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ABSTRACT OF THE DISSERTATION 

 

Accelerating directed evolution: self-mutating bacteriophage  
and controlled protein unfolding by shear-stress 

 

By 

Tom Zhiye Yuan 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2014 

Professor Gregory A. Weiss, Chair 

 

Proteins, large biological molecules synthesized by living organisms, serve a 

wide array of functions. Many proteins operate as molecular scaffolds for binding to 

other proteins; in fact, the vast majority of molecular interactions in biology are made 

possible by protein-protein interactions. Over the past 15 years, powerful techniques 

have been developed to generate protein-based ligands in vitro to virtually any protein 

target. The fundamental steps to any protein engineering effort remain the same. The 

protein target of interest is modified to create a mutant with preferable biochemical 

characteristics. The protein is then expressed and purified in large quantities for use in 

therapeutic or diagnostic applications. In this thesis, I describe a multifaceted approach 

to address the diversification, identification, and production steps of the protein 

engineering process. 

Currently, the vast majority of binding molecules that have been developed for 

use in biomedical research are either antibodies or antibody derivatives. 
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Immunoglobulins, such as antibodies, are notoriously difficult to produce. These large, 

multi-domain proteins require complex cloning steps for recombinant expression in 

mammalian cell lines. Alternatively, researchers have begun to engineer binding 

proteins outside the immunoglobulin family by using protein scaffolds with structurally 

rigid cores accompanied by solvent-accessible surface loops. We characterize such a 

protein scaffold, the major tropism determinant of Bordetella bronchiseptica 

bacteriophage, which is under the control of a diversity generating genetic element. This 

approach allows automated generation of a large phage-displayed protein receptor 

library for use in selection experiments to identify binders to any protein target of choice. 

Following the identification of the protein ligand, successful recombinant 

expression of the protein is crucial to commercial viability. In bacterial expression hosts, 

proteins will often misfold and clump into inclusion bodies. This protein aggregation 

results in drastically decreased expression yields. Returning the misfolded protein to the 

native state conformation by traditional methods requires laborious and time-consuming 

processing steps. We investigate a novel method for applying shear stress to rapidly 

refold proteins from inclusion bodies. This research, combined with further studies of 

non-immunoglobulin protein scaffolds, could drastically lower the cost of protein 

engineering efforts and enable new biological applications in the future.
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CHAPTER 1 

Accelerating directed evolution 

Abstract   

A directed evolution approach to protein engineering allows investigators to 

bypass typically lengthy traditional rational design steps by directly enriching for desired 

characteristics of the target protein. Typically, these methods require no intimate 

knowledge of the protein structure or enzyme mechanism. Directed evolution mimics 

the natural selection process that evolves proteins, but the techniques applied operate 

on significantly shorter timescales. For the purpose of discovering new protein-protein 

binding motifs, nature suggests many robust structural motifs, including 

immunoglobulins and carbohydrate binding c-type lectins. These two classes of proteins 

can be expressed under the control of diversity generating genetic elements, described 

in this chapter, and are subject to selection pressures designed to quickly identify 

ligands to novel antigens or protein receptors. Following successful identification of a 

candidate ligand, experimenters are often challenged with the recombinant expression 

of a stubbornly insoluble protein. Once again, nature provides an excellent example of 

overcoming this challenge through chaperone proteins. The GroEL-GroES complex in 

Escherichia coli, for example, forcibly unfolds misfolded proteins, giving the misshapen 

polypeptides a second chance for reconfiguration. Recent advances in the application of 

mechanical forces, such as high pressures or shear stress, show promising strides 

towards the controlled unfolding of protein aggregates. In a similar fashion to the 

formation of entirely new industries from advances in high-throughput sequencing, 

steady advances in protein engineering and expression methods could lower the cost of 
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entry and enable new biological applications to control cell biology.
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Introduction  

Protein engineering improves or redesigns the function of an existing protein for 

a variety of applications – including but not limited to gene expression, cellular 

gatekeeping, chemical catalysis and inhibition1. Protein macromolecules are comprised 

of linear amino acid polymers connected by peptide bonds2. Amino acid residues 

display 20 naturally occurring side chains, each imparting specific chemical properties 

within the context of the local microenvironment. Previous efforts to improve or modify 

naturally evolved proteins have generated notable industrial, therapeutic, and diagnostic 

successes. Examples include an engineered protease that retains activity at a wide 

range of temperatures and in the presence of bleach3, a long-lasting formulation of 

insulin4, and an antibody fragment that binds to the hormone testosterone5. 

Proteins have steadily become a major class of therapeutics and diagnostics 

since protein engineering techniques were pioneered in the early 1980s6. Over 200 

biopharmaceuticals have been approved in the United States and the European Union7. 

Protein engineering has enabled investigators to enhance desirable characteristics such 

as high affinity, specificity, and low immunogenicity, while also increasing our 

understanding of protein-protein binding interfaces8–10. However, established methods 

to design and validate even a single target represent a major undertaking for academic 

and commercial labs alike. Current approaches require the production of large libraries 

by site-directed mutagenesis or other means of diversification. Presently, the most 

common protein engineered to bind novel targets are the vertebrate immunoglobulins, 

or antibodies11. Unfortunately these large multi-domain, glycosylated proteins remain 

problematic due to high dosage requirements and low expression yields12. The work in 
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this thesis addresses the two bottlenecks described above. First, we repurpose a novel 

self-mutating protein ligand found in Bordetella bronchiseptica bacteriophage to bind to 

a designated protein target, without the use of site-directed mutagenesis. To lower the 

cost of production, we developed a rapid, low-cost method using controlled shear stress 

to recover misfolded protein and boost low expression yields.  

Strategies for protein engineering are defined by a spectrum of methods that 

require either a vast library diversity, termed directed evolution or intimate knowledge of 

the target protein structure and enzyme mechanism, termed rational design. If the 

protein target has already been exhaustively studied, typically including a three-

dimensional structure determined by NMR spectroscopy or X-ray crystallography, a 

rational design approach allows experiments to focus amino acid substitutions on a 

defined region of protein sequence space. Applying this approach limits the subsequent 

screening effort to a manageable number of variants. Both directed evolution and 

rational design approaches have proven successful in previous experiments. For 

example, directed evolution methods identified aldolase variants with altered substrate 

specificities13; rational design experiments yielded mutants with altered 

stereoselectivity14 and enhanced stability15.  

While both directed evolution and rational design strategies both involve site-

directed mutagenesis, directed evolution methods hold the distinct advantage of 

allowing investigators to skip the time-consuming rational design process entirely16. The 

technique repurposes the natural selection process with gene mutation and selection for 

characteristics defined as advantageous by the experimentalist. This in vitro method 

can be performed in considerably shorter timescales relative to natural selection in 
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nature. At first glance, artificial efforts to improve protein functionality appear daunting. 

Natural selection has occurred over billions of years, and even small proteins could be 

combinatorialized into an astronomical number of potential sequence variations (>10260 

variants for a 200 residue protein). Most directed evolution efforts are conducted in 96-

well microtiter plates and typically screen less than 2000 clones17. Despite these 

challenges, numerous directed evolution studies have improved protein characteristics, 

including binding affinity, enzyme turnover, substrate specificity, and protein stability 

without detailed structural and mechanistic information18–22. Reviews published by 

Farinas et al.23, and Tao et al.19 summarize efforts to elucidate how evolutionary 

approaches can improve protein structure and function.  

