged residues would be required 

to establish close range interactions with the negatively charged groups on the surface33.  

3.2.2 SsoFe2 can compete against wild type Sso7d for the iron oxide surface 

To confirm that SsoFe2 binds more tightly to the surface than other Sso7d mutants, a 

competition assay was set up where yeast cells expressing SsoFe2 were mixed with yeast cells 

expressing WT Sso7d in a 1:1000 ratio, and then enough iron oxide to capture approximately 

10% of the total cell population was added. WT Sso7d is a suitable competitor since it is 

positively charged at neutral pH (pI 9.89), and it has several surface exposed lysine residues 

that are involved in binding to the negatively charged backbone of DNA34. Two other Sso7d 

mutants, Sso7d-lysozyme17 (pI 8.85) and Sso7d-hFc18 (pI 9.78), were also mixed with WT 

Sso7d and incubated with iron oxide for comparison. Sso7d-lysozyme was chosen because it 

has three cysteine residues in its 3B face17, and Sso7d-hFc was chosen because of its high 

isoelectric point. EBY100, the strain of Saccharomyces cerevisiae used in this assay, is 

tryptophan and leucine deficient; therefore, tryptophan and leucine markers can be used to 

maintain plasmids in EBY100. WT Sso7d is expressed on the surface of yeast using a vector 

with a leucine selection marker, whereas SsoFe2, Sso7d-lysozyme, and Sso7d-hFc are 

expressed using a tryptophan selection marker. When plating the iron oxide beads onto agar 

plates lacking tryptophan, only yeast with a tryptophan marker plasmid will grow on these 

plates. Therefore, colonies that grew on the plates corresponded to Sso7d-hFc, Sso7d-

lysozyme, or SsoFe2 that competed for the iron oxide surface against WT Sso7d.  
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Figure 3.8. Capture of yeast cells expressing Sso7d-hFc (yellow), Sso7d-Lysozyme (green) or SsoFe2 (blue) 

mixed with 1000 times more wild type Sso7d-expressing yeast cell competitors by addition of iron oxide. Error 

bars correspond to standard error of at least three repeats. **Indicate a statistically significant difference (p<0.05). 

 

As shown in Figure 3.3, on average, only 9% of cells expressing Sso7d-hFc and 3% 

Sso7d-lysozyme were recovered from the complex mixture of cells, while 66% of cells 

expressing SsoFe2 were captured. The expression levels of each mutant protein on the surface 

of yeast were quantified by flow cytometry; however, no differences in surface expression 

levels were observed (data not shown). Consequently, this difference in capture efficiencies 

cannot be attributed to surface expression levels of the specific Sso7d mutant, but to the amino 

acid makeup of the mutants. SsoFe2 can compete for the surface in the presence of non-specific 

binders better than these two other Sso7d mutants indicating that SsoFe2 has a greater affinity 

for the surface. This is not unexpected, since EBY100 or WT Sso7d expressing cells were 

present throughout the panning process. Furthermore, Sso7d-lysozyme has three surface 

exposed cysteine residues in its 3B face17, yet it showed poor binding to iron oxide, suggesting 

that surface accessible cysteine residues are not enough for binding to iron oxide. Sso7d-hFc 

and WT Sso7d have similar pI, yet Sso7d-hFc does not preferentially adsorb on the iron oxide 

beads, suggesting that charge is not enough to confer iron oxide binding. These two 

observations indicate that neither cysteine nor positively charge residues alone are enough for 

tight binding to iron oxide, but rather the specific context in which these amino acids happen 

is important. 
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3.2.3 Co-expression of SsoFe2 allows for capture of yeast in complex media 

Uninduced yeast cells bind non-specifically to iron oxide, as observed by us and 

elsewhere11,12; however, adding 1% BSA significantly reduced capture from 80% to 12% (data 

not shown). BSA readily adsorbs on surfaces and prevents binding of the cells to the surface. 

However, immobilization of cells expressing SsoFe2 still occurs in the presence of 1% BSA, 

as shown in Figure 3.4A. This is not unexpected, since BSA was present in some of the 

selection steps, and the yeast cells must compete with this protein for the surface. Given the 

high concentration of BSA in solution, it is not likely that SsoFe2 binds to immobilized BSA. 

SsoFe2 is necessary for immobilization on iron oxide in the presence of BSA. As shown in 

Figure 3.4A, only 30% of the cells expressing glucose oxidase (GOX) were captured after 

adding 400 µg of iron oxide in the presence of BSA, whereas 90% of cells expressing SsoFe2 

could be captured under these conditions. However, if SsoFe2 is co-expressed on the surface 

of yeast along with glucose oxidase, not as a fusion but anchored by two different Aga2 

proteins, 90% of the cells can be immobilized (Figure 3.4A). The results show that co-

expressing SsoFe2 allows for capture of yeast in a high protein concentration mixture, showing 

the robustness of the engineered protein. 
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Figure 3.9. Capture of yeast cells expressing SsoFe2 from a high protein concentration solution (A) and induction 

media (B). Error bars correspond to the standard error of at least three independent repeats. 

 

To test if SsoFe2 could be used for cell purification from culture media, iron oxide 

beads were added to cultures containing cells co-expressing SsoFe2 and glucose oxidase or 

cells expressing just glucose oxidase. Figure 3.4B shows that 84% of the cells co-expressing 

both proteins could be captured with iron oxide nanopowder. In contrast, only 7% of the cells 

expressing just glucose oxidase could be recovered. SG-CAA media, the culture media used 

in these assays, is acidic, and it contains proteins that have been secreted into the media and 

other macromolecules; yet yeast expressing SsoFe2 could be isolated from this complex 

solution because it was engineered to bind to iron oxide even in the presence of other proteins. 

The complexity of SG-CAA media greatly diminishes the non-specific adsorption of yeast 

cells on iron oxide, highlighting the importance of expressing a material anchor protein like 
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SsoFe2 on the yeast surface. Cell aggregation or flocculation is often used to remove yeast 

from culture media2,3. However, we show that with SsoFe2 yeast could be easily removed by 

addition of iron oxide, which can then be recovered with a magnet.  

The results presented in Figure 3.3 and 3.4 demonstrate that cells expressing SsoFe2 

could be isolated from a complex mixture of cells, proteins, or media by simply adding iron 

oxide nanopowder. This could be attributed to the fact that the biopanning rounds were 

conducted under competitive conditions. The highly avid interaction between cells expressing 

SsoFe2 and the surface is likely to play a role in immobilization26. This opens the possibility 

of using SsoFe2 as a tag for recovery of cells or other targets where an avidity-based interaction 

with iron oxide is likely. For instance, SsoFe2 could be displayed on the surface of membrane 

proteins to ease organelle isolation in cell homogenates. For example, SsoFe2 could be 

expressed as a fusion to TOM22 or nesprin-2 for outer mitochondrial membrane35 or outer 

nuclear envelope36 display, respectively, allowing for recovery of mitochondria or cellular 

nuclei. Alternatively, SsoFe2 could be used as a cell surface reporter gene for detection of 

different compounds, where yeast cells would display SsoFe2 upon sensing a specific 

substance, and the cells could then be recovered from the solution with iron oxide for analysis. 

In this specific study, yeast cells are acting as a galactose sensor since surface expression is 

controlled by a galactose promoter. However, the system could possibly be adapted to sense 

other substances such as hormones, heavy metals, and toxins37. In one instance, a surface HA-

tag reporter was used to isolate pairs of interacting proteins in a yeast-two-hybrid format38. 

When a pair of proteins interact with each other, a HA-tag is displayed on the surface of yeast. 

Pairs of interacting proteins are then recovered with anti-HA magnetic beads. SsoFe2 could be 

used as the surface reporter, with the advantage that it would allow for positive cells to compete 

with negative cells for the surface and plain, non-functionalized iron oxide could be used.  

3.2.4 SsoFe2 is specific for iron oxide and not titanium dioxide or silicon dioxide  

To test the specificity of SsoFe2 for iron oxide, yeast cells co-expressing SsoFe2 and 

glucose oxidase were incubated with a mixture of iron oxide and titanium dioxide nanoparticles 

(TiO2) or fumed silicon dioxide (SiO2), in a 2:1 mass ratio for the former and a 1:1 mass ratio 

for the latter. TiO2 was observed to precipitate in the presence of yeast at a 1:1 mass ratio. Both 
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TiO2
28 and SiO2

32 are both negatively charged at neutral pH, so if the interaction between 

SsoFe2 and iron oxide was exclusively electrostatic in nature, non-specific binding to either 

oxide would have been expected.  Enough iron oxide was added to remove 90% of the cells. 

As depicted in Figure 3.5A, capture of yeast expressing SsoFe2 is expected to decrease if cells 

bind non-specifically to other oxides, since yeast cells bound to the non-specific oxides would 

not become magnetized. Capture could be quantified by measuring the glucose oxidase activity 

of the recovered cells. Adding TiO2 or SiO2 to the mixture did not decrease the capture of yeast 

expressing SsoFe2 compared to when only iron oxide is added in the presence or absence of 

1% BSA (Figure 3.5B). Capture of SsoFe2 expressing cells decreases to 90% only when SiO2 

is added in the absence of BSA. The results indicate that expression of SsoFe2 on the surface 

of yeast does not promote binding of the yeast cells to other oxide surfaces, even when they 

are negatively charged. Furthermore, the results presented in Figure 3.5B demonstrate that 

cells expressing SsoFe2 could be recovered from a complex mixture of materials as well, 

demonstrating the robustness of the engineered protein. 
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Figure 3.10. Non-specific binding of yeast expressing SsoFe2 to silicon dioxide and titanium(IV) oxide. A) 

Depiction of non-specific binding assay. Yeast cells are incubated with iron oxide (grey) and non-iron oxide 

(pink), and then iron oxide beads get recovered with a magnet. B) Recovery of yeast cells co-expressing SsoFe2 

and glucose oxidase in the presence of titanium dioxide (blue) or silica (orange). 

 

3.2.5 SsoFe2 immobilization as a function of pH and salt concentration 

Immobilization of SsoFe2 expressing yeast cells is weakly dependent on salt 

concentration and pH. As shown in Figure 3.6A, immobilization of SsoFe2 is relatively 

constant between pH 4.4 and pH 11, with slightly higher capture at pH 4.4 and pH 10, and the 

least amount of capture at pH 5.5. At pH 4.4, iron oxide is positively charged and yeast cells 

are negatively charged39, making it more electrostatically favorable for yeast to get adsorbed 

on the iron oxide surface. At pH 10, both yeast and iron oxide are negatively charged, yet 

capture at this pH value is comparable to pH 4.4. Others have observed that iron oxide 

nanoparticles can still be loaded on yeast despite both surfaces been negatively charged39.  

Uninduced yeast and yeast expressing other proteins showed a similar trend (Figure 3.6A), 

indicating that under non-blocking conditions, that is, in the absence of BSA, non-specific 

yeast-iron oxide interactions determine how the cells interact with the surface. The results 
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presented in Figure 3.6A also suggest that the interaction between the yeast cell and the surface 

is not only electrostatic in nature. Furthermore, these immobilization assays were performed 

using low ionic strength buffers, so it was expected for pH to play an important role in 

immobilization since repulsive interactions are not shielded by counterions.  

 

 
Figure 3.11. Recovery of yeast cells expressing SsoFe2 as a function of pH (A) and sodium chloride concentration 

(B). 

 

Immobilization of yeast expressing SsoFe2 was studied as a function of sodium 

chloride concentration at pH 7.4 in the absence of BSA, as shown in Figure 3.6B. At this pH, 

iron oxide is slightly negatively charged and yeast cells are negatively charged. At 50 mM 

NaCl, 57% of the cells are captured, and increasing the salt concentration to 300 mM increases 
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capture to 70%. These results suggest that the added salt shields the repulsive interactions 

between the negatively charged iron oxide surface and negatively charged yeast cells. 

Increasing NaCl concentration to 1M reduces capture to 63%, and doubling the salt 

concentration to 2M only decreases capture to 57%.  Consequently, yeast harboring the SsoFe2 

gene could be immobilized on iron oxide even at high salt concentrations. The results also 

corroborate the conclusion that the interaction between iron oxide and yeast is not only 

electrostatic in nature, since adsorption could not be significantly inhibited even with 2M 

sodium chloride. 

3.3 Conclusion 

By implementing a stringent biopanning strategy, we have shown that it is possible to 

isolate Sso7d mutants that allow for the immobilization of yeast on iron oxide under several 

conditions, including high protein concentration media, yeast induction media, and a complex 

mixture of cells. The isolated Sso7d mutants possessed sequence characteristics observed in 

other peptides or proteins panned against iron oxide, mainly a high frequency of basic amino 

acids. Binding of the cells to iron oxide appeared to be weakly dependent of pH and salt 

concentration, and it was possible to recover yeast expressing SsoFe2 from media with 

different pH values and salt concentrations, while yeast not expressing SsoFe2 was not. This 

opens the possibility of using the Sso7d mutant SsoFe2 as a tool to anchor yeast or other cells 

on iron oxide supports. 

3.4 Materials and Methods 

3.4.1 Materials 

Iron(II,III) oxide (637106) and titanium (IV) dioxide (718467) were purchased from 

Sigma-Aldrich (St. Louis, MO). All primers were purchased from Integrated DNA 

Technologies (Coralville, IA), and they are summarized in Table 3.2. Zymoprep Yeast Plasmid 

Miniprep II kit and Frozen-EZ Yeast Transformation Kit™ were purchased from Zymo 

Research (Irvine, CA).  

Saccharomyces cerevisiae strain EBY10040 was used for all assays. The culture medias 

used to passage and induce EBY100 were prepared as follows. SD-CAA media without 

tryptophan (20 g/L dextrose, 5 g/L caseamino acids, 6.7 g/L Difco™ yeast nitrogen base, 5.4 
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g/L sodium phosphate dibasic anhydrous, 8.6 g/L sodium phosphate monobasic monohydrate). 

SD minus leucine media (SD-leu), and SD minus leucine and tryptophan media (SD-leu/-trp) 

were prepared by replacing caseamino acids with 1.50 g dropout mix synthetic without leucine 

or dropout mix synthetic without leucine/tryptophan, respectively (US Biological, Salem, 

MA). SG-CAA media minus tryptophan or minus leucine was prepared by replacing glucose 

with 20 g/L galactose and 2 g/L dextrose in the SD-CAA recipe.  

3.4.2 Generation of yeast surface display plasmids 

The yeast surface display plasmid PCT-CON40 was used for expressing all Sso7d 

mutants on the surface of yeast. PCT-CON has a tryptophan marker. The gene encoding for 

wild type Sso7d17 and SsoFe2 were cloned into PCT-302 (a modified version of PCT-CON 

with a leucine marker) in between NheI and BamHI cut sites. PCT-302 was a generous gift 

from Dr. Eric Border (University of Tennessee, Knoxville). Putative clones were transformed 

into chemically competent EBY100 using a Frozen-EZ Yeast Transformation Kit™, and 

plated in SD-leu plates. Generation of plasmids containing Sso7d-lysozyme17 and Sso7d-hFc18 

are described elsewhere. Glucose oxidase from Aspergillus niger was amplified from genomic 

DNA using flanking primers Pf1 and Pr1. The PCR product was then amplified with primers 

Pf2 and Pr2 to introduce AvrII and BamHI cut sites into the Glucose oxidase gene. The Glucose 

oxidase gene was cloned into PCT-CON (tryptophan marker) between NheI and AvrII cut 

sites. EBY100 cells co-expressing glucose oxidase (in PCT-CON) and SsoFe2 (in PCT-302) 

were generated by simultaneously transforming both plasmids into chemically competent 

EBY100 as described above, and plated in SD-leu/trp plates. EBY100 expressing glucose 

oxidase alone was transformed with glucose oxidase in PCT-CON plasmid and plated in SD-

CAA plates. The naïve Sso7d yeast surface display library (in PCT-CON) used in this work 

was generated elsewhere17. 

Table 3.3. List of primers. Restriction sites are italicized. Sequences are given from 5’ to 3’. 

Primer Sequence 

Pf1 CCTTTCCTCTCTCATTCCCTCA 

Pr1 AATGCCCTTGTTTGGTAGTAAT 

Pf2 GATTACCCTAGGATG CAG ACT CTC CTT GTG AGC TCG CTT 

Pr2 GAGCACGGATCCCTGCATGGAAGCATAATCTTCCAAGATAG 
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3.4.3 Yeast culture passage and induction 

Yeast cultures were grown in SD at 30°C, before being induced at OD600 1 in SG media 

at 20°C, overnight. Yeast cells harboring PCT-CON were grown and induced in SD-CAA or 

SG-CAA media, respectively. EBY100 cells transformed with PCT-302 were grown and 

induced in SD-leu or SG-leu media, respectively. Cells co-expressing SsoFe2 and glucose 

oxidase were grown and induced in SD-leu/-trp and SG-leu/-trp, respectively. 

3.4.4 Selections of iron oxide binders from naïve Sso7d library. 

The pH of the buffers used for selection was kept at 7.4 throughout the biopanning 

process. For the first round, 1x109 cells from the naïve Sso7d library were pelleted by 

centrifugation at 4000 rpm, and resuspended in 50 mL of PBS + 1% BSA. 1 mg of iron(II,III) 

oxide nanoparticles was added to the yeast cells and incubated for 45 minutes at 4°C on a rotor. 

The beads were recovered with a magnet, washed 6 times with PBS + 0.05% tween, and then 

the beads were resuspended in 5 mL of SD-CAA. For the second round, 1x107 cells that grew 

from the first round of selection were pelleted by centrifugation at 12000 rpm, and resuspended 

in 1 mL of PBS + 1% BSA. 40 µg of iron(II,III) oxide were added to the yeast cells and 

incubated for 45 minutes at 4°C on a rotor. The beads were recovered with a magnet, washed 

6 times with PBS + 0.05% tween, and then the beads were resuspended in 5 mL of SD-CAA. 

For the third round, 1x107 EB100 cells (no plasmid) and 1x105 cells that grew from the second 

round of selection were pelleted by centrifugation at 12000 rpm and resuspended in 2 mL of 

PBS. 40 µg of iron(II,III) oxide were added to the yeast cells and incubated for 45 minutes at 

4°C on a rotor. The beads were recovered with a magnet, washed 6 times with PBS + 0.05% 

tween, and then the beads were resuspended in 5 mL of SD-CAA. EBY100 would not grow in 

this media. The plasmids of the cells from this round of selections were recovered and used to 

generate an error-prone library, as described below. 

3.4.5 Error prone library generation 

Error prone library was generated following a nucleotide analogue protocol detailed 

elsewhere18. 8-oxo-dGTP and dPTP from Trilink Biotechnologies (San Diego, CA) were used. 

The DNA from the third round of selection was recovered using a Zymo miniprep kit, and used 

as a template for each error prone PCR reaction. Two PCR reactions were set up using 2 µM 
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dGTP and dPTP for 20 and 30 PCR cycles and with 10 µM dGTP and dPTP for 20 and 30 

PCR cycles. The PCR product of all the reactions were combined together and amplified with 

homologous-end primers, as described elsewhere17. The library was transformed into yeast 

using the lithium acetate method described elsewhere20. A total of 2 transformations with 3 µg 

of vector and 3 µg of insert, each, were performed. Library diversity was estimated from serial 

dilutions of the transformed cells to be 2x108. 

3.4.6 Selections of iron oxide binders from affinity maturation library 

Unless otherwise noted, all selections were performed in PBS + 1% BSA + 0.05% 

tween + 250 uM arginine, pH 7.4 (selection buffer). The error prone library was transformed 

back into yeast, and iron oxide binders were selected under more stringent conditions. In the 

first round of selection, 2x109 cells from the error prone library were mixed in a 1:1 ratio with 

yeast expressing WT Sso7d (-leu). The cells were pelleted and resuspended in 50 mL of 

selection buffer. 1 mg of iron oxide was added to the cell mixture, and incubated for 45 minutes 

at 4°C, on a rotor. The beads were washed 6 times, and the binders were expanded in SD-CAA 

(-trp) media where Sso7d yeast could not grow. For the second round, a 1:100 binders to Sso7d-

WT mixture in 1 mL of selection buffer was used, and the available iron oxide surface was 

decreased to 100 µg. The beads were recovered with a magnet, resuspended in 1 mL of 100% 

bovine serum, incubated overnight, and washed 5 times before being added to 5 mL of SD-

CAA (-trp). Finally, 1x104 cells from the previous sort were mixed with 1000 times excess 

WT Sso7d expressing yeast and resuspended in 1 mL of selection buffer where BSA was 

replaced with 100 µg/mL WT Sso7d fused to streptavidin. 10 µg of iron oxide were added to 

the cell mixture, and allowed to equilibrate at 4C, on a rotor, for 45 minutes. The beads were 

washed 5 times before being resuspended in SD-CAA (-trp). Ten different colonies from this 

population were sequenced by Sanger sequencing (Genewiz, South Plainfield, NJ). 

3.4.7 Capture from cell mixture 

1.0x107 yeast cells expressing WT Sso7d (-leu maker) were mixed with 1.0x104 yeast 

cells expressing SsoFe2, Sso7d-Lysozyme or Sso7d-hFc (trp marker). The cells were pelleted 

and resuspended in 2 mL of PBS selection buffer. A 100 µL aliquot was taken from each tube 

to quantify the initial number of colony forming cells, and a 1:10 dilution was prepared from 
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it. 40 µg of iron oxide were added to the cell solutions and allowed to equilibrate for 1 hour at 

room temperature. The beads were recovered with a magnet and washed 3 times with PBS 

selection buffer. Finally, the iron oxide beads were resuspended in 1 mL of buffer, and a 1:2 

dilution was prepared from this solution. 100 µL of the 1:1 and 1:2 iron oxide bead solution 

and 1:1 and 1:10 initial yeast solutions were plated on SD-CAA -tryptophan plates. Colonies 

in each plate were counted after 2 days. Recovery was quantified as the ratio of colony forming 

units recovered with iron oxide to the initial number of colony forming units. Four independent 

repeats were performed.  

3.4.8 Capture from high concentration protein media 

1.5x107 yeast cells expressing glucose oxidase alone, SsoFe2 alone, or SsoFe2 co-

expressed with glucose oxidase were pelleted by centrifugation and resuspended in 3 mL of 

PBS selection buffer. The starting OD at 600 nM of the solutions was recorded using a 

spectrophotometer. 300 µL of 4 µg/mL iron oxide beads were added to each culture and 

incubated for 20 minutes on a rotor. The beads were recovered with a magnet, and the final 

OD600 values of the solutions were recorded. Yeast recovery was calculated as described as the 

ratio of the final number of cells to the initial number of cells. Four independent repeats were 

performed for glucose oxidase alone and SsoFe2 co-expressed with glucose oxidase, and three 

independent repeats were performed for SsoFe2 alone. 

3.4.9 Capture assay from culture media 

1.5x107 yeast cells expressing glucose oxidase alone or SsoFe2 co-expressed with 

glucose oxidase were pelleted by centrifugation, and resuspended in 3 mL of the SG-CAA 

media used for inducing the cells. The starting OD600 values of the solutions were recorded. 

300 µL of iron oxide were added to each culture and incubated for 1 hour on a rotor, at room 

temperature. The beads were recovered with a magnet, and the final OD600 of the solutions 

were recorded. Yeast recovery was calculated as described previously.  

3.4.10 Competition assay with other oxide surfaces 

0.5x107 yeast cells co-expressing SsoFe2 and glucose oxidase were pelleted by 

centrifugation, and resuspended in 900 µL of PBS, 300 mL NaCl with or without 1% BSA. 

400 µg of iron oxide were mixed with 100 µL of 4 µg/µL fumed silica, 100 µL of 2 µg/µL 
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titanium dioxide nanoparticles, or PBS (no competitor control). The oxide mixtures were added 

to the yeast solution and allowed to equilibrate for 1 hour at room temperature, on a rotor. The 

iron oxide beads were recovered with a magnet, and washed 5 times with PBS, 300 mM NaCl, 

before being resuspended in 100 µL of PBS, 300 mM NaCl. To measure the glucose oxidase 

activity immobilized on the beads, 100 µL of  2X reaction solution were added to the beads 

(0.1 mM glucose, 0.1 mg/mL TMB substrate, 1.5 µg/mL horseradish peroxidase diluted in 

PBS pH 7.4), and the reaction was allowed to proceed for 5 minutes at room temperature before 

being quenched with 50 µL of sulfuric acid. The tubes were centrifuged for 2 minutes at 

16,000g, and 100 µL aliquots were transferred into a 96-well plate, in duplicate. Absorbance 

of the reaction was measured at 450 nM using a plate reader. Recovery was defined as the ratio 

of activity in the presence of competitor oxide to activity in the absence of competitor. Three 

independent repeats for each oxide were conducted. 

3.4.11 Capture assay from solutions of different pH values 

The following buffers were used: 50 mM sodium acetate (pH 4.3), 50 mM citric acid 

(pH 5.5), 50 mM HEPES (pH 6.6), 50 Mm tris-HCl (pH 7.4), 50 mM sodium carbonate (pH 

10 and 10.9). All buffers were supplied with 50 mM NaCl. 0.5x107 yeast cells expressing 

SsoFe2 were resuspended in 950 µL of each buffer. The initial OD600 of the cells was then 

recorded. 50 µL of 4 µg/mL iron oxide nanoparticles were added to the cells, and allowed to 

incubate for 20 minutes on a rotor. The beads were separated from the solution using a magnet, 

and the final OD600 of the solutions were recorded. Three independent repeats were performed. 

A similar assay was set up for uninduced cells, cells expression glucose oxidase, and cells 

expressing another random protein. The results of these four experiments were averaged 

together since no significant differences between samples were observed. Recovery was 

calculated from the initial and final OD600 values as previously described. 

3.4.12 Capture assay from solutions with different sodium chloride presentations  

PBS buffer was prepared with 50 mM, 300 mM, 1 M, or 2 M NaCl. 0.5x107 yeast cells 

expressing SsoFe2 were resuspended in 950 µL of each buffer. The initial OD600 of the cells 

was then recorded. 50 µL of 4 µg/mL iron oxide nanoparticles were added to the cells and 

allowed to incubate for 20 minutes on a rotor. The beads were separated from the solution 
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using a magnet, and the final OD600 of the solutions were recorded. Four independent repeats 

were performed. Recovery was calculated from the initial and final OD600 values as previously 

described. 
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CHAPTER 4 

Split-Nanoluc Complementation Enables a Mix-And-Read Assay for Lysozyme 

Detection Based on Ligands with Non-Overlapping Epitopes 
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4.1 Introduction 

Mix-and-read assays, also known as homogenous immunoassays, are simple analytical 

techniques used to detect analytes in complex biological fluids. Although enzyme-linked 

immunosorbent assay (ELISA) is the most widely used assay for analyte detection due to its 

high sensitivity, it may not suitable for direct analysis of samples in complex biological fluids 

or for on-site detection. Furthermore, ELISA is a time consuming and complex assay, since it 

requires immobilization of antigen or antibodies on a suitable substrate, multiple washing 

steps,  and long incubation times1. To overcome limitations of ELISA, different types of simple 

homogenous phase immunoassays that require no washing steps or protein immobilization 

have been developed. The premise of these techniques is that when two sensing components 

are brought into close proximity by the presence of an analyte, a measurable signal, such as 

luminescence or fluorescence, is generated. For instance, homogenous open sandwich ELISA 

has been developed to detect analytes in solution by Förster resonance energy transfer 

(FRET)2, bioluminescence resonance energy transfer (BRET)3, and a split enzyme 

complementation assay4. These assays rely on target-mediated dimerization of the heavy and 

light chains of fragment antibodies. An alternative to homogenous sandwich ELISA is analyte 

detection by split-enzyme reconstitution assays. In these systems, enzymes are dissected into 

two non-active components and fused to proteins that bind to an analyte on different epitopes. 

When these two components are brought into proximity by presence of the target they 

reconstitute an active enzyme5. Stains6 demonstrated the use of firefly luciferase 

complementation assay to detect HIV-1 gp120, human VEGF, and HER-2. In a similar 

approach, Mie7 fused the two fragments of split Renilla luciferase to the B domain of protein 

A of Staphylococcus aureus, and used it to detect E. coli.  

A requirement for target detection by split-enzyme reconstitution or any other 

proximity assay is to have two sensing probes that bind to the target on non-overlapping 

epitopes. The epitopes must be close to each other; otherwise, enzyme reconstitution may not 

occur. Consequently, a systematic approach for isolating binders with non-overlapping 

epitopes is needed. We have developed a combinatorial pairwise library assembly approach to 

isolate high affinity ligands against lysozyme by yeast surface display8. In this approach, a 
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pool of Sso7d binders9 were fused together in a random manner by a flexible linker, resulting 

in a library of bivalent ligands. These ligands showed greater affinity towards their target than 

monovalent ligands due the avidity effect generated by binding to the target on different 

epitopes. Additionally, the distance between epitopes is restricted because of the flexible linker 

connecting the binders. The library was sorted against lysozyme, and a single bivalent mutant 

(BVL-1) was used to develop a mix-and-read assay for lysozyme detection based on the 

tripartite GFP reconstitution10. In this system, GFP is dissected into three non-fluorescent 

components, β-sheet 10 (GFP10), β-Sheet 11 (GFP11) and β-sheet 1 through 9 (GFP9). GFP10 

and GFP11 were each fused to one of the Sso7d units of BVL-1, Sso7d1 (N-terminal) and 

Sso7d2 (C-terminal). Sso7d1-GFP11, GFP10-Sso7d2, and GFP9 were added complex 

mixtures containing lysozyme. The assay showed a linear fluorescent response to lysozyme 

with a limit of detection of 235 nM. However, 4 hours of incubation of were required to obtain 

signal above background, which is too slow for practical applications.  

In this work, we studied if using a split-luciferase system could increase the response 

time of the lysozyme mix-and-read assay developed with the Sso7d units of BVL-1. Ideally, 

this luciferase-based assay should show a faster response time the split-GFP system without 

loss in sensitivity. The subunits of BVL-1 were fused to either the C-terminal or N-terminal 

fragments of a split luciferase, and added into mixtures containing lysozyme. We decided to 

use split-luciferase because of the high sensitivity and speed of this system, as demonstrated 

by Stains6. Although split-firefly luciferase showed remarkable sensitivity, we opted to use a 

split luciferase system based on NanoLuc luciferase11. NanoLuc is the catalytic subunit of a 

luciferase from the deep-sea shrimp Oplophorus gracilirostris. This unit is only 19.1 kDa, and 

it exhibits 150-fold more activity than firefly or Renilla luciferases11. Furthermore, two 

different split-Nanoluc systems have been developed. Verhoef12 split NanoLuc at position 53, 

rendering a 5.8 kDa (N-terminal) and 13.4 kDa (C-terminal) fragments. We refer to this system 

as split-NLuc. Dixon13 dissected NanoLuc into a 1.8 kDa (C-terminal) peptide and an 18 kDa 

fragment (N-terminal), and we refer this system as split-NanoBit. The small size of these 

fragments make them less likely to disrupt normal activity of their fusion partners by stearic 

hindrance. We showed that luciferase complementation happens with both NLuc and NanoBit 
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fragments fused to the subunits of BVL-1, and that a measurable signal can be detected 

immediately after addition of luciferase substrate. These results further demonstrate that the 

combinatorial pairwise assembly system that we have design8 is useful for isolating binders 

with non-overlapping that could be used for split-enzyme complementation assays.    

 4.2 Results and Discussion 

4.2.1 Generation and purification of split NanoLuc fragments for lysozyme detection 

GFP10 was replaced with C-terminal NLuc or NanoBit in the GFP10-Sso7d2 construct 

to generate Cterm NLuc-Sso7d2 and Cterm NBit-Sso7d2, respectively. GFP11 was replaced 

with Nterm NLuc or NanoBit in the Sso7d1-GFP11 construct to generate Sso7d1-Nterm Nluc 

and Sso7d1-Nterm NBit, respectively. These constructs are depicted in Figure 4.1. Both NLuc 

and NanoBit fragment fusions could be purified from E. Coli lysates by affinity 

chromatography. Both Sso7d1-Nterm NLuc and Sso7d1-Nterm NBit were purified with yields 

between 2-3 mg/L. On the other hand, the yield of pure Cterm NBit-Sso7d2 was 1.2 mg/L, 

whereas the yield of Cterm NLuc-Sso7d was less than 1 mg/L. Since both Cterm NBit and C-

term NLuc are fused to the same Sso7d mutant, it can be inferred that Cterm NLuc is less 

soluble or less stable than Cterm NBit.  This could be attributed to the fact that the size of 

Cterm NBit is only 1.8 kDa, whereas Cterm NLuc is 13.4 kDa; therefore, the former fragment 

would be expected to affect the overall stability and solubility of the construct in a smaller 

proportion than the latter. Nonetheless, enough protein material was purified to test NLuc- and 

NanoBit-based mix-and-read assays for lysozyme detection.  
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Figure 4.12. Mix-and-read assay for lysozyme detection based on split NanoLuc complementation. The 

individual units of a Sso7d binder are fused to the N-terminal and C-terminal fragments of split NanoLuc or 

NanoBit. Upon binding of the subunits to lysozyme, the N-terminal and C-terminal fragments of split luciferase 

are brought into close proximity, reconstituting an active luciferase enzyme. Sso7d images were generated with 

the UCSF Chimera package 1.10.214  . 

 

4.2.2 Split NanoLuc reconstitution is mediated by the presence of lysozyme 

The lysozyme-mediated split-NanoLuc luciferase assay detailed in Figure 4.1 was 

tested for NLuc and NanoBit. In this assay, 1µM Sso7d1-Nterm Nluc/NBit and 1µM Cterm 

NLuc/NBit-Sso7d2 were added to solutions containing lysozyme at different concentrations. 

After one hour of equilibration, luciferase substrate was added to each solution and 

luminescence was quantified immediately after. As expected, luminescence was detected in all 

samples were NLuc or NanoBit fragment fusions were present, as shown in Figure 4.2. NLuc 

exhibited a linear response to lysozyme in the 250 nM to 1500 nM lysozyme range (Figure 

4.2). NanoBit’s luminescence signal was saturated with 1µM of each fragment in solution; 

consequently, the concentration of NanoBit fragments was decreased to 100 nM. As shown in 

Figure 4.2, after decreasing the binder concentrations to 100 nM, the linear range of the assay 

was from 50 nM to 100 nM, indicating that the NanoBit system is more sensitive than the 

NLuc or tripartite GFP systems. Furthermore, both results show that split-NanoLuc 

reconstitution is mediated by lysozyme sensing of Sso7d1 and Sso7d2. Most importantly, 

lysozyme could be detected immediately after addition of luciferase substrate, whereas 4 hours 

were required to detect lysozyme by GFP reconstitution, without loss in sensitivity in the case 
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of NanoBit. The results of Figure 4.2 also demonstrate that binders isolated from the pairwise 

combinatorial library method developed by Carlin and Cruz-Teran8 could be used for both 

split-GFP and split-luciferase mix-and-read-assays.  

 

 
Figure 4.13. Detection of lysozyme in a mix-and-read assay by split-NanoLuc reconstitution. Luminescence 

detection for samples containing lysozyme at different concentration along with 1 µM Sso7d1-Nterm NLuc and 

1 µM Cterm NLuc-Sso7d2 (red squares) or 100 nM Sso7d1-Nterm NBit and 100 nM Cterm NBit-Sso7d2 (green 

triangles). Fluorescence signal of samples containing lysozyme along with 1 µM GFP10-Sso7d2 and 1 µM 

Sso7d1-GFP118 (blue circles). The luminescence or fluorescence signal at each lysozyme concentration was 

normalized by the signal of the 1.5 µM sample. Error bars correspond to standard error of three independent 

repeats. 