As with any laboratory technique, each step of the directed evolution process 

requires optimization. Maximizing library diversity is vital to effective directed evolution 

experiment. Following library generation, selection techniques must fine-tune stringency 

to avoid premature removal of potential binding partners. Additionally, amplification-

induced biases should be minimized during each round of library propagation. Lastly, 

expression and purification of the protein candidate must be economically viable (Figure 

1-1). 
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Figure 1-1. General scheme for directed evolution. The initial level of diversity is critical to conducting 

a successful directed evolution experiment. Next, selections screen for variants that improve protein 

properties and functionality. Multiple selection and amplification steps enrich the protein library before 

maturation by further diversification. Following the identification of a lead candidate, the engineered 

protein is eventually expressed and used in downstream applications. 

 

  

1.1 Naturally evolved protein-protein binding motifs 

Protein-protein interactions are vital components for the vast majority of 

molecular interactions in biology24,25. Protein-protein binding interfaces rely largely on 

shape complementarity and non-covalent forces such as hydrogen bonding, 

electrostatic interactions, van der Waals forces, and π-π or cation-π interactions26. As 

these forces are only effective at limited distances, binding interfaces are typically very 

closely aligned and the total binding energy is diffused over a large area (up to 1600 

Å2)25,27,28.  

Nature provides numerous examples of proteins ligands that have evolved to 

bind other proteins. Investigation of natural protein-protein interactions can guide 

strategies to identify novel receptor-ligand pairs. The benchmark example is the 

antibody (immunoglobulin, Ig) protein expressed by jawed vertebrates. These proteins 

possess a rigid, tertiary structure able to tolerate massive sequence variation, and 

enable the organism to access the widest possible array of receptor-ligand pairs29. 
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Antibody-antigen binding sites are typically comprised of large residues capable of 

participating in electrostatic and van der Waals interactions, interspersed with small, 

flexible amino acids which allow structural flexibility. These sites also tend to favor 

amphipathic amino acids such as tyrosine and tryptophan that are able to tolerate both 

hydrophilic (exposed) and hydrophobic (buried) environments29,30.  

 

1.1.1 Diversity generation in antibodies 

The vertebrate immune system uses the immunoglobulin scaffold to respond to 

foreign molecules and organisms by introducing massive sequence variation to well-

defined hypervariable loop regions. The successful production of antibody–antigen pairs 

require the enrichment and eventual selection of a specific, high-affinity Ig-based ligand 

from an initial library of ≈1014 – 1016 immunoglobulin variants31,32. B lymphocytes, or B 

cells, achieve this level of diversity by a combination of V(D)J recombination, somatic 

hypermutation, and affinity maturation. In V(D)J recombination, immature B cells 

randomly select one variable (V), one diversity (D), and one joining (J) gene out of 

multiple copies of the same gene segment33. During somatic hypermutation, mutations 

in the complementarity-determining region (CDR) average one nucleotide change per 

gene per cell division34.  Following mutagenesis, B cells compete for a limited amount of 

antigen presented by follicular dendritic cells (FDC) and B cells variants that display 

high binding affinity to presented antigen are selected for survival34. Repeated selection 

rounds enrich for antibodies with the highest affinity binding for the antigen. 

 

1.1.2 Non-immunoglobulin protein ligands in nature 
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The adaptive immune response developed by jawed vertebrates is not the sole 

example of diversity generation in nature for producing binding protein ligands. Jawless 

vertebrate sea lampreys, for example, selectively express a series of leucine-rich repeat 

(LRR) genes to produce dynamic libraries of the variable lymphocyte receptor (VLR)35. 

These VLR proteins function as the primary antigen recognition receptor in the sea 

lamprey adaptive immune system36. In addition to high primary sequence diversity, the 

number of LRR repeats can vary from variant to variant. The flexibility in protein size 

adds another dimension to structural diversity by allowing the receptor to adapt to larger 

or smaller binding targets. The modular architecture of repeat proteins allows easy 

expansion of library diversity and constitutes a significant share of characterized 

protein-protein interactions found in nature. 

 

1.1.3 Artificially engineered protein-protein binding scaffolds 

Other structural motifs are also found throughout nature to mediate protein-

protein interactions, but are not under the control of diversity generating genetic 

elements. Instead, experimenters have created artificial protein libraries in vitro based 

on common protein-protein binding motifs (Figure 1-2). The ankryin-repeat is a common 

motif found in eukaryotes, prokaryotes, and archea that has been adapted for use in 

designed ankryin-repeat protein (DARPin) libraries. The libraries were designed by 

connecting multiple ankryin-repeat motifs and randomizing residues as guided by 

analysis of the sequence and structural consensus37. These libraries were expressed by 

ribosome-display and selections identified ligands to maltose binding protein37,38. 

Further experiments have demonstrated that the DARPin libraries are capable of 
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producing inhibitors to aminoglycoside-phosphotransferases39. DARPins also can 

provide high expression yields in bacterial hosts, partly due to a lack of cysteine 

residues37. Wikman and colleagues report utilizing the protein A-derived Z domain in 

affibody protein libraries to identify high-affinity receptors for the breast cancer 

biomarker human epidermal growth factor receptor II40.  

 

 

Figure 1-2. Overview of immunoglobulin and non-immunoglobulin based protein receptors. On the 

left, immunoglobulin G (PDB: 1IGT)
41

 is shown as the prototypical antibody along with the most commonly 

developed antibody fragments – fragment-antigen binding (Fab) fragments and single-chain variable 

fragments (scFv). Heavy and light chains are shown as cyan and green ribbons, respectively. Residues 

corresponding to the mutagenic complementary determining region are displayed as red spheres The 

right shows ribbon representations of the non-immunoglobulin protein ligands major tropism determinant 

(Mtd, PDB: 1YU0)
42

, designed ankryin-repeat protein (DARPIN, PDB: 1N0R)
43

, and affibody (PDB: 

2B89)
44

, listed with their constituent structural motifs. Residues targeted for diversification in directed 

evolution studies are displayed as red spheres. 

 

1.1.4 Directed evolution approaches to identify protein ligands  
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Approaches to the design and selection of large protein libraries in vitro can 

apply either immunoglobulin or non-immunoglobulin protein domains. Whole antibodies 

are rarely employed for library generation due to expression difficulties stemming from 

their extensive glycosylation, disulfide bond formation and multi-domain architectures. 

Smaller fragments of the antibody are also better suited to recombinant expression in 

bacterial and yeast systems (Figure 1-2). Directed evolution strategies utilizing 

recombinant fragment antigen-binding (Fab) and single-chain variable fragment (scFv) 

libraries have resulted in therapeutics approved by US Food and Drug Administration 

(FDA) approval, including ranibizumab (Genencor) for macular degeneration and 

efungumab (Novartis) for invasive Candida infection45,46. 

Previous selection studies by Söderlind et al.47 and Holt et al.48 demonstrate that 

novel binding proteins can be readily identified from Fab and scFV libraries. 

Unfortunately, the stability of antibody fragment proteins is typically reliant on 

intradomain disulfide bonds, which cannot form in the reducing cytosolic space of 

bacterial host49. The convoluted patent landscape for antibody technologies further 

complicates antibody engineering efforts6. With a more readily expressed non-

immunoglobulin protein scaffold, investigators can reduce the challenges involved in the 

expression of a multidomain, glycosylated eukaryotic proteins. To take advantage of the 

efficiencies inherent to a non-immunoglobulin scaffold, our laboratory has focused 

efforts on a bacteriophage protein that has evolved into a generalized protein receptor.  