 

Faster lysozyme detection came with a small trade off in sensitivity for the NLuc 

fragments, the limit of detection (LoD)15 of split-NLuc assay was 390 nM, while a LoD of 235 

nM was reported for split-GFP8. The higher LoD of NLuc compared to split-GFP could be 

attributed to its lower signal to noise ratio, which can be quantified by the limit of blank 

(LoB15). The LoB of split-NLuc and split-GFP are 250 nM and 130 nM, respectively. This 

suggest that the split fragments of NLuc have higher affinity for each other than the split 

fragments of tripartite GFP. This is not unexpected, since one of the objectives of splitting GFP 

into three components rather than two was to increase the signal to noise ratio10. As shown in 

Figure 4.2A, the response obtained with split-NLuc and split-GFP is virtually identical, thus 

either system could be used to detect lysozyme in the 100 nM to 1500 nM range. Strikingly, 

replacing NLuc fragments with NanoBit fragments resulted in a 4-fold increase in sensitivity 

compared to split-GFP, reducing the LoB and LoD to approximately 26 and 60 nM, 
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respectively. The fragments of NanoBit were designed to have weak self-affinity (190 µM), 

which translated into LoB in our system. Despite NLuc lower sensitivity, the linear ranges of 

NanoLuc (250-1500 nM or 3.5-20 µg/mL) and NanoBit (50-100 nM or 0.7-1.4 µg/mL) mix-

and-read assays are comparable to those reported for a lysozyme homogenous sandwich 

ELISA based on FRET(1-100 µg/mL)16 and another based on BRET(0.1-10 µg/mL)3. 

4.2.3 BVL-1 can be expressed on the surface of yeast with a NanoLuc linker 

We have demonstrated that pairwise combinatorial libraries can be successfully 

screened by yeast surface display to isolate binders with non-overlapping epitopes, and that 

these binders can be used for split-GFP and split-luciferase complementation assays8. 

However, it is possible that for some targets our method could yield binders with epitopes that 

are not favorable for enzyme reconstitution assays. In some cases, there could be stearic 

hindrance once the individual binders are fused to the components of a split system; especially 

if the epitopes are close to each other. Another possibility is that the binders may bind on 

epitopes that do not have the correct geometry to allow for fragment reconstitution. To address 

these concerns, we proposed fusing the two units of the bivalent Sso7d library with a linker 

containing NanoLuc, as shown in Figure 4.3A. In our current construct, a flexible proline-

threonine linker joins the two Sso7d units together (Figure 4.1). Given that binders will be 

connected through Nanoluc on the surface of yeast, they are constrained to bind to their target 

with a geometry compatible for split-NanoLuc reconstitution. Glycine-serine linkers were 

added between NanoLuc and each Sso7d unit to add flexibility to the construct and prevent 

stearic hindrance from the luciferase molecule. To test if such construct could be displayed on 

the surface of yeast, the proline-threonine linker in BVL-1 was replaced with the NanoLuc 

linker and expressed on the surface of yeast. Figure 4.3B shows that BVL-1-NanoLuc can be 

expressed on the yeast surface; approximately, 41% of the yeast cells could be labeled with an 

anti-HA antibody. An HA tag was included in the construct for surface expression 
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quantification. Expression levels are high enough to allow for library screening by fluorescence 

activated cell sorting. 

 

 
Figure 4.14. Yeast surface display of Sso7d binders linked together by NanoLuc. A) Proposed construct for the 

combinatorial pairwise assembly of Sso7d mutants using NanoLuc as the linker. An HA tag (red circle) and C-

myc tag (green circle) were included in the construct for yeast surface expression quantification. B) HA 

expression of BVL-1 in the construct depicted in panel A. Unlabeled cells are given as a reference (black). Sso7d 

images in were generated with the UCSF Chimera package 1.10.214  

 

4.2.4 A combinatorial library of Sso7d mutants can be constructed with NanoLuc as the 

linker   

Next we decided to construct a pairwise combinatorial library of Sso7d mutants linked 

together by the NanoLuc linker. The objective was to design a bivalent library to isolate clones 

with high affinity for phosphorylation site Y992 of the intracellular domain of the human 
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epidermal growth factor receptor (EGFR). Binders isolated from this library could then be 

fused to split-NanoBit and used as biosensors for EGFR Y922 phosphorylation. Tiruthani16 

already isolated a Sso7d mutant, SPY992, with affinity for a peptide of EGFR containing the 

desired phosphorylation site (pY992). Consequently, SPY992 was cloned in into the N-

terminal position (Sso7d1) of the tandem construct (Figure 4.3). A naïve library of Sso7d 

mutants was cloned in into the C-terminal position (Sso7d2) of the tandem construct by 

homologous recombination (Figure 4.3). Six mutants from this library were sequenced, and 

these showed that the library did not assembled properly. One clone was SPY992 with an out 

of frame NanoLuc. Other two clones were uncut vector. Three of the clones were monovalent 

Sso7d binders; two clones were Sso7d2 of BVL-1 and one was a random Sso7d mutant. These 

results suggest that there is homology between the linker separating NanoLuc and the Sso7d 

library and the linker between Aga2 and SPY992 (Figure 4.3A). Homology between the two 

linkers results in splicing of SPY992-NanoLuc during homologous recombination. To correct 

this problem, the linker between NanoLuc and the Sso7d library should be replaced with 

another flexible linker, such as a proline-serine linker in BVL-18. 

Continuing to improve the library assembly method proposed in this work is important 

for various reasons. In first place, it would be productive to test if the library could be screened 

to isolate binders with high affinity for a small peptide. Generally, finding two epitopes within 

a small peptide or molecule is complicated; however, two epitopes are required for the split-

enzyme assay reconstitution. Koide17 showed that it is possible to “clamp” a peptide between 

two binding proteins. Furthermore, Szent-Gyorgyi18 observed homodimerization of the 

variable light domains of an antibody specific to malachite by addition of the analyte. 

Therefore, it is not unlikely that SPY992-NanoLuc-Sso7d mutants that clamp pY992 could be 

isolated from the proposed library. Finally, successful pY992 affinity clamps would be useful 

to detect and quantify Y992 phosphorylation in EGFR by split-enzyme complementation in 

cell lysates or in living cells, as proposed elsewhere19.  

4.3 Conclusion 

The individual Sso7d units of BVL-1 can be fused to the N-terminal and C-terminal 

fragments of NanoLuc to develop a luciferase-based mix-and-read assay for lysozyme 
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detection. Lysozyme-mediated reconstitution of split-NanoLuc allowed for lysozyme 

detection immediately after luciferase substrate addition. In contrast, 4 hours were required to 

detect lysozyme by split-GFP reconstitution. However, split-NLuc showed a lower signal to 

noise ratio than split-GFP, attributed to self-affinity between luciferase fragments. Split-

luciferase reconstitution based on NanoBit fragments is more practical for detection 

applications, given that its fragments can be purified with higher yields than NanoLuc, only 

100 nM of each fragment is required instead of 1 µM, and the assay has four times higher 

sensitivity than split-GFP. Nevertheless, further optimization of the mix-and-read assay based 

on NanoBit is pending, mainly reducing the amount of each split fragment to get a better 

estimate of the limit of detection and the linear range of the assay. 

4.4 Materials and Methods 

4.4.1 Materials 

NanoGlo® Luciferase Assay was purchased from Promega (Madison, WI). All primers 

and gene fragments were purchased from Integrated DNA Technologies (Coralville, IA). 

Frozen-EZ Yeast Transformation Kit™ were purchased from Zymo Research (Irvine, CA). 

Donkey-anti-rabbit DyLight®633 (DAR633 was bought from Immunoreagents (Raleigh, NC). 

Rabbit-anti-HA (715500) and High-Fidelity Phusion polymerase, was purchased from 

Thermo-Fisher (Waltham, MA).  All restriction enzymes were purchased from New England 

BioLabs (Ipswich, MA). Gene fragments and primers were purchased from Integrated DNA 

Technologies (Coralville, IA). Lyophilized hen-egg lysozyme was purchased from Sigma 

(Saint Louis, MO). 

SD-CAA media (20 g/L dextrose, 5 g/L caseamino acids, 6.7 g/L Difco™ yeast 

nitrogen base, 5.4 g/L sodium phosphate dibasic anhydrous, 8.6 g/L sodium phosphate 

monobasic monohydrate). SG-CAA media (20 g/L galactose, 2 g/L dextrose, 5 g/L caseamino 

acids, 6.7 g/L Difco™ yeast nitrogen base, 5.4 g/L sodium phosphate dibasic anhydrous, 8.6 

g/L sodium phosphate monobasic monohydrate).  2XYT media (16 g/L tryptone, 10 g/L yeast 

extract, 5 g/L NaCl). 
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4.4.2 NanoLuc constructs construction and cloning 

All primers and Gene Fragments used in the following cloning steps are detailed in 

Table 1 and Table 2. BVL-1 in the yeast surface display vector PCT-CON was used as the 

backbone for the following cloning steps. Generation of this vector is detailed elsewhere8. The 

sequence of Gaussia Luciferase, along with linkers flanking its N- and C- terminus (Gene 

Fragment 1), was amplified by PCR with primers Pf1 and Pr2, to introduce SmaI and AvrII 

cute sites into the gene. BVL-1 in PCT-CON was digested with SmaI and AvrII, and ligated 

with digested Gaussia Luciferase PCR product. This step effectively replaces the proline-

threonine linker in BVL-1 with linker-Gaussia Luciferase-linker, and introduces NsiI and SpeI 

cut sites flanking the luciferase gene. Gaussia Luciferase gene was replaced with NanoLuc 

gene as follows. NanoLuc (without linkers) was amplified by PCR from Gene Fragment 2 with 

primers Pf2 and Pr2. Both BVL-1-Gaussia and NanoLuc fragments were digested with NsiI 

and SpeI, and ligated together to generate BVL-1-NanoLuc in PCT-CON. This plasmid was 

then transformed into Saccharomyces Cerevisiae strain EBY100 using a Frozen-EZ Yeast 

Transformation Kit™. 

Sso7d1-Nterm NLuc was generated by amplifying Sso7d1 and NanoLuc residues 1-52 

using primers Pf3 and Pr3 from BVL-1-NanoLuc in PCT-CON by PCR, and cloning this 

fragment into pET28-b(+) between NcoI and XhoI. Cterm NLuc-Sso7d2 was generated by 

amplifying NanoLuc (53-173) along with Sso7d2 with primers Pf4 and Pr4 from BVL-1-

NanoLuc in PCT-CON by PCR, and cloning this fragment into pET22-b(+) in between NdeI 

and XhoI cut sites. Cterm NBit-Ssod2 was generated by PCR amplification of Gene Fragment 

3 with primers Pf5 and Pr4, and cloned into pET22-b(+) in between NdeI and XhoI cut sites. 

SPY992-Nterm NBit was generated by amplifying Gene Fragment 4 with primers Pf6 and Pr6, 

and cloning into pET22-b(+) in between XbaI and XhoI cut sites. To replace SPY992 with 

Sso7d1, Sso7d1 was amplified with primer Pf7 and Pr7, and cloned into SPY992-Nterm NBit 

pET22-b(+) between NheI and BamHI. All PCR reactions were performed as 50 µL reactions 

using high-fidelity Phusion polymerase, following the manufacturer’s specifications. An 

annealing temperature of 62°C was used, along with an extension time of 20 seconds, and a 

total of 30 amplification cycles.  
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Table 4.4. Primers. Sequences are given from 5’ to 3’. Restriction sites are italicized. 

Primers Sequence 

Pf1 CCCGGGGTTGGTGGTGGCGGATCAG 

Pr1 CCTAGGAGATGTTGAGCCGCCACTAG 

Pf2 ATGCATATGGTTTTCACCTTAGAGGATTTC 

Pr2 ACTAGTCGCAAGTATTCTTTCGCATAACC 

Pf3 GAGTACCCATGGGCAGCAGCCATCACCATCACCATCACGCTAGCGGCAGTATGGCGAC

CGTGAAATTTAAATAT 

Pr3 CTCGAGTTATCAGTTTTCTCCGGAAAGAACTATTC 

Pf4 CATATGGGGCTAAAGATAGATATTCATGTC 

Pr4 GAGTCACTCGAGTTTTTTCTGTTTTTCCAGCATCTG 

Pf5 CATATGGTCACCGGATACCGTCTTTTTG 

Pf6 CAGACGGAGATATGCATATGCAC 

Pr6 GCTCGTCTCGAGTTATCAACTGTTAATTGTCACACGGAACAA 

Pf7 GAGTCAGCTAGCATGGCGACCGTGAAATTTAAATAT 

Pr7 GAGTCAGGATCCTTTTTTCTGTTTTTCCAGCATCTG 

Pr8 CCCGGGTTTTTTCTGTTTTTCCAGCATCTG 

Pf9 CGGTGGCTCTGGTTCTTCTGCTAGTGGCGGCTCAACATCTCCTAGGATGGCGACCGTGAA

ATTTAAATATAAA 

Pr9 GGAGATAAGCTTTTGTTCCCCTTGGAAGTACAGGTTCTCGGATCCTTTTTTCTGTTTTTC

CAGCATCTG 
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Table 4.5. Gene Fragments used to generate split luciferase-Sso7d fusions. Linkers are 

italicized, and restriction sites are underlined. 

Gene 

Fragment 

Sequence 

1 GTTGGTGGTGGCGGATCAGAAGGAGGCGGTAGCGGGGGCCCTGGTTCGGGAGGGGAA

GGTTCTGCTGGGGGAGGGAGCGCTGGCGGGGGGTCTATGCATATGAAACCTACGGAA

AACAACGAAGATTTCAATATCGTGGCCGTGGCTTCAAATTTTGCTACGACGGACCTT

GACGCCGACAGAGGAAAGTTACCAGGTAAAAAGCTGCCTTTAGAGGTCCTTAAAGA

AATGGAGGCAAACGCCAGAAAGGCTGGATGTACTAGAGGATGCTTGATCTGCTTAT

CTCACATCAAATGTACTCCAAAAATGAAGAAATTTATCCCTGGCAGATGCCACACCT

ACGAGGGTGACAAGGAGAGCGCTCAGGGTGGAATTGGAGAAGCTATCGTCGACATC

CCTGAAATTCCAGGCTTCAAGGACTTAGAGCCTATGGAGCAATTTATCGCACAGGTC

GACCTTTGTGTTGACTGCACCACCGGATGCCTTAAGGGTCTGGCAAACGTCCAGTGT

TCCGACCTTCTGAAGAAATGGCTGCCACAGAGATGTGCGACGTTTGCAAGCAAGAT

TCAAGGCCAAGTCGATAAGATCAAGGGCGCAGGAGGAGATACTAGTGGCGCTGGCG

GAAGCCCTGGGGGCGGGAGCGGTGGCTCTGGTTCTTCTGCTAGTGGCGGCTCAACATCT 

2 GTTGGTGGTGGCGGATCAGAAGGAGGCGGTAGCGGGGGCCCTGGTTCGGGAGGGGAA

GGTTCTGCTGGGGGAGGGAGCGCTGGCGGGGGGTCTATGCATATGGTTTTCACCTTA

GAGGATTTCGTAGGCGACTGGAGACAGACGGCAGGCTATAACTTGGACCAAGTGCT

GGAACAGGGCGGTGTCAGCTCCTTATTCCAGAATCTGGGGGTATCCGTTACTCCTAT

ACAGAGAATAGTTCTTTCCGGAGAAAACGGGCTAAAGATAGATATTCATGTCATTAT

TCCTTACGAAGGATTGTCCGGCGACCAAATGGGTCAAATCGAAAAGATTTTCAAGG

TGGTTTACCCGGTAGACGATCATCACTTCAAGGTGATTTTGCATTACGGTACCTTAG

TTATTGACGGGGTAACGCCAAACATGATAGACTACTTTGGCAGACCCTACGAGGGA

ATTGCAGTTTTCGATGGTAAAAAGATCACGGTTACGGGTACTCTGTGGAACGGGAAT

AAAATTATAGATGAGCGTTTAATCAATCCAGATGGATCACTACTTTTTAGAGTGACA

ATTAACGGTGTCACTGGCTGGAGGTTATGCGAAAGAATACTTGCGACTAGTGGCGCT

GGCGGAAGCCCTGGGGGCGGGAGCGGTGGCTCTGGTTCTTCTGCTAGTGGCGGCTCAA

CATCT 

3 ATGGTTTTCACCTTAGAGGATTTCGTTGGAGACTGGGAGCAAACAGCCGCCTATAAT

TTGGACCAGGTCCTGGAGCAGGGGGGAGTCTCTAGCTTGTTGCAAAATTTAGCAGTG

AGTGTTACGCCCATCCAGCGCATTGTACGCTCAGGGGAGAACGCTCTGAAAATTGAT

ATTCACGTTATCATCCCCTACGAGGGGCTTAGCGCGGATCAAATGGCTCAGATTGAG

GAGGTTTTTAAAGTCGTTTATCCAGTGGACGACCATCATTTTAAAGTGATTCTGCCA

TACGGCACCTTGGTGATTGACGGCGTAACCCCTAACATGCTGAATTACTTCGGTCGT

CCCTATGAGGGTATTGCTGTGTTCGACGGAAAAAAGATCACTGTAACTGGAACTCTT

TGGAATGGAAACAAAATCATCGACGAACGCCTTATCACGCCCGACGGTTCGATGTT

GTTCCGTGTGACAATTAACAGTGTCACCGGATACCGTCTTTTTGAAGAAATCCTGACT

AGTGGCGCTGGCGGAAGCCCTGGGGGCGGGAGCGGTGGCTCTGGTTCTTCTGCTAGTG

GCGGCTCAACATCTCCTAGGATGGCGACCGTGAAATTTAAATATAAAGGCGAAGAAA

AACAGGTGGATATTAGCAAAATTTGGAAGGTGTGGCGCGAAGGCAAAATTATTACT

TTTACGTATGATCTGGGCGGCGGCAAAGCAGGCTTAGGCTTTGTGAGCGAAAAAGA

TGCGCCGAAAGAACTGCTGCAGATGCTGGAAAAACAGAAAAAA 

 

 

 

 

 

 



 

83 

Table 4.5. Continued  

 
4 CAGACGGAGATATGCATATGCACCATCACCATCACCATGCTAGCATGGCGACC

GTGAAATTTAAATATAAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATTGG

TGCTGTGGCGCGCCTAGGCAAATATATTATTTTTGTGTATGATCTGGGCGGCG

GCAAAACAGGCTTGGGCCTAGTGAGCGAAAAAGATGCGCCGAAAGAACTGCTG

CAGATGCTGGAAAAACAGAAAAAAGGATCCGTTGGTGGTGGCGGATCAGAAGGA

GGCGGTAGCGGGGGCCCTGGTTCGGGAGGGGAAGGTTCTGCTGGGGGAGGGAGCGC

TGGCGGGGGGTCTATGGTTTTCACCTTAGAGGATTTCGTTGGAGACTGGGAGCA

AACAGCCGCCTATAATTTGGACCAGGTCCTGGAGCAGGGGGGAGTCTCTAGCT

TGTTGCAAAATTTAGCAGTGAGTGTTACGCCCATCCAGCGCATTGTACGCTCAG

GGGAGAACGCTCTGAAAATTGATATTCACGTTATCATCCCCTACGAGGGGCTT

AGCGCGGATCAAATGGCTCAGATTGAGGAGGTTTTTAAAGTCGTTTATCCAGT

GGACGACCATCATTTTAAAGTGATTCTGCCATACGGCACCTTGGTGATTGACG

GCGTAACCCCTAACATGCTGAATTACTTCGGTCGTCCCTATGAGGGTATTGCTG

TGTTCGACGGAAAAAAGATCACTGTAACTGGAACTCTTTGGAATGGAAACAAA

ATCATCGACGAACGCCTTATCACGCCCGACGGTTCGATGTTGTTCCGTGTGAC

AATTAACAGT 

 

4.4.3 Production and purification of NanoLuc fragments  

Positive clones were transformed into Rosetta™ E. coli cells for expression. For all 

mutants, expression was carried in 2XYT media. Briefly, 5 mL overnight cultures were used 

to inoculate 1 L of 2XYT, and induction was started when the OD reached a value between 0.6 

and 0.8. Protein production was induced with 0.5 mM IPTG, and expression was carried 

overnight at 20°C. Cell cultures were collected and lysed in 35 mL of Buffer A-IMAC (50 mM 

tris, 300 mM NaCl, 10 mM imidazole, pH 8). Proteins were purified using a BioLogic LP 

FPLC system (Bio-Rad, Hercules, CA) by cation exchange and metal affinity chromatography. 