 

1.2 Major tropism determinant as a novel protein ligand scaffold  
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The ideal protein scaffold would be amneable to overexpression in a bacterial 

host, not require or include disulfide bonds, and tolerate high levels of diversity without 

compromising structural stability. One such protein is the major tropism determinant 

(Mtd) of Bordetella bronchiseptica bacteriophage. A receptor binding protein that has 

adopted a common carbohydrate binding motif, the C-type lectin fold (CLec) into a 

general ligand-binding structure (Figure 1-3). Variants of the Mtd possess nearly 

identical structures thus demonstrating its functionality as a rigid scaffold42,50. The 

combination of massive sequence variation and high structural stability is crucial to 

identifying protein ligands by directed evolution. 

The challenge for any directed evolution project is the sheer number of possible 

permutations, resulting from combinatorial amino acid substitutions. The generation of a 

very large protein library is non-trivial, and can require a major effort depending on the 

size of the protein. Error-prone PCR can mutate, on average, the DNA encoding 

approximately only one in every six amino acids, thus making mutations in adjacent 

residues unlikely51. Utilizing the Mtd as a protein scaffold addresses one of the major 

challenges of library generation. The gene encoding for the Mtd undergoes massive 

sequence variation during each round of phage propagation.  

 

1.2.1 The diversity-generating retroelement 

In 2002, Liu et al. identified the genetic cassette that diversifies the gene 

encoding the Mtd, termed a diversity-generating retroelement (DGR)52. DGRs are the 

first prokaryotic genetic element discovered that generate massive sequence variability 

for the purpose of identifying novel protein ligands52,53. 
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In Bordetella bacteriophage, a T7-like dsDNA phage, the DGR mutates the mtd 

gene that determines host tropism of the virus particle. Switching tropism is 

advantageous to phage survival due to the rapidly-changing surface receptor proteins 

expressed on its bacterial host, B. bronchiseptica. This bacterium switches the profile of 

its surface-displayed proteins during transitions between virulent and avirulent 

phases54,55. Diversification is facilitated by a phage-encoded reverse transcriptase that 

substitutes any adenine coded amino acid within a non-coding template region (TR). 

This allows the bacteriophage to generate up to 1013 unique Mtd variants, thus providing 

an extensive collection of potential receptor-ligand pairs50,52,56. 

 

1.2.2 Major tropism determinant library generation 

The mtd gene encoding the eponymously named protein contains a 134 bp 

sequence near the 3‟ end that corresponds to substitutions at 23 distinct positions near 

the C-terminus of the Mtd. This is termed the variable region, or VR. A non-coding copy 

of the 134 bp sequence designated as the template region, or TR, is located 

downstream from the mtd. In contrast to the VR, the TR remains invariant from phage to 

phage. The retroelement also encodes for Bordetella reverse transcriptase (Brt) that 

diversifies only adenosine base pairs. Sequence information from the non-coding 

template region of the genome replaces the coding variable region of the gene after the 

Brt replaces adenines with any of the four DNA bases52,56. 

 

1.3 The major tropism determinant as a protein scaffold 
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 The Mtd protein is displayed as a homotrimer at the end of the Bordetella phage 

tail fibers as the main receptor-binding ligand. The Mtd contains a unique C-type lectin 

(CLec) fold at the C-terminus and organizes a relatively flat receptor-binding surface 

(Figure 1-3). Trimerization is primarily mediated by a large hydrophobic surface (>4500 

Å) at the N-terminus of Mtd42. Each monomer is comprised of an N-terminal domain 

defined by β-prism-forming sheets, an intermediate domain dominated by a β-sandwich 

made of antiparallel sheets, and a C-terminal domain with the CLec fold. The mutable 

VR region of the Mtd is located in this CLec fold. Though structurally similar to 

macrophage mannose receptor and intimin, both calcium-dependent carbohydrate 

binding proteins, the CLec fold employed by Bordetella bacteriophage lack the 

corresponding calcium and carbohydrate binding residues57–60. The Mtd CLec further 

differentiates itself from other related variants by the addition of a short β4‟ strand at the 

C-terminus. The Mtd CLec also lacks the four disulfide-bonded cysteines typical of most 

variants employed in animal lectins, thus simplifying the bacterial expression of 

recombinant Mtd42. 
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Figure 1-3. Major tropism determinant functions as the receptor-binding protein of Bordetella 

bacteriophage. (A) The bacteriophage displays six tail fibers, each containing two homotrimers of the 

Mtd protein
61

. The mutagenic variable regions (VR) (red) are organized in a relatively flat receptor-binding 

surface (PDB: 1YU4)
61

. (B) Surface representations, with regions targeted for subsitutions by 

mutagenesis (red), of the Mtd homotrimer and immunoglobulin G (PDB: 1IGT)
41

.  

 

The Bordetella phage takes advantage of the homotrimerization of Mtd to display 

three identical VR sequences in close proximity at the receptor-binding surface61. In 

contrast, the immunoglobulin G displays six non-identical CDRs on each of side of the 

Y-shaped protein (Figure 1-3). Though antibodies have an advantage in diversity levels 
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(≈1014 – 1016)31,32, Mtd libraries approach these diversities with ≈1013 possible 

sequences, and also avoid bacterial expression and patent limitations42,56 

 

1.4 Adapting diversity-generating retroelements for in vitro applications 

Bordetella phage allows experimenters to bypass the time-consuming 

mutagenesis step inherent to directed evolution by providing a self-mutating library. The 

Mtd a scaffold has already evolved for general protein-binding activity. Utilizing the Mtd 

allows researchers to skip the non-trivial step of designing, generating, and cloning 

peptide and protein libraries. However, selections with Bordetella phage require a 

radical departure from typical strategies utilized in previously developed phage display 

methodologies (Figure 1-4). The most common phage display methods utilize 

filamentous M13 bacteriophage, first described in 1985 by George Smith62. In most 

phage display selections, the initial peptide or protein library is generated prior to 

multiple rounds selection and enrichment without further diversification between rounds, 

allowing optimization of selection stringencies and rotating selection strategies between 

rounds. M13 phage display of immunoglobulin fragments such as fragment antigen-

binding (Fab fragment)63–65 and single-chain variable fragment (scFv)66–68 libraries 

previously identified high-affinity ligands to protein, peptide, and nucleotide targets.   

In Bordetella phage display, multiple selection rounds are counter-productive as 

the enrichment step would be nullified by Brt-mediated mutagenesis upon phage 

propagation. Instead, optimization is focused on the initial diversification process to 

allow maximum library diversity with multiple rounds of diversification and amplification. 

Next, a single round of selection is performed – highly unusual among phage-based 
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selection techniques (Figure 1-4). The approach has until our reports, not been 

explored69.  

 

 
  
Figure 1-4. M13 phage display vs Bordetella phage display strategies. M13 phage display typically 

generates all library diversity before the first selection step. Conversely, Bordetella phage display 

undergoes multiple diversification and amplification rounds before a single selection step. 

 

1.5 Further considerations in bacterial expression systems 

 While utilizing Mtd and similar scaffolds that are amenable to high-yield, 

recombinant expression in bacterial hosts can reduce downstream production costs, 

prioritizing protein targets by favorable expression characteristics limits investigators 

from exploring vast areas of protein diversity space. Protein solubility often remains 

unpredictable. Expressing eukaryotic and large, multi-domain proteins in bacterial 

vectors are highly susceptible to protein aggregation into inclusion bodies (Table 1-1)70–
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72. Experiments conducted by Wang et al. suggest that bacterial inclusion bodies are not 

typically amorphous aggregates as previously believed, but instead are highly 

structured as amyloid-like fibrils, which are rich in β-sheets73.  