Cleared cell lysates were loaded onto a 5 mL Mini-Profinity IMAC column (Bio-Rad) for 

purification by metal affinity chromatography. The column was washed with 50 mL of Buffer 

A-IMAC, and proteins were eluted over a 40 mL linear gradient of Buffer B-IMAC (50 mM 

tris, 300 mM NaCl, 500 mM imidazole, pH 8). Protein fractions were analyzed by SDS-PAGE, 

and single band fractions were combined and dialyzed into 25 mM tris-HCl, 150 mM NaCl 

buffer, pH 7.4. All purification steps were conducted at room temperature. Protein 

concentration was quantified by BCA assay.  

If the proteins purified by IMAC were not single bands, fractions with the most protein 

were combined together and dialyzed into Buffer A-Ion exchange (50 mM Tris-HCl, 50 mM 

NaCl, pH 8). C-terminal NanoLuc fusions were purified by cation exchange using a 5 mL High 
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S column (Bio-Rad) and N-terminal NanoLuc fusions were purified by anion exchange using 

a 5 mL High Q column (Bio-Rad). The purification protocol is identical for either column. 

Proteins solutions were loaded onto their corresponding ion exchange columns, washed with 

40 mL of Buffer A-Ion exchange, and eluted with a 40 mL linear gradient of 0% to 50% Buffer 

B-cat (50 mM tris, 2M NaCl, pH 8). Protein fractions were analyzed by SDS-PAGE, and single 

band fractions were combined and dialyzed into 25 mM tris-HCl, 150 mM NaCl buffer, pH 

7.4. All purification steps were conducted at room temperature. Protein concentration was 

quantified by BCA assay. 

4.4.4 Generation of SPY992-NanoLuc-Sso7d Library  

The sequence from SPY992 was amplified from the yeast surface display plasmid PCT-

CON by PCR using primers Pf7 and Pr8. This plasmid was generated as described elsewhere16. 

The SPY992 gene and BLV-1-NanoLuc in PCT-CON were digested with XmaI (for 24 hours) 

and NheI (for 1 hour), and ligated together. This generated the vector SPY992-NanoLuc-

SSo7d2 in PCT-CON. 40 µg of vector was linearized with BamHI and AvrII, and purified by 

a standard ethanol precipitation protocol. A library of Sso7d generated by Gera9 was amplified 

by PCR using primers Pf9 and Pr9, which add homologous ends to the Sso7d insert. The PCR 

reactions were conducted as detailed in Gera9. The PCR products were purified by a standard 

ethanol precipitation protocol. The library was transformed following a lithium acetate method 

detailed in Benatuil20. Briefly, two electroporation reactions were performed using a Bio-Rad 

Gene Pulser System. For each reaction, 12 µg of PCR product and 3 µg of digested vector mix 

together with 400 µL of electrocompetent Saccharomyces Cerevisiae strain EBY100. Yeast 

cells were electroporated at 2500V, 25 µF, 200 Ω. A similar reaction was also carried for a 

vector-only control. Library diversity was determined by plating serial dilutions of the 

transformation reaction in SD-CAA plates.  

4.4.5 Quantification of BLV1-NanoLuc expression on the surface of yeast 

Yeast cultures containing BVL-1-NanoLuc in PCTCON were grown in SD-CAA 

media at 30°C, and induced at an OD of 1 in SG-CAA media at 20°C, overnight. 0.5x10^7 

cells were harvested and washed with PBS containing 0.1% BSA (PBS-BSA). Cells were 

resuspended in 100 µL of PBS-BSA along with a 1:100 dilution of anti-HA antibody. After a 



 

85 

20-minute incubation at room temperature, cells were washed with 1 mL of PBS-BSA, and 

resuspended in 100 µL of PBS-BSA with a 1:250 DAR633 for 10 minutes. The cells were then 

washed once with PBS-BSA and kept on ice until analysis. The fluorescence of 50000 events 

were quantified by flow cytometry using a Accury C6 flow cytometer (BD, Franklin Lakes, 

NJ). 

4.4.6 Split luciferase complementation assays 

A 0.1 mg/mL lysozyme stock solution was prepared in PBS. This stock solution was 

used to prepare solutions with 0, 50, 100, 250, 500, 750, 1000, or 1500 nM lysozyme in PBS 

with 0.1% BSA. 1 µM of Sso7d1-Nterm NLuc and 1 µM C-term NLuc-Sso7d2 were added to 

the solutions, and the volume of the reaction totaled to 350 µL. The solutions were allowed to 

equilibrate for 1 hour at room temperature. 50 µL of each solution were then transferred to a 

96-well plate (white, clear bottom), in duplicate. The NanoGlo® substrate was prepared as 

detailed by the manufacturer. 50 µL of NanoGlo® were added to each well, and luminescence 

was quantified immediately after using a Tecan-HP800 96-well plate. An integration time of 

1000 ms was used. Luminescence was recorded in 3 minute intervals for 1 hour. An identical 

protocol was performed for Sso7d1-Nterm NBit and 1 µM C-term NBit-Sso7d2, except that 

luminescence was recorded for 12 minutes only. 
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CHAPTER 5 

Inefficient Ribosomal Skipping Enables Simultaneous Secretion and Display of Proteins 

in Saccharomyces Cerevisiae 
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5.1 Introduction 

Yeast surface display is a powerful tool for screening combinatorial protein libraries, 

and has been widely used for isolating proteins – including antibodies and antibody fragments, 

non-immunoglobulin protein scaffolds, and enzymes1 – with new or improved properties. In 

the most commonly used configuration of yeast surface display, the protein of interest is 

expressed as an N- or C-terminal fusion to the Aga2p subunit of the yeast mating protein a-

agglutinin. The Aga2 subunit in turn is linked to the yeast cell wall-associated Aga1 subunit 

by two disulfide bonds, resulting in tethering of the protein of interest to the yeast cell wall.  

The yeast cell serves to link the protein of interest to its genetic code, thereby enabling “bar-

coding” of mutant proteins. Mutants with desired properties – often binding affinity and 

specificity – are isolated from a combinatorial library using magnetic selection and/or 

fluorescence activated cell sorting (FACS), and the mutant proteins are identified by DNA 

sequencing.  

Mutants identified by yeast surface display screening – and combinatorial protein 

library screening platforms in general including phage display and mRNA display – typically 

need to be recombinantly produced as soluble proteins for further validation and 

characterization. The recombinant expression of mutant proteins often involves time-

consuming subcloning steps; this slows down the validation process and limits the number of 

individual mutant clones that can be characterized. Therefore, a screening platform that allows 

for cell surface display of a protein of interest, as well as soluble secretion of the same protein 

without additional subcloning steps is highly desirable. Towards this end, the 

homodimerization of the Fc region of immunoglobulin G (IgG) molecules has been exploited 

to secrete full-length antibody molecules, and simultaneously display monovalent IgG 

molecules in Pichia Pastoris2. Deventer et al. have developed a system in Saccharomyces 

cerevisiae wherein cells expressing a secreted protein can switch to expressing the protein as 

a cell surface fusion to the Aga2 protein by amber codon suppression and addition of a non-

canonical amino acid into cell culture medium3. In mammalian cells, Horlick have 

demonstrated the use of alternate splicing of pre-mRNA for simultaneous cell surface display 

and secretion of monoclonal antibodies4. Here, we present a simple and effective system for 
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simultaneous secretion and display of proteins in yeast, based on ribosomal skipping mediated 

by a “self-cleaving” 2A peptide derived from a foot-and-mouth disease virus.  

2A peptides are amino acid sequences that were first identified in the foot-and-mouth 

disease virus, where viral polyprotein processing was observed without the assistance of 

proteinases or post-translation modifications5,6. Since then, other 2A peptides have been 

identified in other viruses7,8. Although the family of 2A peptide sequences are regarded as self-

cleaving peptides, no cleavage reaction occurs. Instead, the peptide bond between a glycine 

and proline at the C-terminus of the peptide fails to form inside the ribosome during mRNA 

translation9. This effectively results in the translation of two proteins from the same open 

reading frame (ORF). Importantly, the efficiency of the skipping reaction depends on the 

sequence of the self-cleaving peptide8,10. Therefore, ribosomal skipping efficiency can be 

tailored as desired; for example, Yu11 used 2A peptides with different skipping efficiencies to 

tune the levels of membrane-bound and secreted IgG in B cells. We sought to exploit this 

peptide sequence dependence of ribosomal skipping efficiency for simultaneous secretion and 

cell surface display of proteins in yeast Saccharomyces cerevisiae. 

Ribosomal skipping in yeast has been previously reported. De Felipe et al. showed that 

the 2A peptide is active in Saccharomyces cerevisiae9. Subsequently, Sun et al. have used a 

self-cleaving peptide to display an enzyme fused to two different surface anchor proteins from 

a single ORF in Pichia Pastoris12. A 2A peptide has also been used to develop a fluorescent 

reporter system for the presence of yeast surface displayed proteins in Saccharomyces 

cerevisiae. The surface-displayed protein and a green fluorescent protein (GFP) reporter are 

translated from the same ORF; GFP fluorescence is used as a proxy for the expression level of 

surface-displayed protein13. Here we describe the use of an 18 amino acid 2A peptide sequence 

from the foot-and-mouth disease virus, referred hereafter as the F2A peptide, in the context of 

simultaneous yeast surface display and soluble secretion of proteins in Saccharomyces 

cerevisiae.  

In a typical yeast surface display system, a protein fused to the Aga2 subunit of the 

yeast mating protein a-agglutinin, and which contains a secretory signal peptide, is expressed 

as a yeast cell surface fusion14; in the absence of Aga2, a protein fused to a secretory signal 
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peptide is secreted into the cell culture medium. Since the F2A peptide shows 50% efficiency 

of ribosomal skipping10, we hypothesized that a single ORF wherein the protein of interest and 

Aga2 are separated by the F2A peptide, and wherein the protein of interest is fused to a 

secretory signal peptide (i.e. signal peptide-protein-F2A-Aga2), will result in the formation of 

two distinct products that each contain a secretory signal peptide – the protein of interest, and 

a protein-Aga2 fusion. Consequently, the protein of interest will be simultaneously expressed 

as a cell surface fusion and secreted into the culture medium. 

We tested and confirmed our hypothesis in the context of simultaneous display and 

secretion of mutants derived from the Sso7d protein scaffold, and the homodimeric enzyme 

glucose oxidase. The Sso7d protein from the hyperthermophilic archaeon Sulfolobus 

solfataricus has been used as a versatile scaffold for generation of binding proteins to a wide 

spectrum of targets, and in the context of several different applications including affinity-based 

bioseparation and biosensing15–24. Further, we show that yeast surface display libraries of 

mutant proteins containing F2A peptide fusions can be screened to isolate binders with higher 

affinity. Finally, we show that the protein of interest can be expressed as an N- or C-terminal 

fusion to Aga2, provided the ORF includes suitable secretory signal sequences; this is an 

important advantage because the functionality of yeast surface displayed proteins may be 

affected by its mode of fusion (i.e. N-terminal or C-terminal) to Aga225. 

5.2 Results and Discussion 

5.2.1 Design of a plasmid vector for simultaneous secretion and cell surface display 

Figure 5.1 shows the plasmid construct designed to obtain simultaneous cell surface 

display and secretion of proteins in yeast Saccharomyces cerevisiae (pCT-NT-F2A). A 

synthetic alpha-maturation factor (prepro) is used as the secretory signal peptide26. The protein 

of interest – here denoted as Sso7d – is placed after the prepro sequence, and is followed by 

the F2A peptide and the surface anchor protein Aga2. Since the ribosomal skipping efficiency 

of F2A is 50%, translation of mRNA encoded by this ORF is expected to result in three species: 

(N-term) prepro-Sso7d-F2A (C-term), (N-term) prepro-Sso7d-F2A-Aga2 (C-term), and Aga2. 

The first two species containing the prepro sequence are directed to the secretory pathway 

where the prepro sequence is cleaved. Sso7d fused to Aga2 is expressed as a cell surface fusion, 
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whereas the protein is secreted in the absence of Aga2. Both secreted and cell surface displayed 

fusions contain an N-terminal 6x histidine (His) tag and a C-terminal c-myc epitope tag (Figure 

5.1). Additionally, a (G4S)4 polypeptide linker and an HA epitope tag are included between the 

F2A peptide and Aga2. Addition of a flexible polypeptide linker between the yeast cell wall 

and the protein has been shown to increase enrichment of binders when screening yeast display 

libraries by cell panning27. The HA and c-myc epitope tags enable detection of cell surface 

displayed proteins by immunofluorescent labeling; the His tag allows purification of secreted 

protein by immobilized metal affinity chromatography (IMAC). A detailed vector map of pCT-

NT-F2A is included in Figure. B.1.  

 
Figure 5.15. F2A-based system for simultaneous secretion and surface display in Saccharomyces cerevisiae.  

 

5.2.2 F2A peptide enables simultaneous cell surface display and soluble secretion of 

Sso7d mutants  

To test our proposed system for simultaneous yeast cell surface display and soluble 

secretion of proteins (Figure 5.1), we cloned two Sso7d mutants into the pCT-NT-F2A plasmid 

vector: Sso7d-streptavidin (Sso7dstrep), an Sso7d mutant with affinity for streptavidin15; and 

Sso7d-hfc (Sso7dhFc), an Sso7d mutant that binds to the Fc region of human IgG17. Upon 
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plasmid transformation into yeast, protein expression was induced by culturing overnight in 

SGCAA medium. Figure 5.2A, C confirm that both Sso7dhFc and Sso7dstrep are expressed 

as yeast cell surface fusions, and can bind to their respective targets in the N-terminal 

configuration (Sso7d-Aga2). To test if the Sso7d mutants were being secreted into the media, 

protein expression was induced by culturing yeast cells in SGCAA at 30°C for 3 days. 

Subsequently, streptavidin-coated or hFc-coated beads were incubated with 100 µL 

supernatant from cells expressing Sso7dstrep or Sso7dhFc, respectively, and bead-bound 

protein was detected with an anti-his antibody. Flow cytometry analysis showed presence of 

bead-bound protein and confirmed that the secreted proteins were functional (Figure 5.2B, D). 

The difference in signal between Sso7dstrep and Sso7dhFc is likely due to the difference in 

binding affinities for their respective targets. The binding affinity  (KD) of Sso7dstrep for 

streptavidin of 12 nM, as determined in experiments where Sso7dstrep was immobilized15; on 

the other hand, the KD of Sso7dhFc for hFc as determined in experiments where hFc is 

immobilized is 400 nM17.  
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Figure 5.16. Simultaneous yeast surface display and secretion of Sso7dstrep and Sso7dhFc. A) Yeast cells 

displaying Sso7dstrep were labeled with 90 nM streptavidin-phycoerythrin (SA PE) and an anti cmyc antibody. 

B) Streptavidin coated beads (control) or beads incubated with supernatant from yeast cells displaying Sso7dstrep 

(red) were labeled with an anti-His antibody. C)  Yeast cells displaying Sso7dhFc were labeled with 500 nM 

human IgG-biotin and an anti-cmyc antibody D) Streptavidin coated beads (control) or IgG-coated beads 

incubated with supernatant from yeast cells displaying Sso7hFc (red) were labeled with an anti-His antibody. 

 

Pulldown of proteins using His-tag isolation beads followed by detection of the c-myc 

epitope tag further confirmed the secretion of Sso7dstrep and Sso7dhFc into cell culture 

supernatants. (Figure 5.3A). A basal level of secretion of Aga2-fusion proteins has been 

previously reported28. In our case, secreted Sso7d-Aga2 fusions will contain HA and His tags, 

and will be pulled down by the His-tag isolation beads. To investigate the extent of secretion 

of Sso7d-Aga2 fusions, His-tag isolation beads incubated with supernatant from yeast cells 

were labeled with an anti-HA antibody and analyzed using flow cytometry. Negligible binding 

of the anti-HA antibody was observed, indicating that the basal secretion of Sso7d-Aga2 

fusions is not significant (Figure 5.3B). Additional immunoblotting analysis of the supernatant 

from Sso7dstrep cultures using an anti-c-myc antibody showed the presence of a ~ 13 kDa 

protein (Figure 5.3C); this corresponds to the expected molecular weight of the Sso7d-F2A 
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fusion. Also, the 13 kDa protein containing a c-myc tag is the major secreted product, 

confirming that most of the secreted protein lacks Aga2. A band between 40 and 50 kDa is 

also observed, which may correspond to a glycosylated Sso7d-Aga2 fusion; the expected 

molecular weight of an Sso7d-F2A-Aga2 fusion is approximately 44 kDa (14.3 kDa from 

Sso7d-F2A-linker and 30 kDa from glycosylated Aga228).  We further purified Sso7dstrep 

from cell culture supernatant with Ni-NTA beads and obtained a yield of 7-8 mg/L from a 5 

mL culture, comparable to the secretion of scFvs reported by Deventer et al.3 in their system 

for switchable yeast surface display and secretion of proteins. SDS-PAGE analysis on the 

purified protein showed a single band corresponding to Sso7dstrep-F2A; a band for the Sso7d-

Aga2 fusion was not observed (Figure 5.3D). Taken together, our results in Figures 5.2 and 

5.3 confirm the F2A peptide sequence can mediate ribosomal skipping in yeast Saccharomyces 

cerevisiae. Importantly, the pCT-NT-F2A vector can be used for simultaneous expression of 

Sso7d mutants as functional yeast cell surface fusions, as well as soluble secreted proteins with 

reasonable yields.  
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Figure 5.17. Detection of secreted Sso7d mutants by flow cytometry, immunoblotting, and SDS-PAGE. A) Flow 

cytometry analysis of secreted Sso7dhFc (blue) and Sso7dstrep (red) proteins captured on His-tag isolation beads 

and detected with an anti-c-myc antibody. Binding of the His-tag isolation beads to the anti-c-myc antibody 

(control) is shown in black. B) Flow cytometry analysis of secreted Sso7dstrep (red) and Sso7dhFc (blue) mutants 

captured on His-tag isolation beads and detected with an anti-HA antibody. Binding of the His-tag isolation beads 

to the anti-HA antibody (control) is shown in black.  C) Immunoblotting analysis of supernatant from cells 

expressing Sso7dstrep using an anti-c-myc antibody. D) SDS-PAGE analysis of Sso7dstrep purified from cell 

culture supernatant using Ni-NTA beads.  A single band at ~13kDa is observed. A) and B) show representative 

data from three independent experiments; C) and D show representative data from two independent experiments. 

 

5.2.3 A combinatorial library of Sso7d mutants incorporating the F2A peptide can be 

screened for high affinity binders 

A yeast surface display system that enables simultaneous cell surface display and 

secretion of proteins is very useful in the context of screening combinatorial libraries of 

proteins. Therefore, we investigated if the F2A peptide-based yeast surface display system can 

be used for screening a combinatorial protein library. Towards this end, we sought to isolate 

binders with higher affinity for a model target protein (hen egg lysozyme) from a library 

generated by random mutagenesis of a pool of low affinity binders. DNA from a pool of low 

affinity binders to lysozyme obtained by magnet activated cell sorting (MACS) of an Sso7d 
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library of ~ 108 mutants15 was used to generate a yeast display library as previously described17, 

using the pCT-NT-F2A vector; the library diversity was estimated as ~ 5x107 mutants.  

To isolate high affinity binders from this library, we used MACS, which is routinely 

employed in screening yeast display libraries29. However, initial experiments failed to isolate 

cells that bound to lysozyme-coated magnetic beads. One round of panning (Materials and 

Methods) selection was performed on the library to enrich the population in lysozyme binders. 

A possible explanation is that the presence of the F2A peptide or N-terminal fusion of Sso7d 

mutants to Aga2 hinders interaction with biotinylated lysozyme immobilized on streptavidin-

coated magnetic beads. Alternatively, the lower cell surface density of binders on the yeast cell 

surface may reduce avidity of interaction between the beads and the yeast cells; the F2A-based 

yeast display system is expected to have fewer cell surface fusions than the conventional 

system because not all translated proteins are fused to Aga2.  

To explore an alternative strategy for immobilization of lysozyme, and to increase the 

surface density of immobilized target, we coated ELISA plates with lysozyme. The library was 

sorted using a panning strategy similar to the approach described by Wang et al30. The pool of 

yeast cells obtained after one round was labeled at 1 µM lysozyme and sorted further using a 

single round of fluorescence activated cell sorting (FACS). The pools of yeast cells before and 

after FACS were labeled with 1 M lysozyme and an anti-HA antibody, and analyzed by flow 

cytometry (Figure 5.4A, B). The ratio of fluorescence due to target binding to the fluorescence 

due to signal from the anti-HA antibody (i.e. cell surface expression of protein), can be used 

as a quantitative metric to compare relative binding affinities of yeast displayed proteins for a 

given target19.  This fluorescence ratio was computed for the pools of binders after one round 

of panning, and after one round of FACS, for a range of lysozyme concentrations, and found 

to be significantly greater for the latter pool at all concentrations (Figure 5.4C); this shows 

enrichment of high affinity binders after one round of FACS.  
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Figure 5.18. Enrichment of high affinity binders from a yeast display library of Sso7d mutants incorporating the 

F2A peptide. A) The pool of yeast cells isolated after one round of panning (pre-FACS), or B) the pool of yeast 

cells after one round of FACS (after FACS), was labeled with 1 µM lysozyme and an antibody against the HA 

epitope tag. Representative data from three independent repeats are shown. C) Ratio of fluorescence signal due 

to lysozyme binding to the signal from binding of an anti-HA antibody was computed at different lysozyme 

concentrations for pre-FACS (red squares) and after FACS (blue diamonds) populations. Error bars correspond 

to standard error of the mean for three independent repeats.   

 

We further investigated if soluble protein in the supernatant from yeast cultures of the 

heterogeneous population of cells obtained after one round of FACS retains binding to 

lysozyme. Towards this end, cells were cultured in SGCAA medium for 3 days at 30°C to 

induce protein expression, and secreted proteins in the supernatant was purified using Ni-NTA 

resin. Yields of 4.7-7 mg/L of pure protein were obtained in different runs. SDS-PAGE 

analysis showed a major band at 13 kDa as expected (Figure 5.5B), and immunoblotting 

analysis with an anti-c-myc antibody confirmed the presence of the desired protein species 
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(Figure 5.5C). Binding of the purified proteins to lysozyme was evaluated as follows. 

Biotinylated lysozyme was immobilized on streptavidin-coated magnetic beads. Subsequently, 

the beads were incubated with 3.6 M purified protein, and bead-bound protein was detected 

by labeling with an anti-His antibody (Figure 5.5A). Flow cytometry analysis confirmed 

binding of the purified protein mix to immobilized lysozyme. Finally, plasmid DNA was 

isolated from 10 individual clones from the pool of cells after FACS. DNA sequencing 

revealed no sequence convergence; 10 distinct sequences were identified (Table B.1). DNA 

sequencing results and flow cytometry analysis (Figure 5.4B) indicate that additional rounds 

of FACS are needed to isolate the pool of binders with the highest affinity of lysozyme. 

However, isolation and characterization of the highest affinity lysozyme binders are beyond 

the scope of this study. Rather, taken together, our results in Figures 5.4 and 5.5 demonstrate 

two important points: first, a yeast surface display library of Sso7d mutants incorporating the 

F2A peptide can be screened to isolate binders with higher affinity for a given target. Second, 

the surface displayed proteins can be expressed in soluble form in cell culture supernatant at 

reasonable yields, enabling further characterization of isolated binders. 

 

 
Figure 5.19. Purification and characterization of a lysozyme binders solubly expressed in yeast cell culture 

supernatant. A) Lysozyme-coated magnetic beads were labeled with 3.6 µM Sso7d mutants that bind lysozyme, 

and bead-bound Sso7d proteins were detected using an anti-His antibody (blue). Control sample (black) 

corresponds to binding of the anti-His antibody to the beads. B) SDS-PAGE analysis of protein purified from 

supernatant using Ni-NTA resin (lane 1) and yeast cell culture supernatant (lane 2). A molecular weight ladder 

was loaded in lane 3. C) Immunoblotting analysis with an anti-c-myc antibody for concentrated supernatant (lane 

2) and protein purified from supernatant using Ni-NTA resin (lane 3). A molecular weight ladder was loaded in 

lane 1. Representative data from two independent experiments is shown. 
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5.2.4 F2A peptide enables simultaneous yeast surface display and secretion of a dimeric 

enzyme 

To assess its broader applicability, we chose to test the F2A-based yeast display system 

in the context of simultaneous surface display and secretion of glucose oxidase (GOx). GOx is 

a homodimeric enzyme that is only active in its dimeric state31, making it a challenging test 

protein.  Accordingly, we cloned GOx from Aspergillus niger was into pCT-NT-F2A. As a 

control, GOx was also cloned into the pCTCON vector, which lacks the F2A peptide and 

results in yeast surface display of the protein as a C-terminal fusion to Aga2. Cell surface 

expression of GOx is significantly reduced when expressed as an N-terminal fusion to Aga2, 

relative to GOx expression in pCTCON (Figure 5.6A). Nevertheless, when GOx was cloned 

into pCT-NT-F2A, 3-fold and 4-fold greater GOx activity was observed in the cell culture 

supernatant after 24 and 48 hours of protein induction, relative to the basal level of GOx 

secretion using pCTCON (Figure 5.6C). GOx activity in the supernatant from yeast cells with 

pCT-NT-F2A decreases at 72 hours, likely due to enzyme degradation in supernatant.   

One possible explanation for the higher cell surface expression of GOx in pCTCON is 

that Aga2 fused to the N-terminus of GOx may act as a solubility-enhancing fusion partner. 

Therefore, we investigated the effect of Sso7dhFc as an N-terminal fusion partner in pCT-NT-

F2A (Sso7dhFc-Gox-F2A-Aga2). Strikingly, presence of N-terminal Sso7dhFc increased the 

display levels of GOx (Figure 5.6B). Further, as seen in Figure 5.6C, ~ 8-fold greater GOx 

activity was detected in the supernatant from pCT-NT-F2A cultures (Sso7dhFc-Gox-F2A-

Aga2) after 48 and 72 hours, relative to the pCTCON control (Aga2-GOx). In these 

experiments, protein expression was induced by culture in SGCAA medium at 20°C, since 

lower GOx activity was observed at 30°C (data not shown).  

After induction of protein expression in SGCAA medium for 72 hours, Sso7dhFc-Gox 

in the supernatant was purified by ion exchange chromatography. Yields of 13-33 mg/L were 

obtained in different runs. Purified protein was analyzed by SDS-PAGE and immunoblotting 

using an anti-c-myc antibody; a single band ~ 100 kDa was observed (Figure 5.6D). The 

expected molecular weight of Sso7dhFc-GOx including the F2A peptide is ~ 80 kDa. It is 
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likely that glycosylation of GOx increases its apparent molecular weight, as reported 

elsewhere32,33.  

 
Figure 5.20. Simultaneous yeast cell surface display and secretion of GOx. A) Flow cytometry analysis of 

unlabeled yeast cells (black), and yeast cells expressing Aga2-GOx fusions in pCTCON (blue) and GOx-F2A-

Aga2 in pCT-NT-F2A (red) upon labeling with an anti-c-myc antibody. B) Flow cytometry analysis of unlabeled 

yeast cells (black), and yeast cells expressing Aga2-GOx fusions in pCTCON (blue) and Sso7dhFc-GOx-F2A-

Aga2 in pCT-NT-F2A (red), upon labeling with an anti-c-myc antibody. C) GOx activity in supernatant after 24, 

48, and 72 hours of protein induction in SGCAA medium at 20°C for GOx in pCTCON (grey), and GOx (green) 

and Sso7dhFc-GOx (orange) in pCT-NT-F2A. The absorbance of the quenched assay solution at 450 nm after 5 

minutes of reaction is plotted as a measure of GOx activity. Error bars correspond to standard error of three 

independent repeats. *p<0.05 for comparison with GOx activity in pCTCON control. D) Immunoblotting of 

purified Sso7dhFc-GOx from cell culture supernatant using pCT-NT-F2A; an anti-c-myc antibody was used for 

analysis (lane 1). A molecular weight ladder was included in lane 2. 

 

5.2.5 F2A peptide enables simultaneous cell surface display and secretion of proteins 

when expressed as N- or C-terminal fusions to Aga2 

Proteins on the surface of yeast can be displayed as either N-terminal (protein-Aga2) 

or C-terminal (Aga2-protein) fusions to Aga2. Importantly, functionality of the cell surface 

displayed protein may depend on the position of Aga2. For example, binding of an scFv to its 
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target is greatly enhanced when expressed N-terminal to Aga2 rather than as a C-terminal 

fusion34. On the other hand, Stern et al.27 observed that expressing some fibronectin domain 

mutants as N-terminal fusions to Aga2 hindered target binding. In this study, expression of 

GOx as an N-terminal fusion to Aga2 greatly decreased the cell surface expression of GOx, 

compared to the case when GOx is expressed C-terminal to Aga2 (Figure 5.6A). Therefore, a 

system for simultaneous yeast surface display and secretion of proteins that allows the protein 

of interest to be expressed as an N- or C-terminal fusion to Aga2 will have a significant 

advantage. We hypothesized that incorporation of an additional secretory signal peptide 

downstream of the F2A peptide sequence will allow the protein of interest to be secreted even 

in the absence of Aga2; the prepro sequence is N-terminal to Aga2 when the protein of interest 

is expressed as a C-terminal fusion to Aga2. Our proposed system is shown in Figure 5.7A. 

The presence of a second secretory signal peptide is critical; in its absence, the protein of 

interest will remain in the cytoplasm. Indeed, as reported by Grzeschik et al.13, when GFP was 

placed C-terminal to a 2A peptide sequence without a secretory tag (prepro-Aga2-protein-2A-

GFP), GFP accumulated inside the yeast cell.  

To test our hypothesis, GOx was cloned into pCT-CT-F2A (Figure B.1B, Appendix 

B), a modified pCTCON vector containing the F2A peptide between Aga2 and GOx (Aga2-

F2A-Gox). GOx was chosen as a test protein because the first 23 amino acids of GOx are 

predicted to be a secretory signal35. Upon yeast transformation and induction of protein 

expression in SGCAA medium, 8-11 fold higher GOx activity was observed in the cell culture 

supernatant over 24-72 hours, relative to the pCTCON control (Figure 5.7D). Furthermore, 

cell surface expression of GOx improved considerably when pCT-CT-F2A was used, when 

compared with the use of pCT-NT-F2A. (Figure 5.7B). After protein induction in SGCAA 

medium 72 hours at 20°C, secreted GOx in yeast cell culture supernatant was purified by anion 

exchange chromatography and yields of 8-13 mg/L were obtained in different runs. SDS-

PAGE and immunoblotting analysis of purified protein with an anti-c-myc antibody showed 

the presence of a single band at >100 kDa (Figure 5.7E). As discussed earlier, the apparent 

molecular weight of GOx is greater than expected, likely due to glycosylation32,33. Thus, 
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simultaneous yeast cell surface display and secretion of GOx can be achieved using pCT-CT-

F2A, where GOx is expressed as a C-terminal fusion to Aga2.  

We further sought to investigate if Sso7d mutants can be simultaneously expressed as 

cell surface fusions and secreted when expressed as C-terminal fusions to Aga2. Towards this 

end, Sso7dstrep and Sso7dhFc were cloned into pct-CT-F2A with the secretory leader 

sequence SED1SP36 placed after the F2A peptide (Figure 5.7A). SED1SP was chosen because 

of its smaller size (1.9 kDa) and lower hydrophobicity compared to other secretory signal 

peptides. Additionally, a (PT)5 polypeptide linker was placed between the F2A and Sso7d. The 

resulting vector is referred to as pCT-CT-F2A-SED1SP (Figure B.1C, Appendix B).  

Both Sso7dhFc and Sso7dstrep could be displayed on the surface of yeast in this 

construct (Figure B.2, Appendix B). However, binding of Sso7dstrep to streptavidin in pCT-

CT-F2A is significantly reduced in comparison with the pCTCON control, likely due to the 

presence of the F2A peptide (Figures B.2A-C, Appendix B). On the other hand, binding of 

Sso7dhFc to hFc is affected to a lesser extent (Figures B.2D-F, Appendix B). Therefore, the 

effect of the F2A peptide on binding functionality of surface-displayed Sso7d mutants appears 

to be protein-specific.  

Flow cytometry analysis confirmed the secretion of Sso7dstrep in the supernatant when 

protein expression was induced by culture in SGCAA medium for 72 hours. Secreted protein 

was captured on His-Tag isolation beads and bead-bound protein was detected using an anti-

c-myc antibody (Figure 5.7C). Notably, secretion of Sso7dstrep was observed when SED1SP 

was fused to the N-terminus of Sso7dstrep, but not in its absence, confirming that an additional 

secretory signal peptide is necessary to enable soluble protein secretion when the protein is 

fused to the C-terminus of Aga2. Similar results were obtained for Sso7dhFc (Figure B.3, 

Appendix B). Although Sso7dstrep secretion was detected by flow cytometry, the levels of 

secreted Sso7dstrep were too low to be detected by SDS-PAGE and immunoblotting analysis. 