 

  Advantages Disadvantages 

Bacterial High yield Lack of post-translational modifications 

 

Lowest cost Eukaryotic proteins typically insoluble 

 

Rapid production Reducing environment interferes with disulfide bond formation 

  Most common setup Membrane proteins difficult 

Yeast Relatively simple Incomplete post-translational modifications 

  Lower cost Membrane proteins difficult 

Insect Post-translational modifications Slower production 

  

Higher cost 

    Membrane proteins difficult 

Mammalian Native expression environment Slowest production 

 

Post-translational modifications Highest cost 

    Low yield 

  

Table 1-1. Advantages and disadvantageous of various recombinant protein expression hosts
74,75

. 

 

The rapid rate of protein synthesis in E. coli is advantageous from a recombinant 

expression viewpoint but promotes self-association of the nascent polypeptide chains, 

which leads to aggregation76. Expression temperatures can be lowered to slow the rate 

of protein synthesis. Alternatively, solubilizing tags can be attached to the protein to 

promote soluble expression. Some commonly used solubilizng tags include glutathione 

s-transferase (GST), maltose binding protein (MBP), small ubiquitin-like modifier 

(SUMO), or N-utilizing substance A (NusA)75. Expression with these tags helps 

solubilize the fused protein target, but can reduce total protein yield. Furthermore, 

removal of the fused tag might be required. Chaperone-assisted protein folding is also 

utilized to help solubilize recombinant proteins; however, the target protein still must be 
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separated from the chaperone75,77. Unfortunately, these strategies often nullify the time 

and cost-effectiveness advantages inherent to bacterial over-expression systems.  

As an alternative approach, investigators can disregard solubility issues, 

intentionally drive the protein into the inclusion body, and prioritize maximizing yields 

obtained for the protein target. Subsequently, protein in the inclusion body can be 

solubilized and refolded. Current in vitro strategies for protein refolding include direct 

dilution into refolding buffer78,79, slow denaturant removal by dialysis80,81, and 

chromatographic separation by size exclusion chromatography (SEC) or hydrophobic 

interaction chromatography (HIC)82–84. Protein refolding methodologies follow a similar 

approach – proteins trapped in amorphous aggregates or amyloid-like fibrils can be 

unfolded from kinetically trapped states to a higher energy transition state, thus allowing 

the protein another chance to fold properly (Figure 1-5)85. 
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Figure 1-5. Protein folding in the folding funnel model. Unfolded proteins at the top of an energy 

landscape follow a free-energy surface in the shape of a rugged funnel, in which partially folded proteins 

can become kinetically trapped and form protein aggregates
70,86

. Prokaryotes and eukaryotes employ 

molecular chaperones to return misfolded and aggregated molecules to a higher free-energy state, 

allowing the protein to refold while isolated to reach the native state conformation
87–89

. Figure adapted 

from reference
86

. 

 

1.6 Refolding misfolded protein aggregates 

Prokaryotes and eukaryotes have evolved similar proteins, collectively termed 

chaperones, to physically unfold protein aggregates85,88,90,91. Lin et al. demonstrated 

that in E. coli, forced unfolding of substrate protein is completed following binding of 

ATP to the trans GroEL-GroES ring87. Analogous mechanical in vitro approaches to 

unfolding protein aggregates are being actively explored. High hydrostatic pressures 

above 4 kbar separate oligomers and denature protein secondary structure92,93. Studies 

performed by John et al. demonstrate application of controlled hydrostatic pressures in 

the 1–2 kbar range to recover protein from inclusion body aggregates94. These 
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publications show that mechanical phenomena first applied to unravel natively folded 

protein can then be adapted, though controlled application, to unfold misfolded proteins 

into their native structures. 

 

1.6.1 Shear stress mediates protein unfolding   

Similarly, high shear stresses are also capable of denaturing protein secondary 

and tertiary structures. A shear force is applied to a liquid medium as the fluid moves 

along a stationary boundary with respect to the liquid (Figure 1-6).  

 
 

Figure 1-6. Simplified three dimensional rectangular section of fluid under shear stress ( ). 

Liquid in this system is moving to the right, relative to the stationary boundary. When the velocity gradient 

from the stationary boundary to the mobile boundary is linear, shear stress is defined as   
 

 
, where A 

is the area to which force, F, is applied. 

 

Shearing forces are often present as an unwanted byproduct of common 

biotechnology processes such as centrifugation, fractionation, and cell lysis95–97. 

Previous experiments quantified shear stress levels necessary to unfold and aggregate 
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insulin98 and recombinant human growth hormone (rhGH)99. Experiments performed by 

Hill et al. demonstrated high shear stresses inducing amyloid fibril formation in β-

lactoglobulin100. Similarily, controlled application of high hydrostatic pressures can both 

denature native protein and refold misfolded protein substrates, fine-tuning the amount 

and duration of shear stresses can also encourage unfolding and proper refolding to the 

native state without requiring a complex pressurized setup.  

 

1.6.2 Controlled application of shear stress to liquid mediums   

Researchers in the Colin Raston lab (Flinders University) developed a low-cost, 

benchtop device called a vortex fluidic device (VFD) to apply controlled levels of shear 

stress for the purpose of exfoliating graphite and hexagonal boron-nitride (Figure 1-

7)101,102. Shear forces were shown to overcome substantial van der Waals interactions 

between the layers but did not damage the resulting monolayers – a common limitation 

associated with sonication and high pressure techniques. Controlled application of 

shear forces lead to reversible dissociation of non-covalent bonds as demonstrated by 

disassembly of hydrogen-bonded p-phosphonic acid calix[5]arenes103. Our lab then 

collaborated with Professor Raston and coworkers to report the first known application 

of applying shear stress to unfold protein aggregates (unpublished results). 
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Figure 1-7. Schematic representation of a bench-top vortex fluid device (VFD). A 10 mm diameter 

glass tube, 16 cm long, and inclined at a 45° angle is held in place. When spun at high speeds, the liquid 

inside the sample tube is forced into thin microfluidic films ranging from 0.2 – 1.2 mm for a 1 mL volume 

(red outline). The thickness of the film is dependent on the rotational speed and angle of the tube
104

. 

  

1.7 Expanding applications for directed evolution  

 Conventional screening methods typically require long, time-consuming library 

generation and synthesis steps prior to the screening process. Mutagenesis is typically 

performed by techniques such as error-prone PCR, site-saturation mutagenesis, loop 

insertion or deletion, and homologous recombination16. However, nature already 

provides an optimized solution to generate extensive sequence diversity on receptor-

binding scaffolds29,42. While vertebrate antibody fragments are successfully adapted to 

directed evolution strategies, CDR diversification is still inaccessible in vitro. 

Alternatively, the recent discovery of DGRs allows easy bench-top diversification of the 

generalized protein-binding ligand Mtd protein56,105,106. 
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New techniques are continuously being developed to exploit protein-based 

ligands. Bispecific monoclonal antibodies represent a relatively new class of antibody 

conjugates that binds to two separate antigens107.  Overstreet et al. recently explored 

expansion of the DGR to expand Brt-mediated library diversity108. Computational 

advances have predicted binding energy hot spots among protein-protein interfaces109, 

and provided guidelines for selection stringencies to identify ligands with low off-

rates110.  