Sso7dhFc was also undetectable by SDS-PAGE, but a protein band at the correct molecular 

weight was detected by immunoblotting analysis using an anti-c-myc antibody (Figure B3, 

Appendix B).  
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We further investigated if a different secretory signal peptide could increase levels of 

secreted Sso7d mutants in cell culture supernatant, when expressed as C-terminal fusions to 

Aga2. Towards that end, SED1SP was replaced with the synthetic prepro secretory leader used 

in pCT-NT-F2A. The resulting vector is referred to pCT-CT-F2A-prepro (Figure B.1D, 

Appendix B); this vector also lacks the (PT)5 linker.  Sso7dhFc was displayed on the surface 

of yeast in pCT-CT-F2A-prepro; however, binding to hFc was significantly reduced when 

compared with pCT-CT-F2A-SED1P (Figure B.3A vs. Figure B.2F, Appendix B). Thus, in 

addition to the F2A sequence, the specific secretory signal peptide chosen may affect binding 

functionality of the displayed protein. Furthermore, secreted Sso7dhFc was detected by flow 

cytometry and immunoblotting analysis using an anti-c-myc antibody (Figure B.3B, C, 

Appendix B). However, the purified protein could not be detected by SDS-PAGE analysis, 

indicating low secreted protein yields.  

Upon protein translation, a proline residue and a histidine residue are inherently 

introduced at the N-terminus of SED1SP and prepro when the F2A peptide is present N-

terminal to the secretory signal peptide. Proline results from ribosomal skipping of the F2A 

peptide and histidine from a translated endonuclease restriction site. It is possible that the 

presence of these additional amino acids inhibits the effectiveness of SED1SP and prepro as 

secretory signal peptides. Indeed, it has been observed that introduction of a single N-terminal 

mutation decreases secretion of yeast prepro alpha factor37. However, it is important to note 

that secretion of GOx is not hindered despite the introduction of additional amino acids to the 

GOx secretory tag. Therefore, it is likely that optimization of the secretory leader sequence or 

introduction of a secretory fusion partner, as described elsewhere38,39, may enable higher 

secretion yield of Sso7d mutants expressed as C-terminal fusions to Aga2. Notably, Sso7d 

mutants can be obtained at reasonable yields when expressed as N-terminal fusions to Aga2. 

Indeed, though outside the scope of this study, the simultaneous secretion and surface display 

system described here is an ideal platform for efficiently identifying secretory peptide 

sequences that result in higher levels of protein secretion while retaining high levels of cell 

surface display. 
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Taken together, our result show that with the introduction of a suitable secretory 

peptide sequence, the F2A peptide can be used for simultaneous yeast cell surface display and 

soluble secretion of proteins expressed as C-terminal fusions to Aga2. 

 

 

Figure 5.21. Simultaneous secretion and yeast surface display of proteins expressed as C-terminal fusions to 

Aga2. A) Design of plasmid vector. The F2A sequence is placed after Aga2, followed by a secretory signal peptide 

or secretory tag (sec. tag) and the protein of interest. B) Flow cytometry analysis of unlabeled yeast cells (black), 

and yeast cells expressing Aga2-GOx fusions in pCTCON (blue) and Aga2-F2A-GOx in pCT-CT-F2A (red), 

upon labeling with an anti-c-myc antibody. C) Flow cytometry analysis of secreted Sso7strep from yeast cells 

containing pCT-CT-F2A (red), pCT-CT-F2A-SED1SP (blue), or pCT-NT-F2A (green) plasmid vectors; soluble 

protein was captured on His-Tag isolation beads and detected with an anti-c-myc antibody. Binding of the His-

Tag isolation beads to the anti-c-myc antibody (control) is shown in black. D) GOx activity in supernatant after 

24, 48, and 72 hours of protein induction in SGCAA medium at 20°C for GOx in pCTCON (grey) and pCT-NT-

F2A (green) and Sso7dhFc-GOx (orange) in pCT-NT-F2A. The absorbance of the quenched assay solution at 450 

nm after 5 minutes of reaction is plotted as a measure of GOx activity. Error bars correspond to standard error of 

three independent repeats. *p<0.05 for comparison with GOx activity in pCTCON control. E) Immunoblotting 

of purified GOx from cell culture supernatant using pCT-CT-F2A; an anti-c-myc antibody was used for analysis 

(lane 1). A molecular weight ladder was included in lane 2. 
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5.3 Conclusion 

The F2A peptide from the foot-and-mouth disease virus causes ribosomal skipping 

during protein translation with an efficiency of ~ 50%. We have shown that this inefficient 

ribosomal skipping can be exploited to design a yeast surface display system in Saccharomyces 

cerevisiae wherein the protein of interest can be expressed simultaneously as a cell surface 

fusion and secreted in soluble form. Using this system, we have demonstrated simultaneous 

cell surface display and secretion of Sso7d mutants, and the homodimeric enzyme GOx. 

Further, we have shown that the F2A-based display and secretion system can be used to screen 

a combinatorial protein library. A major advantage of the F2A-based system is that the protein 

of interest can be expressed as a C- or N-terminal fusion to Aga2, as long as an appropriate 

secretory signal peptide is incorporated. This is particularly important because functionality of 

cell surface displayed proteins – including examples discussed in this study – can be affected 

by the mode of attachment (C-terminal vs. N-terminal) to the cell surface. The F2A peptide 

sequence, and/or the secretory signal peptide in cases where the protein of interest is C-terminal 

to Aga2, may affect functionality of a specific cell surface displayed proteins. Also, yield of 

secreted protein will likely be protein specific. Nevertheless, use of a suitable polypeptide 

linker, secretory signal peptide, or secretory fusion partner, may overcome these limitations. 

Overall, we expect that the F2A-based system will be a useful tool for protein engineering and 

facilitate efficient validation of individual clones isolated from combinatorial protein libraries. 

5.4 Materials and Methods 

5.4.1 Materials 

Biotinylated human IgG, goat-anti-chicken DyLight®633 (GAC633), goat-anti-

chicken DyLight®487 (GAC487), donkey-anti-rabbit DyLight®633 (DAC633), and goat-

anti-chicken HRP conjugate were purchased from Immunoreagents (Raleigh, NC). Chicken 

anti-cmyc (A21281), rabbit-anti-HA (715500), streptavidin R-phycoerythrin conjugate (SA-

PE, S866), streptavidin beads Dynabeads™ Biotin Binder (61047), Dynabeads™ His-Tag 

Isolation and Pulldown beads (10103D), High-fidelity phusion polymerase, CloneJET PCR 

cloning kit (K1231) were purchased from Thermo-Fisher (Waltham, MA). Mouse anti-penta-

His Alexa Fluor 647 conjugate (35370) and Ni-NTA agarose were obtained from Qiagen 
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(Valencia,CA). Frozen-EZ Yeast Transformation Kit™, Zymoprep Yeast plasmid Miniprep II 

kit, Quick-DNA™ Miniprep Plus Kit were purchased from Zymo Research (Irvine, CA). All 

restriction enzymes were purchased from New England BioLabs (Ipswich, MA). Gene 

fragments and primers were purchased from Integrated DNA Technologies (Coralville, IA). 

Other primers were purchased from Eton Biosciences (Raleigh, NC). Sequences of all primers 

and G-blocks are detailed in Table B.1 (primers) and Table B.2 (gene fragments), Appendix 

B. 

5.4.2 Construction of plasmid vectors containing the F2A peptide sequence. 

To construct pCT-NT-F2A, gene block 1 with phosphorylated ends, containing the 

sequence corresponding to prepro-6xHis-Sso7dstrep-c-myc-F2A-Aga2, was cloned into the 

pJET vector by blunt-end cloning using a CloneJETTM PCR cloning kit. The insert was then 

subcloned into the yeast surface display vector pCTCON between the EcoRI and XhoI cut sites 

to generate pct-NT-F2A-0. To introduce a linker between Aga2 and F2A, gene block 2 was 

amplified by PCR with primers Pf1.1 and Pr1.1, and cloned into pct-NT-F2A-0 between 

BamHI and XhoI sites. An HA tag was then introduced into pCT-NT-F2A-0 between the linker 

sequence and Aga2 by amplifying the Aga2 from gene block 2 by PCR with primers Pf1.2 

(containing the sequence corresponding to HA) and Pr1.1, and cloning in the fragment between 

AvrII and XhoI restriction sites. This vector was denoted pct-NT-F2A (Figure B.1A, Appendix 

B). To clone Sso7dhFc into pct-NT-F2A, the Sso7dhFc gene was amplified from a pCTCON-

based plasmid with primers Pf2 and Pr2, and cloned into pCT-NT-F2A between NheI and 

BamHI restriction sites.  

To construct pCT-CT-F2A (Figure B.1B, Appendix B), a gene block 3 containing the 

sequence corresponding to prepro-Aga2-F2A-6xHis-Sso7dstrep-c-myc was amplified by PCR 

with primer Pf3.1 and Pr3.1, and cloned into pCTCON between EcoRI and XhoI sites. This 

construct lacks a secretory signal peptide sequence before Sso7d. To construct pCT-F2A-

SED1SP (Figure B.1C, Appendix B), gene block 4 was amplified by PCR using primers Pf3.2 

and Pr3.2, and the PCR product was cloned in between AvrII and NheI restriction sites of pct-

CT-F2A.  Sso7dhFc was amplified from a pCTCON-based plasmid with primers Pf2 and Pr2, 

and cloned into pct-CT-F2A-SED1SP and pCT-CT-F2A using the NheI and BamHI restriction 
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sites. SED1P and (PT)5 linker sequences in pCT-CT-F2A-SED1SP were replaced by the 

synthetic prepro sequence to construct pCT-CT-F2A-Prepro (Figure B.1D, Appendix B); gene 

block 5 containing prepro and Sso7dhFc was amplified by PCR with primers Pf3.3 and Pr2, 

and cloned into pct-CT-F2A-SED1P between the NdeI and BamHI restriction sites.  

All PCR reactions were performed in 50 µL reactions with high-fidelity Phusion™ 

polymerase, following the manufacturers protocol. All reactions were performed at an 

annealing temperature of 62°C, with an extension time of 15 seconds was used.  

5.4.3 Yeast surface display of proteins in F2A for flow cytometry analysis 

The same induction protocol for flow cytometry analysis was applied to all the samples 

studied in this manuscript. Yeast cells harboring pCTCON, pCT-NT-F2A, pCT-CT-F2A, pCT-

CT-F2A-SED1SP, or pCT-CT-F2A-Prepro were induced in SG-CAA media, overnight, at 

20°C, 250 RPM. 5x106 cells were harvested, and washed with PBS with 0.1% BSA (PBS-

BSA). Cells were labeled for c-myc expression in 50 µl of a 1:100 dilutions of chicken-anti-

cmyc in PBS-BSA for 20 minutes, at room temperature. Secondary labeling was done with a 

100 µL of a 1:250 dilution of GAC633 in PBS-BSA for 12 minutes, on ice. For simultaneous 

detection of cell surface expression and target binding, yeast cells expressing Sso7dhFc and 

Sso7dstrep were labeled with 500 nM biotinylated IgG and a 1:200 dilution of SA-PE, 

respectively, in a 50 µL reaction along with 1:100 dilution of chicken-anti-cmyc antibody. 

Secondary labeling was performed in a 100 µL reaction with a 1:250 dilution of GAC633 and 

1:250 dilution SA-PE for Sso7dhFc, and 1:250 dilution GAC633 for Sso7dstrep. Samples were 

analyzed by a BD Accuri™ C6 flow cytometer (Franklin Lakes, NJ). Three independent 

replicate experiments were conducted, and fluorescence data for 50,000 cells was collected in 

each instance. 

5.4.4 Capture and detection of secreted Sso7dstrep and Sso7dhFc on His-tag isolation 

beads 

To induce protein expression, yeast cells were cultured for three days in SGCAA 

media, in an incubator-shaker at 30°C and 250 RPM for 3 days.  Subsequently, 1 mL of culture 

was centrifuged at 15,000 g, and 500 µL of supernatant was mixed with 1.5 mL of 1 M sodium 

phosphate pH 9. 10 µL of His-Tag isolation beads were added to the mix and incubated for 1 
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hour at room temperature with rotation. Subsequently, beads were washed once with PBS, and 

incubated for 3 hours in PBS + 1% BSA at room temperature. After this blocking step, buffer 

was removed and the beads were split into two identical aliquots. 50 µL of PBS-BSA with 

1:100 dilution of chicken anti-cmyc antibody, or 1:100 dilution of rabbit-anti-HA antibody was 

added to each aliquot, and incubated for 20 minutes at room temperature, followed by one 

wash with 1 mL of PBS-BSA. Subsequently, 100 µL of a 1:300 dilution of GAC488 or 

DAR633 in PBS-BSA was added to beads labeled with the anti-cmyc or anti-HA antibodies, 

respectively, and beads were incubated for 12 minutes on ice. After a wash step with PBS-

BSA, fluorescence of 100,000 beads was quantified with a BD AccuriTM C6 flow cytometer. 

To quantify levels of non-specific binding of the antibodies, beads that were not incubated with 

supernatant were labeled using an identical protocol.  

5.4.5 Capture of secreted Sso7dhFc and Sso7dstrep with streptavidin beads 

75 L of streptavidin-coated beads (Dynabeads™ Biotin Binder) were functionalized 

with IgG by overnight incubation at 4°C in 100 L of PBS-BSA solution containing 3 µL of 

1.5 mg/mL biotinylated-human IgG. Plain streptavidin beads or IgG functionalized beads were 

blocked with 1% BSA in PBS buffer for 3 hours, and subsequently resuspended in a 100 µL 

of PBS with 0.2% BSA. 100 µL of supernatant from yeast cultures expressing Sso7dstrep or 

Sso7dhFc, wherein protein induction was carried out over a 3 day period as described earlier, 

was added to the bead suspension and incubated at room temperature for 20 minutes. Beads 

were then washed once with PBS-BSA, and labeled with 50 µL of a 1:100 dilution of anti-His 

Alexa-647 antibody in PBS-BSA, for 12 minutes on ice. After another wash step, fluorescence 

of 100,000 beads was quantified using a BD AccuriTM C6 flow cytometer.  

5.4.6 Purification of secreted Sso7dstrep from yeast culture supernatant 

Expression of Sso7dstrep was induced in a 5 mL yeast culture in SGCAA media at 

30°C, for 72 hours and 250 RPM. Culture medium was centrifuged at 15,000 g for 5 minutes, 

and 4.5 mL of supernatant was filtered through a 0.22 µm syringe filter. 0.5 mL of 1 M sodium 

phosphate buffer was added to the media, and the pH was adjusted to 7.4 using 1M sodium 

hydroxide. 25 µL of His-Tag isolation beads was added and incubated for 1 hour, with rotation. 

The beads were recover with a magnet, washed 3 times with PBS buffer pH 7.4, and 
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resuspended in 150 µL of PBS with 500 mM imidazole to elute the protein. Purity of the elution 

product was analyzed by SDS-PAGE. Protein concentration was measured by BCA assay, and 

the yield was estimated from this measurement. Two independent replicates of this experiment 

were conducted. 

5.4.7 Generation of a combinatorial library using error-prone PCR 

DNA from a population of yeast cells expressing Sso7d-based binders for lysozyme – 

previously obtained by screening a library of Sso7d mutants using one round of MACS – was 

recovered using a ZymoprepTM Yeast plasmid Miniprep II kit.  Sso7d sequences from the 

isolated DNA were amplified by error-prone PCR using nucleotide analogs, with primers Pf2 

and Pr2, as detailed by Gera et al17. Products of the error-prone PCR were combined, and 

further amplified by PCR using primers Pf4 and Pr4 in six identical 50 µL reactions. The PCR 

products were combined and purified by ethanol precipitation. Briefly, potassium acetate was 

added to the combined PCR reactions in a 1:10 ratio, followed by 2.5 volumes of ice cold 

ethanol. The mix was incubated at -20°C overnight, centrifuged at 15,000 g for 10 minutes, 

and the supernatant was removed. The pellet was washed once with 70% ethanol, allowed to 

dry out, and resuspended in water. In parallel, 40 µg of pCT-NT-F2A-Ssod7strep was digested 

with NheI and BamHI restriction enzymes, and purified by ethanol precipitation.  To obtain 

the yeast library, the PCR product and the digested vector were transformed into yeast using 

lithium acetate method, as previously described40. A single electroporation reaction was 

performed using a Bio-Rad Gene Pulser System (Bio-Rad, Hercules, CA); where 12 g of PCR 

product and 3 g of digested vector were added to 300 L of electrocompetent Saccharomyces 

cerevisiae strain EBY100 and electroporated at 2500V, 25 µF, 200 Ω. An identical 

electroporation reaction was also carried for a vector-only control. Library diversity was 

determined by plating serial dilutions of the transformation reaction in SDCAA plates, and 

estimated as 5x107.  

5.4.8 Sorting of lysozyme error prone N-terminal F2A library 

As described by Xin et al30, 5x107 cells can be screened per cm2 of surface area in a 

cell panning experiment. Therefore, based on the dimensions of a 96-well ELISA plate, at least 

4 wells are need to screen 5x108 cells (10x library diversity). Accordingly, 5 wells each of a 
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96-well ELISA plate were coated with the following proteins, overnight at 4°C: 300 µL of 20 

ng/L lysozyme, 10% donkey serum, 10% goat serum, 10% bovine serum, or streptavidin (3 

g per well). 5x108 cells were centrifuged and resuspended in 1.5 mL of PBS-BSA. 300 µL 

cell aliquots were transferred into each of the 5 wells. Negative selections were performed by 

serially incubating the cells in the wells coated with one of serum proteins or streptavidin for 

1 hour each. For the positive selection, yeast cells were transferred into the lysozyme-coated 

wells and incubated for 1 hour, and then washed 5 times with PBS-BSA. 300 µl of SDCAA 

media were added to each well, and allowed to incubate at 30°C for 2 days. All selections were 

performed at 4°C, with slow agitation.  Yeast cells that grew in each well were combined, 

passaged once in SDCAA, and protein expression was induced in SGCAA at 20°C. 1x107 cells 

were labeled with 1 µM lysozyme in 100 µL of PBS-BSA for 20 minutes, at room temperature. 

The cells were then washed once with PBS-BSA, and labeled with 500 µL of 1:1000 dilution 

SA-PE in PBS-BSA, and sorted to isolate cells with high PE fluorescence using a MoFloTM 

cell sorter (Beckman Coulter, Brea, CA). A total of 1 million cells were analyzed; 478 positive 

cells were sorted and grown in SDCAA media.  