Advances have also been made towards understanding protein aggregation 

kinetics in the crowded cytosolic environment of proteins, carbohydrates, nucleic acids 

and lipids111. Further investigation in refolding techniques for the remaining protein 

targets resistant to soluble expression include using mixed micelle and detergent 

solutions112 or temperature-dependent hydrophobic polymers113. Cumulative advances 

in sequencing methods have led to a considerable decrease in the costs associated 

with sequencing entire genomes and spawned entirely new industries114. Similarly, 

reducing the cost of entry to protein engineering efforts could enable novel applications 

that have been prohibitively time-consuming or expensive. 
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CHAPTER 2 

Protein engineering with biosynthesized libraries from 

Bordetella bronchiseptica bacteriophage 

Abstract 

Phage display offers a powerful approach to engineer protein affinity. A naturally 

occurring analog to phage display, the Bordetella bronchiseptica bacteriophage (BP) 

employs a highly variable protein termed the major tropism determinant (Mtd) to 

recognize its dynamic host. Propagation of BP provides a self-made phage library 

(SMPL) with vast numbers of phage particles, each displaying a single Mtd variant. We 

report applying the diversity of the BP-SMPL to access a tyrosine-rich library of Mtd 

variants. Expression of the SMPL-engineered Mtd variant as a GST-bound fusion 

protein demonstrated specific binding to the target T4 lysozyme with dissociation 

constants in the sub-micromolar range. The results guide future experiments with 

SMPLs applied to protein engineering.
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Introduction 

In vitro molecular evolution is extensively used for the identification and 

optimization of binding by receptors and biopharmaceuticals1–4. Such experiments take 

cues from the immune system, and offer rapid evolution of high affinity binding proteins. 

Bordetella bronchiseptica bacteriophage (BP) have evolved a diversity generating 

retroelement, which synthesizes self-made phage libraries (SMPLs) by introducing DNA 

mutations into the gene encoding the major tropism determinant (Mtd) protein on the tail 

fibers of each BP5,6. The BP-SMPLs demonstrate various attributes found in effective 

molecular display systems - vast diversity, flexible binding to a range of targets, and 

encapsulated sequence information.  

The Mtd protein also determines viral specificity for its host, B. bronchiseptica, by 

binding to outer membrane proteins expressed on the bacterial surface7. The bacterial 

host alters its surface proteins during transitions between virulent (Bvg+) and avirulent 

(Bvg-) phases of its life cycle. Bordetella bacteria exist primarily in this bimodal phase 

system. Activation of the Bordetella virulence control locus BvgAS enables expression 

of virulence factors in the Bvg+ phase. Separate genes are activated to enable phage 

motility in the environmental, avirulent Bvg- phase8–10. To maintain infectivity, the BP 

diversity generating retroelement actively mutates the DNA sequence encoding the C-

terminus of the Mtd (Figure 2-1). During phage propagation, the phage produces a BP-

SMPL consisting of a vast library of Mtd variants. A subset of Mtd variants allows the BP 

to switch tropism, and bind to the new phase of the host. The BP-derived SMPL allows 

the phage to maintain its infectivity for a dynamically changing host. 
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Biosynthesis of the BP-SMPL relies upon a phage-encoded, error-prone reverse 

transcriptase. Sequence information from a non-coding template region (tr) of the phage 

genome is transferred to the variable region (vr) at the 3‟ terminus of the mtd gene, 

which encodes the C-terminus of the Mtd. Before this transfer, Bordetella reverse 

transcriptase mutates the tr mRNA, substituting adenines with any of the four DNA 

bases5,7,11. These adenine-dependent mutations correspond to twelve codons located in 

the coding vr region. In its native form, the BP-SMPL is theoretically capable of 

encoding up to 9.2 x 1012 unique Mtd variants (Figure 2-1B). 

 

 

Figure 2-1. Mtd protein structure and SMPL diversity generation. (A) Bordetella phage expresses six 

distal tail fibers, with the Mtd protein located at the end of each tail fiber. The Mtd structure consists of a 

homotrimer found on the tail fibers of the BP (PDB: 1YU4)
12

. During SMPL formation, the variable region 

(VR) of the trimer (purple spheres) is diversified, and is responsible for determining binding specificity to 

target proteins on the surface of Bordetella bronchiseptica
12,13

. (B) This schematic gene map of the 

diversity generating retroelement identifies mutable codons within the tr. The targeted codons include 

adenines outside the wobble position, and encode the underlined amino acids to generate 9.2 x 10
12

 

variants of the Mtd protein. (C) Generation of the BP-SMPLs through phage production by infecting Bvg
+
 

Bordetella bronchiseptica, followed by propagation in either Bvg
+
 or Bvg

-
 phase Bordetella strains. 
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The BP-SMPL offers tremendous library diversity in a more expedient format 

than conventional molecular display techniques due to the virus self-synthesizing a new 

protein library upon propagation in the bacterial host. The bias inherent to propagation 

could be either avoided or exploited, if characterized for different hosts. Here, we define 

the properties of SMPLs propagated in two hosts (Figure 2-1), and conduct selections 

targeting T4 lysozyme (subsequently referred to as lysozyme) with libraries produced by 

the BP (Figure 2-2). Protein binding assays with an expressed and purified variant, the 

lysozyme-binding Mtd (termed L-Mtd) from the BP-SMPL demonstrate the effectiveness 

of the BP-SMPL system for the identification of specific, high affinity binding partners 

(Figure 2-5). 

 

2.1 Results and Discussion 

The synthesis of a BP-SMPL from prophage integrated into the host Bvg+ cells 

requires one or more cycles of phage infection, growth, and isolation. Each cycle can 

accumulate diverse Mtd sequences for potential tropism switching. Increasing the 

number of phage in the naïve library provides a more diverse starting population, as the 

SMPL relies on the host for library biosynthesis. BP produced from the Bvg+ wild-type 

prophage were first propagated for two cycles in Bvg+ phase bacteria to increase the 

viral titers (Figure 2-1C).  

Following the two cycles of infection and growth in Bvg+ bacteria to boost titers, 

two different SMPLs were generated by infecting either Bvg+ or Bvg- host cells. Each 

library was then amplified for an additional two cycles to accumulate diversity before 

selections. Two unique SMPLs resulted from propagation in either the Bvg+ or Bvg- 
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bacteria, and were designated as either a Bvg+-SMPL or a Bvg--SMPL, respectively. 

During the four initial cycles of growth in phase-locked strains of B. bronchiseptica, the 

two SMPLs were not subjected to in vitro selections, and were thus considered naïve 

libraries. 

 

2.1.1 Characterization of naïve Bordetella phage libraries 

To characterize the two initial libraries, the mtd genes of naïve BP-SMPLs were 

PCR-amplified and sequenced. The majority of Mtd variants identified from the naïve 

Bvg--SMPL possessed unique vr sequences. In contrast, all clones sequenced from the 

naïve Bvg+-SMPL were wild-type (Table 2-1). The lack of diversity in the Bvg+-SMPL 

was expected, as typically only 1 in 106 of the propagated phage can acquire mutations 

enabling the switch in tropism from Bvg+ to Bvg-14. Amongst the 47 clones from the 

naïve Bvg--SMPL, 36 unique variations of the Mtd were observed (Table 2-1). 

  



38 

 

    mtd vr Position   

Variant Library 344 346 347 348 350 357 359 360 364 366 368 369 # of clones 

Wild-type - A N G T L L Y S F F F F 
 

1 Bvg+-SMPL A N G T L L Y S F F F F 17 

18 Bvg--SMPL S S N T T Y R N N Y Y I 1 

19 Bvg--SMPL S P N T N Y L S N Y Y I 1 

20 Bvg--SMPL S S N T I Y T D G N Y F 1 

21 Bvg--SMPL S S N T S L Y S Y F Y L 1 

22 Bvg--SMPL S S N T N Y Y S Y N Y I 1 

23 Bvg--SMPL A S N T N Y N D D P Y I 1 

24 Bvg--SMPL A S N T A Y Y N F F F F 1 

25 Bvg--SMPL S S R T N S Y A N Y G I 1 

26 Bvg--SMPL S T N T N Y D Y A A Y I 1 

27 Bvg--SMPL S S R T N Y N N S G G V 1 

28 Bvg--SMPL S S N T S Y N N F F F F 1 

29 Bvg--SMPL A S N T Y Y Y S F F F F 1 

30 Bvg--SMPL A S N T Y Y Y T F F F F 1 

31 Bvg--SMPL S S N T H Y N I L Y F L 1 

32 Bvg--SMPL S A Y T Y Y A S S A N V 1 

33 Bvg--SMPL Y S R T N Y N S N S G I 1 

34 Bvg--SMPL S S N T H Y N H N A Y I 1 

35 Bvg--SMPL Y N R A Y Y N N N Y G I 1 

36 Bvg--SMPL S A Y T N Y N S S A N I 1 

37 Bvg--SMPL S S R T Y Y N Y N Y Y I 1 

38 Bvg--SMPL F N N T N Y N N Y Y Y I 1 

39 Bvg--SMPL S S N T Y Y G S F F F F 3 

42 Bvg--SMPL S L N T P Y Y Y Y T Y I 1 

44 Bvg--SMPL A S N T N Y N N F F F F 7 

53 Bvg--SMPL A S N T N Y H Y F F F F 1 

54 Bvg--SMPL A S N T L L Y T F F F F 1 

55 Bvg--SMPL A S N T L L N S F F F F 1 

56 Bvg--SMPL A S N T N Y Y Y T S F I 1 

57 Bvg--SMPL A Y N T N Y S Y N Y F I 1 

58 Bvg--SMPL A N N A N Y S Y F A Y I 1 

59 Bvg--SMPL S S N T Y F S Y A Y Y I 1 

60 Bvg--SMPL S S N T Y Y S Y N L Y I 1 

61 Bvg--SMPL S S N T N Y N Y A Y Y I 1 

62 Bvg--SMPL S S N T Y Y S I F Y Y I 1 

63 Bvg--SMPL S S N T Y Y Y Y N Y Y I 1 

64 Bvg--SMPL A L N T N N Y Y S Y Y I 1 
 

   

  

Table 2-1. Mtd sequences of naïve Bvg
+
-SMPL and naïve Bvg

-
-SMPL variants. The yellow 

highlighting indicates deviation from the wild-type prophage sequence. 

 

Since SMPLs are biosynthesized, the library volume, phage titers, and percent 

variation determine the diversity of the library. The diversity of conventional phage 

display libraries, by comparison, is determined by the transformation efficiency of library 

DNA into E. coli bacteria. The naïve Bvg--SMPL produced 3 ml of phage with a titer of 
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1.2 x 108 plaque forming units (PFU) per ml to yield an estimated diversity of 3.6 x 108 

Mtd variants (Table 2-2). The titers and consequent library diversity could be expanded 

considerably using large scale growth conditions. 

 

Library Theoretical diversity Titers (PFU/ml) Practical diversity 

Bordetella phage 9.2 x 10
12 

1.2 x 10
8
 3.6 x 10

8 

M13 phage protein library Varies
 

10
8
 - 10

10 
Up to 10

10 

PCR-driven library 

construction (Antibody 

sourced)  

Up to 10
9 

- Up to 10
9 

Kunkel mutagenesis Up to 10
10 

- Up to 10
10 

 

Table 2-2. Practical and theoretical diversities from BP-SMPL production and comparable M13 

libraries
2
. 

 

2.1.2 Selections with the BP-SMPLs 

 To demonstrate the effectiveness of BP-SMPL for the identification of high affinity 

binders, selections targeted T4 lysozyme. Our lab uses this protein in single molecule 

studies15,16, and its binding partners and inhibitors could provide useful tools for 

biophysical studies. The Bvg--SMPL was biopanned against biotinylated lysozyme in 

solution before capture with streptavidin-coated magnetic beads. Following short target 

incubation and bead capture times, competing non-biotinylated lysozyme (100-fold 

molar excess) was added to the solution to remove BP variants with fast off-rates. The 

selections for slow off-rates targeted a single cysteine variant of lysozyme biotinylated 

through conjugation to biotin-N-maleimide. PCR of the selected BP variants followed by 

sequencing of the mtd gene identified five unique Mtd variants. The selectant termed L-

Mtd (for lysozyme binding Mtd) comprised 77% of the variants from the off-rate based 
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selections.  The results demonstrate convergence on a selectant that is energetically 

favorable for binding in solution (Figure 2-2A). 

 

2.1.3 Accessing a tyrosine-rich library with Mtd variants 

Antibody complementarity-determining regions (CDRs) include flexible loops for 

the recognition of antigens; this structural flexibility can readily accommodate diverse 

binding partners within an otherwise rigid immunoglobulin domain recognition17. The 

Mtd features a VR segment in which flexible loops compose roughly half the mutable 

residues18. While not structurally similar to antibodies, the Mtd also provides a versatile 

system for adaptive molecular recognition with a balance of structural rigidity, sequence 

diversity, and sufficient malleability, as demonstrated by the ability of the BP-SMPL to 

generate ligands to novel protein targets not normally encountered by the Bordetella 

phage. Such features are attractive for the identification of binding partners to new 

targets. 

The amino acid tyrosine comprises up to 25% of the complementarity 

determining regions of functional antibodies17. The useful role of tyrosine as a relatively 

inflexible, hydrophobic, yet potentially hydrogen bonding sidechain has also been 

demonstrated in the M13 phage display of antibody Fab domains extensively 

substituted with a “binary code” of exclusively tyrosine and serine residues19. Tyrosine 

residues also enhance the effectiveness of other phage-displayed, Fab libraries20. The 

enrichment for tyrosine substitutions also occurs in the Mtd variants isolated through 

selections for their slow off-rates for binding to lysozyme. 
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For example, the L-Mtd has a high percentage of tyrosine residues clustered in 

the center of the solvent-exposed Mtd VR. L-Mtd and other selectants from the Bvg--

SMPL leveraged a high percentage of tyrosine residues at position 359, 360, and 364 

(Figure 2-2C). The L-Mtd variant retains the wild-type VR sequence from positions 344 

to 350, and a hydrophilic amino acid substitution profile characterizes positions 364, 

366, and 368 (Figure 2-2A). For further analysis of the binding properties of selectants 

from the Bvg--SMPL, a number of Mtd variants, including L-Mtd, were overexpressed 

and purified without incorporation into phage particles. 
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Figure 2-2. Mtd sequences and selections. (A) The mutable residues of clones recombinantly 

expressed as GST fusion proteins. The lysozyme-binding L-Mtd variant is indicated by the asterisk. 