5.4.9 Flow cytometry analysis of enrichment for higher affinity lysozyme binders by 

FACS 

The pools of yeast cells obtained after the panning round and after FACS were induced in 

SGCAA media at 20°C overnight. 5x106 cells were used for each sample from each population 

were resuspended in 100 µL of PBS-BSA buffer containing 0, 0.25, 0.50, 1.0, 1.5, 2.5, 5.0, or 

10 µM biotinylated lysozyme, and 1:100 dilution of anti-HA antibody, in PBS-BSA. The 

samples were allowed to equilibrate for 20 minutes at room temperature, washed once with 

PBS-BSA, and resuspended in 500 µL of 1:1000 dilution of SA-PE and 1:300 dilution of 

DAR633 in PBS-BSA, for 12 minutes on ice. Samples were washed one more time and kept 

on ice before analysis. 50,000 cells were analyzed with a BD AccuriTM C6 flow cytometer. 

The average population fluorescence value of the control sample containing no lysozyme was 

used for background subtraction. The ratio of background-subtracted fluorescence due to 

lysozyme binding, to the corresponding mean population fluorescence due to binding of the 
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anti-HA antibody was calculated and plotted as a function of lysozyme concentration. Three 

independent replicate experiments were conducted.  

5.4.10 Purification of lysozyme binders isolated from the N-terminal F2A library 

Three 5 mL cultures of the pool of cells obtained after FACS were induced in SGCAA 

media, at 30°C for 72 hours and 250 RPM. Culture medium was centrifuged at 15,000 g for 5 

minutes, and the supernatants were filtered through a 0.22 µm syringe filter. The volume of 

the combined supernatant was brought to 15 mL by adding 1.5 mL of 1M sodium phosphate 

and water, and the pH was adjusted to 7.4 using 1M sodium hydroxide. 1 mL of Ni-NTA resin 

was added to the pH-adjusted solution, and incubated for 1 hour, with rotation. Subsequently, 

the resin was recovered by centrifugation at 600g for 2 minutes, washed 3 times with PBS (pH 

7.4), and resuspended in 1.5 mL of elution buffer (PBS containing 500 mM imidazole). The 

elution buffer was separated from the resin using a trap column, and dialyzed into PBS, pH 

7.4. Purity of the elution product was analyzed by SDS-PAGE. Protein concentration was 

measured by BCA assay, and the yield was calculated from this measurement. Two 

independent purification runs were conducted. 

To investigate functionality of purified lysozyme binders, streptavidin beads were 

functionalized with biotinylated lysozyme by overnight incubation at 4°C. Subsequently, beads 

were blocked with 1% BSA in PBS buffer for 3 hours. Beads were then resuspended in 100 

µL PBS with 0.2% BSA and incubated with 100 µL purified lysozyme solution (final 

concentration 3.6 µM) for 20 minutes. After a wash with PBS-BSA, beads were incubated in 

50 µL of a 1:100 dilution of anti-His Alexa-647 antibody in PBS-BSA, for 12 minutes on ice. 

The beads were washed once, and the fluorescence of 100,000 events was quantified using a 

BD AccuriTM C6 flow cytometer. 

5.4.11 Cloning of Glucose oxidase into pCT-CON, pCT-NT-F2A and pCT-CT-F2A 

Aspergillus niger spores were a kind gift from Dr. Elhanafi (Biomanufacturing 

Training and Education Center, North Carolina State University). Spores were incubated 

overnight in a 5 mL culture in YPD at 37°C. The media was filtered, and the fungus (~ 30 mg) 

was transferred into a microcentrifuge tube. The tube was dipped in liquid nitrogen, and the 

frozen cells ground with a pipette tip. Genomic DNA was extracted using a Quick-DNATM 
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Miniprep kit.  The GOx gene was amplified by PCR using primers Pf5 and Pr5. The product 

was purified and further amplified with primers Pf6 and Pr6 to introduce AvrII and BamHI 

restriction sites. The resulting PCR product was digested with AvrII and BamHI, and ligated 

into pCTCON, pCT-NT-F2A or pCT-CT-F2A digested with NheI and BamHI; AvrII and NheI 

result in compatible cohesive ends.  

The Sso7dhFc-GOx construct was generated by cloning GOx gene into an existing 

pET22b(+) vector containing the Sso7dhFc-(PT)8-TEV sequence. GOx was amplified by PCR 

using primers Pf6 and Pr7 to introduce AvrII and XhoI restriction sites to the gene. The TEV 

sequence was replaced with the GOx gene by digesting the plasmid with AvrII and XhoI, and 

ligating the PCR product. Sso7d-(PT)8-Gox in pET22b(+) was then amplified by PCR using 

primers Pf2 and Pr6, and the PCR product was cloned into pct-NT-F2A using NheI and BamHI 

restriction sites. 

5.4.12 Measurement of Gox activity 

Protein expression was induced in yeast cells carrying the GOx gene in pCTCON, pCT-

NT-F2A, or pCT-CT-F2A, in SGCAA media for 72 hours, at 20°C and 250 RPM. 100 µL 

aliquots of the supernatants were collected at 24, 48, and 72 hours after induction. The 48 and 

72 hour aliquots were diluted 1:5 and 1:10, respectively, in PBS buffer, pH 7.4. 100 µL of 2X 

working reagent (100 mM glucose, 0.1 mg/mL TMB substrate, 1.5 µg/mL horseradish 

peroxidase diluted in PBS pH 7.4) was added to the 100 L supernatant samples and the 

reaction was allowed to proceed for 5 minutes at room temperature, before being quenched by 

50 µL of sulfuric acid. The quenched reactions were diluted 1:4 in PBS buffer, and 100 µL 

aliquots were transferred to a 96-well plate, in duplicate. The absorbance values of the 

solutions at 450 nm were measured using a 96-well plate reader, and used as a metric for 

activity of GOx secreted in the supernatant. The absorbance corresponding to a 100 µL PBS 

sample, processed similar to the supernatant samples, was subtracted from all readings as 

background correction.  

5.4.13 Purification of Sso7dhFc-GOx and GOx  

GOx and Sso7dhFc-GOx in yeast cell culture supernatant were purified by anion 

exchange chromatography using a BioLogicTM LP FPLC system (Bio-Rad, Hercules, CA) as 
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follows. Protein expression was induced in 6 mL SGCAA cultures at 20°C, for yeast cells with 

GOx in pCT-CT-F2A, or Sso7dhFc-Gox in pCT-NT-F2A, for 72 hours. 5 mL of culture 

medium was collected and centrifuged, filtered through a 0.22 µm syringe filter, and combined 

with 5 mL of water and 5 mL of 50 mM Tris-HCl, 50 mM NaCl, pH 8 (loading buffer).  The 

solution was loaded into a 5 mL Bio-Rad High Q column, washed with 40 mL of loading 

buffer, and eluted with a 12 mL step of 20% elution buffer (50 mM Tris-HCl, 2.0 M NaCl, pH 

8), followed by a 30 mL linear gradient of elution buffer (30% to 50%). 3 mL fractions were 

collected throughout the protocol. The activity of each elution fraction was measured by 

transferring 100 µL of elution fraction into a 96-well plate, and then adding 100 µL of working 

reagent to each fraction. The reaction was allowed to proceed for 5 minutes, at room 

temperature, before been quenched with 50 µL of sulfuric acid. The absorbance values at 450 

nm were measured using a 96-well plate reader, and used as a metric for activity of GOx 

secreted in the supernatant. The two fractions with highest activity were combined and 

dialyzed into 50 mM Tris, 300 mM NaCl, pH 7.4. 

5.4.14 Immunoblotting analysis 

For analysis of secreted protein in supernatant of cells expressing Sso7d mutants, 

protein expression was induced by culture in SGCAA medium for 3 days at 30°C. 1 mL of 

media was centrifuged at 13,000 RPM, and mixed with 4 mL of ice-cold acetone. Proteins 

were allowed to precipitate overnight at -20 °C. The samples were then centrifuged at 10,000 

g for 10 minutes, washed once with ice-cold 1:4 water: acetone solution, and centrifuged one 

more time. The supernatant was removed, and the pellets were allowed to dry out at room 

temperature, before being resuspended in 20 L of PBS + 5% SDS. For analysis of purified 

Sso7dhFc-GOx, GOx, and Sso7d lysozyme binders, 200 µL of purified protein was mixed with 

800 µL of ice-cold acetone, and concentrated as described earlier. 6.5 L of precipitated 

sample was loaded into SDS-PAGE gels. Transfer into nitrocellulose membrane was 

accomplished by wet blot transfer at a constant current of 200 mA for 3 hours. The blot was 

blocked with 5% milk in TBST (25 mM tris, 150 mM NaCl, 0.05% Tween-20) for 2 hours, 

followed by incubation with 10 mL 1:1000 chicken-anti-cmyc antibody in TBST overnight, at 

4 °C. Secondary labeling was carried out for 1 hour at 4 °C using 15 mL of a 1:1000 goat-anti-
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chicken-HRP conjugate. Samples were detected using West-Femto substrate, according to the 

manufacturer’s protocol. For Sso7dhFc expressed using pCT-CT-F2A-Prepro, 5 mL of cell 

culture supernatant was mixed with 10 mL of ice-cold acetone, incubated overnight at -20 °C, 

and then centrifuged and resuspended as detailed earlier. For Sso7dhFc expressed using pCT-

CT-F2A-SED1SP, 15 mL of cell culture supernatant was concentrated to 200 µL using a 10K 

Amicon® Ultra centrifugal filter (EMD Millipore, Billerica, MA) and a 6.5 L sample was 

used for loading the SDS-PAGE gel.   
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CHAPTER 6 

Conclusions and Future Perspectives 
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6.1 Conclusions 

In this work, we further demonstrate the usefulness and versatility of the 

hyperthermophilic protein scaffold Sso7d for biosensor development. Biosensors are critical 

for building analytical tools for point-of-care diagnostics, pathogen detection, drug discovery, 

among others. However, not many biosensors have achieved commercial success due to low 

thermal stability of the biological elements of the sensor, complex immobilization methods, 

and high production costs. We sought to address these limitations by developing protein 

engineering methods to improve protein activity upon immobilization or generate affinity for 

a surface, designing a fast and simple mix-and-read assay for analyte detection, and developing 

a system for simultaneous yeast surface display and secretion in yeast.  

In Chapters 2 and 3, we demonstrate how site directed mutagenesis of domains of 

Sso7d and combinatorial library screening by yeast surface display can be used to generate 

Sso7d mutants with affinity for surfaces. Given that protein immobilization is important for 

biosensor development, these results have direct relevance to biosensor development. In 

Chapter two, we demonstrate a generalizable strategy for introducing mutations in proteins to 

improve their activity upon immobilization. We generated a combinatorial protein library by 

randomizing six targeted residues in a binding protein derived from the Sso7d scaffold. 

Mutations were targeted in a region orthogonal to the binding site. Silica surfaces were 

functionalized with a mutant isolated from this library and the parent protein. Up to seven times 

more capture of analyte could be accomplished with silica functionalized with the mutant than 

with the parent. These results showed that the mutant assumes a more active configuration 

upon immobilization on silica than the parent protein, suggesting that the mutations introduced 

into the scaffold bias the orientation it assumes on the surface. In Chapter 3, we isolated 

mutants with affinity for iron(II,III) oxide by panning a yeast surface display library of Sso7d 

mutants under stringent conditions. Expression of one of these mutants on the yeast surface 

enabled magnetization of yeast in complex mixtures where it was not possible to magnetize 

yeast expressing other Sso7d mutants. This demonstrated that the isolated mutant interacted 

strongly with iron oxide. Overall both chapters outlay methods to generate Sso7d binders with 

affinity for a material. 
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In Chapter 4 we compared the response time and sensitivity of a mix-and-read assay 

based on tripartite GFP reconstitution to two other reconstitution assays based on two different 

split-NanoLuc luciferase system. Both split-NanoLuc systems allowed for lysozyme detection 

immediately after luciferase substrate addition. However, one system showed less sensitivity 

than the tripartite GFP assay. The other system, based on NanoBit luciferase, showed 4 times 

more sensitivity than split-GFP, but further optimization is required to determine its working 

linear range. Nonetheless, the linear range of both systems are comparable to other mix-and-

assays based on antibody variable change complementation or homogenous sandwich ELISA. 

The success of the split-luciferase mix-and-read assays developed in this chapter confirms that 

binders isolated from a combinatorial pairwise assembled library are compatible with different 

protein complementation assays. 

In Chapter 5 we designed a system for simultaneous surface display and secretion of 

proteins in Saccharomyces Cerevisiae. The key component of this system is placement of a 

“self-cleaving peptide” with 50% skipping efficiency, referred to as F2A, between the protein 

of interest and the surface anchor protein Aga2. Secretion and display can be achieved 

independently of whether Aga2 is fused to the N- or C- terminus of the protein; however, the 

efficiency of secretion and display is dependent on the protein in question. When Aga2 was 

fused to the C-terminus of the protein, active Sso7d mutants could be displayed on the surface 

of yeast, and recovered from media with yields of approximately 7 mg/L. However, secretion 

of Sso7d mutants was poor when Aga2 was fused to their N-terminus. On the other hand, 

glucose oxidase poorly displayed when Aga2 was fused to its C-terminus, yet display and 

secretion where highly improved when Aga2 was fused to the N-terminus of the protein. These 

results highlight the importance of having a system for simultaneous secretion and display in 

either configuration, given that it is not uncommon to observe that the functionality of proteins 

can change depending on whether they are fused to the C- or N-terminus of Aga2.  

6.2 Future directions 

Many peptides with affinity for surfaces show biomineralization properties, that is, they 

can catalyze the condensation of different inorganic materials at room temperature. Not only 

can they induce nanomaterial precipitation, but they can also control the size and shape of the 
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materials based on their sequence, structure, and concentration1. It would be interesting to 

explore if Sso7d-2B5 and SsoFe2 can induce biomineralization of silica and iron oxide 

nanoparticles, respectively. In particular, it would be interesting to test if Sso7d-2B5 could be 

used for simultaneous nanoparticle synthesis and functionalization, given that Sso7d-2B5 can 

also bind chicken IgG. Therefore, one could consider the idea of using bi-specific Sso7d 

mutants with affinity for a target and a surface for simultaneous synthesis and functionalization 

of nanoparticles. Whether the protein gets encapsulated in the nanoparticle matrix or 

immobilized on its surface would have to be determined.  

Split-NanoBit reconstitution is a promising system for development of fast and 

sensitive mix-and-read assays, as demonstrated in Chapter 4. Now it would be important to 

develop a model for the assay and compared it to experimental data. In this way, it will be 

possible to stablish design rules for the system, such as affinity of the Sso7d binders for the 

target and their concentration. Particularly, the relationship between assay sensitivity and 

binder affinity needs to be explored. It is expected that sensitivity would increase if binding 

affinity increases, but it is not known how target concentration and binder affinity influence 

the response of the system. Consequently, another aspect that needs to be explored are 

strategies to increase the binding affinities of the individual Sso7d units. Error prone libraries 

of each binder could be generated and cloned in into our secretion and display system. The 

binders could be displayed and secreted as fusions to their corresponding luciferase fragments. 

Binders with higher affinity for their target could be sorted by flow cytometry. Once the 

population gets enriched in higher affinity binders, the binders could be directly purified from 

the supernatant to find pairs of binders that produce the most luminescence signal. Finally, this 

split-NanoBit system could also be applied for live cell imaging or in-vivo imaging 

applications, where binder with non-overlapping epitopes isolated from a bivalent Sso7d 

library could be used to detect localization or post-translational modifications of proteins of 

interest.  

In Chapter 5 we demonstrated that proteins can be simultaneously secreted and 

displayed in Saccharomyces cerevisiae. However, the yield of Sso7d secreted when F2A was 

placed at its N-terminus was low. Given the usefulness of Sso7d for biosensor development, it 



 

125 

would be important to increase the yield of secreted Sso7d in this configuration. This could be 

accomplished by optimization of the secretion tag between the F2A peptide and Sso7d. There 

are published protocols for optimizing secretion tags2,3, so these methods could be followed. 

The simplest method would be to generate a combinatorial library of a specific secretion tag, 

followed by rounds of fluorescent activated cell sorting to enrich the population in mutants that 

retain high levels of expression. Protein secretion levels can be easily evaluated after each 

round of selection, given that the protein also gets secreted into the media (an advantage of our 

system). A fluorescent protein or enzyme could be fused to the C-terminus of Sso7d to make 

it easier to quantify protein secretion. Finally, once an optimal secretion tag has been found, a 

library of Sso7d mutants should get cloned into this new construct. The library should then be 

tested against different targets to validate it, similar to the validation process of the N-terminal 

secretion library described in Chapter 5.  

Surface display and secretion of proteins with post-translational modification is another 

area where our system could shine. Given that the post-translation modification is being 

performed by the same cell, the protein displayed with a post-translation modification on the 

surface of yeast would be identical to the protein secreted into the media. Therefore, after 

isolating a mutant with a specific post-translation modification, the same protein can be 

purified from the supernatant without concern of losing the post-translational modification. 

This would be of concern if the protein was selected by yeast surface display and then produced 

recombinantly in another organism.  Methods exist to introduce post-translation modifications 

into proteins produced by yeast, including biotinylation4 and glycosilation5. Furthermore, a 

recent method based on sequestration of specific enzymes in the yeast’s ER appears as a 

promising tool to more easily introduce post-translational modifications into proteins6.  
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Appendix A- Desorption of Sso7d-cIgY and Sso7d-2B5 from silica by guanidinium 

hydrochloride 

 

A.1 Materials and Methods 

A1.1 Estimation of the melting temperature of Sso7d-cIgY mutants 

The melting temperature (TM) of Sso7d-2B5, Sso7d-2B9, and Sso7d-2B12 was determined by 

a differential scanning fluorimetric assay as described elsewhere>. The mutant proteins were 

diluted to 98.8 μg/mL in 50 mM tris, 300 mM NaCl buffer, pH 7.4, and mixed with SYPRO® 

Orange, as indicated by the manufacturer, and loaded into a 96-well plate, in triplicate. As a 

control, buffer without protein was also loaded into the plate. Temperature was increased from 

25 °C to 100 °C with a ramp rate of 1°C/min in a BioRad CFX96 Real Time PCR machine 

(BioRad). The average baseline fluorescent signal for the buffer was subtracted from the 

average fluorescence of each protein triplicate, and the signal was then normalized by dividing 

by the maximum fluorescence of each sample. The melting temperature of each protein was 

determined from the minimum value of the first derivative of the FAM (492 nm) filter data. 