Shading identifies altered residues based on the wild-type Mtd sequence. Analysis of sequences from the 

(B) naïve Bvg
-
-SMPL library and sequences from (C) selections targeting lysozyme. The bar graph 

indicates the occurrence of tyrosine residues amongst the Bvg
-
-SMPL sequences. The line graph 

indicates mean hydrophobicity scores for the Bvg
-
-SMPL sequences relative to wild-type residues. Error 

bars represent standard deviation (n=36).  
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2.2 Characterization of Mtd-GST fusion proteins 

The wild-type Mtd and five Mtd selectants for binding to lysozyme were 

expressed as fusion proteins to glutathione S-transferase (GST) before purification and 

biophysical assays. The wild-type Mtd variant contains the sequence from the original 

prophage, and provides a negative control for the binding studies. The Mtd-GST fusions 

were purified by glutathione affinity chromatography to >95% homogeneity, as 

estimated by SDS-PAGE. The most abundant clone from the BP selections, L-Mtd, 

demonstrated the highest apparent binding affinity of the over-expressed and purified 

Mtd variants, as measured by ELISA (Figure 2-3). The dominance of the L-Mtd variant 

in screens suggests the selection conditions successfully isolated strong binders from 

the Bvg--SMPL. Thus, further biophysical characterization focused on L-Mtd. 
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Figure 2-3. The L-Mtd receptor isolated from the BP SMPL binds specifically to T4 lysozyme. In this 

ELISA, lysozyme has been adsorbed to a microtiter plate at the indicated concentration. L-Mtd expressed 

expressed as a Mtd-GST fusion protein binds with greater affinity to lysozyme than other selectants, used 

as controls here, from the library. Error bars indicate standard deviation (n=4). 

 

Size-exclusion chromatography of the wild-type Mtd and L-Mtd fusion proteins 

demonstrates that the overexpressed and purified fusion proteins form hexamers in vitro 

(Figure 2-4). This hexameric state could result from GST-mediated dimerization of the 

Mtd trimer, which has also been observed for other proteins21. Notably, cryo-electron 

microscopy imaging with gold-labeled Mtd on the surface of BP also suggests that the 

Mtd forms a hexamer on the BP tail fibers12. Alternatively, if the Mtd is expressed as a 

trimer on the tail fiber, similar to other Podoviridae bacteriophages, the Mtd-GST would 

still correctly present the Mtd as a homotrimer, but fused to an additional Mtd trimer. 
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Figure 2-4. Characterization of recombinantly expressed and purified (A) Mtd–GST fusion protein 

and (B) T4 lysozyme. Mtd-GST variants were purified by GST affinity chromatography followed by size 

exclusion chromatography (SEC). The T4 lysozyme was purified by cation exchange chromatography. (C) 

The Mtd-GST fusion proteins were purified by size exclusion chromatography, which was calibrated with 

MW standards (dashed line, Bio-Rad). (D) A least squares fit to an exponential decay model of the data 

from size exclusion with MW standards allows estimation of protein size as a function of elution volume. 

The measured MW of approximately 410 kDa approaches the theoretical size of the Mtd-GST hexamer 

(406 kDa).  

 

2.3 Characterization of L-Mtd binding to lysozyme 

The selectant from the library, L-Mtd, and the negative control, wild-type Mtd, 

were next examined for binding to lysozyme and additional control proteins. In an 

ELISA, the wild-type Mtd had no affinity for lysozyme or four control proteins (Figure 2-

5A). The L-Mtd variant, however, binds with high affinity to the lysozyme target and 

does not bind to BSA, HIV gp41, hemoglobin or ovalbumin (Figure 2-5B). This 

demonstrates the specificity of the L-Mtd selectant. An additional ELISA with decreased 
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concentrations of lysozyme validates the high affinity interaction between L-Mtd and 

lysozyme (Figure 2-5C).  

 

 

Figure 2-5. Dose-dependent binding by the recombinantly overexpressed and purified wild-type 

Mtd and L-Mtd to lysozyme and control proteins. (A) ELISA experiments demonstrate that wild-type 

Mtd at the indicated concentrations on the X-axis fails to bind to the targeted proteins (coated at 200 nM 

concentrations) (n=4).  (B) L-Mtd at the indicated concentrations on the X-axis, however, binds with high 

affinity and specificity to lysozyme and not to the other targeted proteins (coated at 200 nM 

concentrations)  (n=4). (C) An ELISA repeated on a separate microtiter plate with lower L-Mtd protein 

concentrations avoids saturation of HRP activity, and demonstrates the high affinity binding by L-Mtd for 

lysozyme. Error bars in A, B and C depict standard deviation (n=4). (D) Binding experiments using 

surface plasmon resonance imaging (SPRI) to measure the affinity of L-Mtd for lysozyme or BSA 

(negative control). This assay measures the percent change in reflectivity as L-Mtd binds to lysozyme 

(solid line) or BSA (dotted line) conjugated to the gold layer (solid line). In the table, the rate and 
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dissociation constants were calculated by a least squares fit to the SPRI data with the standard deviation 

indicated in parentheses (n=6, single experiment shown). 

 

To further characterize binding affinity, SPRI was used to assay binding by L-Mtd 

to immobilized lysozyme and BSA (negative control). The target proteins were 

conjugated covalently to a self-assembled monolayer on the gold surface. The change 

in percent reflectivity over time allows quantification of the kinetics for L-Mtd binding to 

either lysozyme or BSA. SPRI measurements demonstrate that the L-Mtd - lysozyme 

interaction has a dissociation constant, KD, of 448 ± 67 nM. As expected from the ELISA 

experiments, L-Mtd does not bind to BSA, the negative control (Figure 2-5D). 

Interestingly, the L-Mtd to lysozyme interaction slows the off-rate by over two orders of 

magnitude compared to the off-rate of the wild-type Mtd binding to pertactin, at 5.59 × 

10-4 s-1 and 3.41 × 10-2 s-1, respectively13. Decreasing the off-rate is pivotal to robust 

protein-protein binding as the intrinsic on-rate constant rarely exceeds 5 × 106 M-1 s-1 for 

protein-protein interactions22,23. 

Presenting multiple ligands in a complex can increase the binding affinity through 

an avidity effect. Previous experiments have demonstrated that the interaction between 

the wild-type Mtd and pertactin is increased 106-fold when the Mtd is expressed as part 

of the whole Bordetella phage13.  The weaker monovalent interactions for each Mtd can 

be amplified by an avidity effect at both the protein scale, with the hexameric Mtd 

conformation, and at the whole phage scale, with six individual Mtd-containing tail 

fibers13. This potential for multiple levels of avidity could be exploited to obtain large 

numbers of initial leads, which could be matured into high affinity monomeric receptors. 

However, the avidity effect requires appropriate geometry between subunits to amplify 
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the apparent receptor-ligand binding affinity. Further experiments are required to 

determine if avidity effects contribute to the L-Mtd – lysozyme binding interaction 

reported here.  

 

2.4 Bordetella bacteriophage as a lead generation system 

Tropism switching introduces a large difference in diversity between the naïve 

Bvg+- and the Bvg--SMPLs. Binding a new host receptor to infect the Bvg- bacteria 

requires the Bvg+-derived phage to undergo mutagenesis and tropism switching. Thus, 

the clones from the naïve Bvg--SMPL included abundant mutations in the vr of the mtd 

(Table 2-1). Furthermore, the high occurrence of tyrosine residues suggests that the 

diversity accessed by the Bvg--SMPL is well-suited for identifying new binding partners. 

Though a high percentage of mutations were observed only in the naïve Bvg--SMPL, 

the L-Mtd variant was isolated after selections from both the Bvg+-SMPL and Bvg--

SMPL libraries. This enrichment ideally reflects the L-Mtd‟s high affinity for the target, 

but could also result from cross-contamination or other trivial reason (e.g., much more 

vigorous growth by BP displaying L-Mtd). Significantly, the L-Mtd variant was never 

observed in the naïve libraries (Table 2-1), which demonstrates the effectiveness of the 

selection conditions. The specific, high affinity binding to a novel target demonstrated by 

the L-Mtd attests to the robustness of the BP-SMPL. 

The approach presented here benefits from the high mutation rate and solvent-

exposed accessibility of the BP Mtd VR to uncover unique binding partners to target 

proteins. However, all molecular display systems are subject to important caveats. 