A.1.2 Elution of Sso7d-cIgY and Sso7d-2B5 from silica by guanidinium hydrochloride  

Fumed silica (Aerosil® 150) was purchased from Aerosil (Piscataway, NJ). Solutions of 

Sso7d-2B5 and Sso7d-cIgY (98.8 µg/mL each) were prepared in PBS (pH 7.4). 6 mL of protein 

solution were incubated with 1 mg of fumed silica for 20 hours at room temperature, followed 

by two washes in PBS buffer. The powder was resuspended in 200 µL of buffer, and split 

equally into 4 micro-centrifuge tubes. Buffer was removed by centrifugation, and the pellet 

was resuspended in 100 µL of 0, 1.5, 2.5, or 3.5 M guanidinium hydrochloride (Gdn-HCl) 

dissolved in PBS pH 7.4. Samples were incubated at room temperature for 3.5 hours with 

rotation, after which the supernatant was collected. Concentrations of the protein solutions 

before and after incubation with fumed silica were quantified by BCA assay. For experiments 

involving elution of bovine serum albumin (BSA), 6 mL of 1 mg/mL BSA solution was 

prepared in PBS buffer (pH 7.4), and 1.85 mg of fumed silica was used. Two independent 

repeats of all elution experiments were carried out. 

For the flow cytometry assay, 100 µL of acid-treated plain silica beads (Bangs Laboratories) 

were incubated with 5 mL of Sso7d-cIgY solution in PBS at pH 7.4 (98.8 µg/mL), for 20 hours 
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at room temperature. Samples were washed twice with PBS buffer, resuspended in buffer, and 

split equally into 8 different tubes. The beads were then diluted into 100 µL of 0, 1.5, 2.5, 3.5, 

4.0, 5.0 or 6.0 M guanidinium hydrochloride in PBS pH 7.4, and incubated at room temperature 

for 20 hours. The beads were washed twice with PBS buffer, and blocked for 2 hours with 1% 

BSA in PBS.  The samples were washed twice, and immobilized Sso7d mutants were 

quantified by flow cytometry as described previously. Three independent repeats were carried 

out.  
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A.2 Results and Discussion 

A.2.1 Desorption of Sso7d-cIgY and Sso7d-2B5 from silica by guanidinium hydrochloride 

We have shown that binding affinities of Sso7d-cIgY and Sso7d-2B5 for cIgY are similar 

(Figure 1). Also, under the conditions of protein immobilization for cIgY capture assays, silica 

surfaces are expected to be saturated with Sso7d-cIgY and Sso7d-2B5 (Figure 4). Yet, 

significantly higher capture of cIgY is obtained in case of surfaces functionalized with 

Sso7d-2B5. Therefore, we conclude that increased capture of cIgY is due to altered orientation 

of surface-immobilized Sso7d-2B5; mutations introduced in the 2B region mediate interaction 

of Sso7d-2B5 with the silica surface.  

An alternative explanation is that protein adsorption may cause differential unfolding and/or 

conformational change in Sso7d-cIgY and Sso7d-2B5. Therefore, decreased capture of cIgY 

by surfaces coated with Sso7d-cIgY may be explained by conformational change or unfolding 

of surface-adsorbed Sso7d-cIgY – but not Sso7d-2B5 – resulting in loss of binding to cIgY. 

To investigate this possibility, we studied guanidinium hydrochloride (Gdn-HCl)-mediated 

desorption of Sso7d-cIgY, Sso7d-2B5, and bovine serum albumin (BSA) from silica surfaces.  

Sso7d-2B5, Sso7d-cIgY, and BSA2,> were immobilized on fumed silica powder at saturating 

concentrations, and elution or desorption from the surface upon incubation with solutions 

containing varying concentrations of Gdn-HCl was quantified (Figure A.3). Gdn-HCl in molar 

concentrations is often used to unfold proteins because the guanidinium ion can interact with 

a protein’s peptide backbone and with charged and polar residues, and make hydrophobic 

residues more soluble thereby diminishing the contribution of the hydrophobic effect; 

however, these mechanisms are still subject to debate4–6. Furthermore, it has been shown that 

guanidinium interacts with sulfonate and phosphate ions. Therefore it is likely that 

guanidinium ions can also interact with the negatively charged silanol groups on silica7,8. 

Consequently, it is reasonable to assume that Gdn-HCl would disrupt protein-surface 

interactions by reducing the effect of electrostatic, hydrogen bonding, and hydrophobic 

interactions.  

Upon incubation with Gdn-HCl, approximately 30% of immobilized Sso7d-2B5 or Sso7d-

cIgY can be desorbed from fumed silica after 3.5 hours of incubation (Figure A.3A). In 
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contrast, only 3% of immobilized protein is eluted in the same time period by incubation with 

buffer alone. Importantly, almost complete desorption or elution of Sso7d-cIgY can be 

achieved by incubation with Gdn-HCl solutions for 20 hours, as quantified by flow cytometry 

(Figure A.3B). Note that Sso7d-cIgY largely retains its secondary structure upon extended 

incubation in 1.5 M Gdn-HCl>. Therefore, guanidinium is effective at blocking protein-surface 

interactions, even at concentrations where Sso7d-cIgY is not significantly denatured in 

solution. These results suggest that Sso7d-2B5 and Sso7d-cIgY are not irreversibly adsorbed 

on the silica surface. Strikingly, this reversible adsorption behavior of the Sso7d mutants is in 

stark contrast to the irreversible adsorption expected for proteins that undergo significant 

perturbation of their secondary structures upon adsorption10,11. Therefore, these results are 

consistent with the Sso7d mutants not undergoing significant structural perturbation upon 

adsorption. Comparison of desorption of Sso7d mutants and BSA from silica surfaces by Gdn-

HCl further reinforces our observations. At pH 7.4, negatively charged BSA adsorbs onto the 

negatively charged silica surface because of its structural flexibility, and adsorption leads to 

loss of secondary structures2,10. As shown in Figure A.3A, BSA is more resistant to elution or 

desorption by Gdn-HCl than Sso7d mutants. These results are consistent with the hypothesis 

that Sso7d mutants interact with the surface through specific contact points rather than by 

losing their secondary structures, and support our conclusion that altered orientation of Sso7d-

2B5 results in increased capture of cIgY. 
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Figure A.22. Dimensions of Sso7d in side-on orientation and end-on orientation. Sso7d images in were generated 

with the UCSF Chimera package 1.10.213 

 

 
Figure A.23. Estimating capture of cIgY by silica surfaces functionalized with Sso7d-2B5 and Sso7d-cIgY. 

Average fluorescence values are shown without normalization for immobilized Sso7d mutants. Error bars 

correspond to the standard error of three to five repeats.   
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Figure A.24. Elution or desorption of Sso7d-2B5, Sso7d-cIgY, and BSA from silica by incubation with 

guanidinium hydrochloride. A) Fraction of immobilized Sso7d-2B5 (blue), Sso7d-cIgY (green), or BSA (orange) 

eluted or desorbed from fumed silica after 3.5 hours of incubation with Gdn-HCl solutions. Solid bars and striped 

bars represent data from two independent replicates. B) Fraction of Sso7d-cIgY remaining on silica beads after 

incubation with Gdn-HCl for 20 hours quantified by flow cytometry. Data from triplicate experiments is 

presented, error bars correspond to standard error. 
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Figure A.25. Estimation of the melting temperature of Sso7d-2B5, Sso7d-2B9, and Sso7d-2B12 by differential 

scanning fluorimetry. The average of triplicate measurements is shown. The signal was normalized by the 

maximum fluorescence signal of each sample. TM was determined from the inflection point of the absorbance 

data as 33, 44 and 49°C for Sso7d-2B5, Sso7d-2B9, and Sso7d-2B12, respectively.   
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Appendix B- Supplementary data Chapter 5 
 

 
Figure B.26. List of constructs generated for N-terminal and C-terminal secretion and display. A)  Construct 

generated for N-terminal secretion. B) Construct generated for C-terminal secretion without secretory signal 

upstream of the Sso7d gene. C) Construct generated for C-terminal secretion with SED1SP secretory signal 

upstream of the Sso7d gene. D) Construct generated for C-terminal secretion with prepro secretory signal 

upstream of the Sso7d gene. Vector maps were generated with SnapGene Software (GSL Biotech, Chicago, IL; 

available at snapgene.com). 

 

http://www.snapgene.com/
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Figure B.27. Yeast surface expression and target binding of Sso7dstrep and Sso7dhFc in pct-con (A and D), pct-

CT-F2A (B and E) and pct-CT-F2A (C and F). Sso7dstrep (A-C) was labeled with 50 nM streptavidin-PE and 

Sso7dhFc was labeled with 500 nM human IgG-biotin. 
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Figure B.28. Secretion and display of Sso7dhFc in pct-CT-F2A-prepro and pct-CT-F2A-SED1SP. A) Surface 

display of Sso7dhFc labeled at 500 nM IgG. B) Detection of c-myc tagged proteins recovered from culture media 

with histidine tag isolation beads by flow cytometry. C) Western Blot detection of Sso7dhFc secreted in pct-CT-

F2A-prepro (1), pct-CT-F2A (2), pct-CT-F2A-SED1SP (3), and a biotinylated ladder (4).   

 

Table B.6. List of lysozyme binders isolated from the error prone library. Mutations outside 

the initial 10 mutagenized positions are bold. Wild type Sso7d (WT) is given as a reference. 

Position 16 20 21 23 25 28 30 32 35 40 42 44 47 

WT I K K W V M S T E T R A E 

1 I V D D K K A V L W S V G 

2 I V D D K K A V L W N V E 

3 I T Y F W H V D L S N E E 

4 I F F I D D L K L A L E E 

5 T V Y F H G F D L F I E E 

6 I T Y L F E Y D L Q N G E 

7 T V Y F H G F D L F I E E 

8 T V Y F H G F D L W L E E 

9 I C F F W C C D L Q S C E 

10 T N N D F Q F N L I T F E 

 

 



 

140 

 

Table B.7. List of primers. Restriction sites have been highlighted. Primers are presented in 5’ 

to 3’ format. 

Primer Sequence 

Pf1.1 
GAGTCCGGATCCGAGAACCTGTACTTCCAAGGG 

 

Pf1.2 
GAGTACCCTAGGTACCCGTACGACGTTCCAGACTACGCTCAGGAACTGACAACTATAT

GCG 

Pr1.1 GAGTCACTCGAGTCATTAAAAAACATACTGT 

Pf2 GAGTCAGCTAGCATGGCGACCGTGAAATTTAAATAT 

Pr2 GAGTCAGGATCCTTTTTTCTGTTTTTCCAGCATCTG 

Pf3.1 GCATTCGAATTCATGAAGGTTTTGATTGTCTT 

Pf3.2 CAGGAGCCTAGGTACCCGTACGACGTTCCAGAC 

Pf3.3 GGCTGGCATATGAAGGTTTTGATTGTCTTGTTG 

Pr3.1 GCATTTCTCGAGTCATTACAAGTCTTCTTC 

Pr3.2 GAGTATGCTAGCCCCTTGGAAGTACAGGTTCTC 

Pf4 
CAGAAGGCTCTTTGGACAAGAGACACCACCACCACCACCACGCTAGCATGGCGACCGT

GAAATTTAAATAT 

Pr4 
GGAGATAAGCTTTTGTTCCCCTTGGAAGTACAGGTTCTCGGATCCTTTTTTCTGTTTTTC

CAGCATCTG 

Pf5 CCTTTCCTCTCTCATTCCCTCA 

Pr5 AATGCCCTTGTTTGGTAGTAAT 

Pf6 GATTACCCTAGGATGCAGACTCTCCTTGTGAGCTCGCTT   

Pr6 GAGCACGGATCCCTGCATGGAAGCATAATCTTCCAAGATAG 

Pr7 GAGCACCTCGAGCTGCATGGAAGCATAATCTTCCAAGATAG 
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Table B.8. List of gene fragments 

Gene block Sequence 

Gene 1 

 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTTGCCATTG

GCCTTAGCTCAACCGGTTATTTCTACTACCGTCGGTTCCGCTGCAGAAGGCTC

TTTGGACAAGAGACACCACCACCACCACCACGCTAGCATGGCGACCGTGAAA

TTTAAATATAAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATTTGGATTG

TGGCCCGCGATGGCAAATGGATTGACTTTTCTTATGATCTGGGCGGCGGCAAA

TCAGGCATAGGCTACGTGAGCGAAAAAGATGCGCCGAAAGAACTGCTGCAGA

TGCTGGAAAAACAGAAAAAAGGATCCGAGAACCTGTACTTCCAAGGGGAACA

AAAGCTTATCTCCGAAGAAGACTTGGGAAGCGGAGTGAAACAGACTTTGAAT

TTTGACCTTCTCAAGTTGGCGGGAGACGTGGAGTCCAACCCTGGACCTCAGGA

ACTGACAACTATATGCGAGCAAATCCCCTCACCAACTTTAGAATCGACGCCGT

ACTCTTTGTCAACGACTACTATTTTGGCCAACGGGAAGGCAATGCAAGGAGTT

TTTGAATATTACAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCCCTCA

ACAACTAGCAAAGGCAGCCCCATAAACACACAGTATGTTTTTTAATGACTCGA

G 

 

Gene 2 

 

GAGAACCTGTACTTCCAAGGGGAACAAAAGCTTATCTCCGAAGAAGACTTGG

GAAGCGGAGTGAAACAGACTTTGAATTTTGACCTTCTCAAGTTGGCGGGAGA

CGTGGAGTCCAACCCTGGACCTCCCGGGGGTGGTGGTGGTTCTGGAGGAGGCT

CTGGTGGTGGTGGTTCTGGTGGTGGTGGTTCTCCTAGGCAGGAACTGACAACT

ATATGCGAGCAAATCCCCTCACCAACTTTAGAATCGACGCCGTACTCTTTGTC

AACGACTACTATTTTGGCCAACGGGAAGGCAATGCAAGGAGTTTTTGAATATT

ACAAATCAGTAACGTTTGTCAGTAATTGCGGTTCTCACCCCTCAACAACTAGC

AAAGGCAGCCCCATAAACACACAGTATGTTTTTTAATGA 

Gene 3 

 

GAATTCATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTTGCCATTG

GCCTTAGCTCAACCGGTTATTTCTACTACCGTCGGTTCCGCTGCAGAAGGCTC

TTTGGACAAGAGACAGGAACTGACAACTATATGCGAGCAAATCCCCTCACCA

ACTTTAGAATCGACGCCGTACTCTTTGTCAACGACTACTATTTTGGCCAACGG

GAAGGCAATGCAAGGAGTTTTTGAATATTACAAATCAGTAACGTTTGTCAGTA

ATTGCGGTTCTCACCCCTCAACAACTAGCAAAGGCAGCCCCATAAACACACA

GTATGTTTTTCCCGGGGGTGGTGGTGGTTCTGGAGGAGGCTCTGGTGGTGGTG

GTTCTGGTGGTGGTGGTTCTCCTAGGTATCCGTACGACGTTCCAGACTACGCT

GGAAGCGGAGTGAAACAGACTTTGAATTTTGACCTTCTCAAGTTGGCGGGAG

ACGTGGAGTCCAACCCTGGACCTCATCACCACCATCACCACGAGAACCTGTAC

TTCCAAGGGGCTAGCATGGCGACCGTGAAATTTAAATATAAAGGCGAAGAAA

AACAGGTGGATATTAGCAAAATTTGGATTGTGGCCCGCGATGGCAAATGGAT

TGACTTTTCTTATGATCTGGGCGGCGGCAAATCAGGCATAGGCTACGTGAGCG

AAAAAGATGCGCCGAAAGAACTGCTGCAGATGCTGGAAAAACAGAAAAAAG

GATCCGAACAAAAGCTTATCTCCGAAGAAGACTTGTAATGACTCGAG 

Gene 4 

 

TACCCGTACGACGTTCCAGACTACGCTGGAAGCGGAGTGAAACAGACTTTGA

ATTTTGACCTTCTCAAGTTGGCGGGAGACGTGGAGTCCAACCCTGGACCTCAT

ATGAAGTTATCCACAGTCCTACTGAGTGCCGGACTTGCGAGCACGACCCTAGC

CCAGCACCATCACCATCACCACCCGACTCCTACGCCTACACCGACGCCCACAG

AGAACCTGTACTTCCAAGGGGCTAGCATGGCGACCGTGAAATTTAAATATAA

AGGCGAAGAAAAACAGGTGGATATTAGCAAAATTTGGATTGTGGCCCGCGAT

GGCAAATGGATTGACTTTTCTTATGATCTGGGCGGCGGCAAATCAGGCATAGG

CTACGTGAGCGAAAAAGATGCGCCGAAAGAACTGCTGCAGATGCTGGAAAAA

CAGAAAAAAGGATCCGAACAAAAGCTTATCTCCGAAGAAGACTTG 
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Table B.8. Continued  

 

Gene 5 

 

CATATGAAGGTTTTGATTGTCTTGTTGGCTATCTTCGCTGCTTTGCCATTGGCC

TTAGCTCAACCGGTTATTTCTACTACCGTCGGTTCCGCTGCAGAAGGCTCTTTG

GACAAGAGACACCATCACCATCACCACGAGAACCTGTACTTCCAAGGGGCTA

GCATGGCGACCGTGAAATTTAAATATAAAGGCGAAGAAAAACAGGTGGATAT

TAGCAAAATTTACCTTGTGTCGCGCATTGGCAAACGTATTCTTTTTATGTATGA

TCTGGGCGGCGGCAAATATGGCATTGGCCGCGTGAGCGAAAAAGATGCGCCG

AAAGAACTGCTGCAGATGCTGGAAAAACAGAAAAAAGGATCC 

 

 

 

 

 