Conventional phage display, for example, can be finicky in operation. Other 
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mutagenesis approaches, such as growth in XL1 Red E. coli can introduce mutations 

throughout a plasmid24. Generation of the Bvg--SMPL offers practical advantages by 

solving the library synthesis challenge and offering a highly diverse, tyrosine-rich library 

targeted to a single region of a specific ORF. Growth of the B. bronchiseptica Bvg+ 

bacteria requires Biosafety Level 2 precautions, analogous to tissue culture 

experiments. We recommend working with the avirulent Bvg- bacteria, which can be 

used outside a tissue culture hood. As demonstrated here the Bvg--SMPL obtained from 

the avirulent strain also has greater sequence diversity for selections than the Bvg+-

SMPL. However, mutagenesis is based on phage propagation, and multiple rounds of 

selection are not possible unlike conventional M13-based libraries. In addition, adenine 

substitution of the AAC, ACG, and ATC codons in the native mtd tr does not allow 

mutagenesis to codons encoding the amino acids glutamate, glutamine, lysine, 

methionine, and tryptophan18.  

Engineered, non-immunoglobin protein scaffolds draw inspiration from antibody-

based molecular recognition25–29. For example, like antibodies, the BP-SMPL provides 

malleable loops on the surface of the protein, which can be adapted to recognize 

different binding partners; such loops are analogous to the CDR regions of antibodies. 

In addition to its self-synthesis of protein libraries, the BP-SMPL includes other 

desirable attributes for a non-immunoglobulin protein scaffold, such as high protein 

yields from over-expression. Binding ligands identified from selections with the BP-

SMPL could be useful in biosensor and single-molecule studies15,16,30,31. 

The dominance of tyrosine residues in the Mtd selectants reported here suggests 

that results obtained with minimally substituted antibody libraries could be generalized 
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to other adaptable binding scaffolds19,32. This bias for tyrosine substitutions likely 

increased the potential for obtaining strongly binding receptors. Thus, selections with 

the tyrosine-rich SMPL from Bvg- can reduce the time and costs associated with library-

based selections. Additionally, prior experiments to enable endogenous mutagenesis of 

genes heterologous to the mtd vr suggest that Bordetella phage can expedite directed 

evolution of a wide variety of protein targets8,33. The high mutation rates generated 

within the mtd vr and the ability to modify adenine-encoded mutational hot spots 

provides a system for automated mutagenesis of introduced foreign sequences. The 

approach could overcome the diversity barriers set by the efficiency of bacterial 

transformation, which is inherent to conventional phage display systems.  

 

2.5 Materials and Methods 

2.5.1 Generation of BP-SMPLs 

To acquire sufficient phage for selections, four cycles of infection were completed 

to generate the two BP-SMPLs. a single colony of Bvg+ phase bacteria containing the 

BP prophage was cultured in 3 mL of 2x LB (20 g tryptone, 10 g yeast extract, 5 g NaCl, 

1 l H2O, pH 7.0) for 16 h at 37 °C and shaken at 225 rpm. The culture was transferred to 

two Eppendorf tubes, and centrifuged at 12 krpm for 5 min at room temperature. The 

supernatant was filtered (0.2 µm) to obtain pure BP. The following soft-overlay method 

was used to isolate viable phage34. Briefly, 115 µl of the filtered supernatant and 230 µl 

of log-phase Bvg+ phase bacteria were added to 3 mL of 42 °C 0.7% w/v top agar (0.7 g 

agar, 100 mL LB). The mixture was vortexed briefly and then poured over a pre-warmed 

115x10 mm LB agar plate (10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agarose, 1 
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L H2O) containing streptomycin (40 µg mL-1) before incubating for 16 h at 37 °C. BP 

particles were removed from the translucent plate by adding 3 mL of SM buffer (5.8 g 

NaCl, 2 g MgSO4·7 H2O, 5 mL 2% w/v gelatin, 1 L H2O) followed by incubation at 4 °C 

for 3 h on a rotary shaker with gentle rocking. After incubation, the supernatant 

containing viable phage was removed from the plates and filtered. The soft overlay 

method using 50 µl of either Bvg+ or Bvg- phase bacterial cells was used to generate 

titer plates supporting a lawn of bacteria on LB plates containing streptomycin (40 μg 

mL-1). The supernatant containing viable phage was diluted in 10-fold dilutions in SM 

buffer and titered on LB-streptomycin plates. Plates were incubated for 18 h at 37 °C, 

and the plaque forming units counted.  

Each propagation cycle was repeated using the filtered phage from the previous 

cycle. The second propagation in Bvg+ phase bacteria further increased phage titers. 

For the third propagation, the filtered BP were divided into two aliquots to infect either 

Bvg+ phase bacteria or Bvg- phase bacteria. The two separate SMPLs were re-

propagated one additional time in the respective host bacteria to boost phage titers 

(Figure 2-1C). Final SMPLs were normalized to 1.2 x 108 PFU mL-1 by dilutions in SM 

buffer. 

2.5.2 Selections with SMPLs 

Selections for binding to lysozyme isolated members of the BP-SMPL with low off-rates, 

using an adaption of previous phage display experiments35. Experiments with lysozyme 

used a pseudo-wild-type variant of lysozyme (a gift from Brian Matthews, University of 

Oregon) with the following mutations designed to introduce a single cysteine residue 

into the protein: C54T, S90C, and C97A. Following overexpression and purification of 
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the lysozyme variant by cation exchange chromatography (linear gradient, 0.01 to 1 M 

NaCl, 20 mM Tris, pH 7.5), the protein was incubated in the reducing agent tris(2-

carboxyethyl)phosphine hydrochloride (200 µM), followed by covalent attachment to 

biotin through incubation with maleimide-PEG2-biotin (0.5 mM, Thermo Scientific) for 2 h 

on ice36. The biotinylated lysozyme was then dialyzed into PBS with 0.2% BSA and 

0.05% Tween 20 before incubation with phage libraries from the Bvg+-SMPL and Bvg--

SMPL for 1 h. Next, 100 molar excess non-biotinylated lysozyme (5 µM) was added to 

the lysozyme - phage library solution (50 nM) for 40 minutes to remove weakly bound 

phage variants. Capture of the lysozyme-bound phage was accomplished by adding 

streptavidin-coated paramagnetic beads (0.5 mg, Invitrogen) to the solution.  The beads 

were incubated for five min before rinsing seven times with wash buffer (PBS, 0.2% 

BSA, 0.05% Tween 20). Phage that remained bound to the magnetic beads were 

amplified by PCR for DNA sequencing. DNA sequences and primers have been 

submitted to GenBank (accession number pending, submission ID: 1590838). 

 

2.5.3 Mtd gene isolation and expression of Mtd-GST 

After selection, the mtd genes of the phage were amplified by standard PCR 

protocols using primers with encoded BamHI and XhoI restriction sites (Table 2-3). 

Standard sequencing methods were used to prepare DNA for sequencing by the 

Genewiz DNA Sequencing Service. PCR amplicons of the mtd gene were ligated into 

the pGEX-6P-3 expression vector (GE Healthcare). PCR was used to amplify 3 μl of 

eluted phage in a 28 μl reaction (17 µl H2O, 5.6 µl 5x FlexiBuffer buffer (Promega), 1.5 

µl 50 mM MgCl2, 0.25 µl 25 mM dNTPs, 0.3 µl (5U/µl) GoTaq polymerase (Promega), 
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0.25 µl 330 ng/µl VR-Fwd, 0.25 µl 330 ng/µl VR-Rev). The reaction was cycled in a 

thermocycler (95 °C for 5 min, 38 x (95 °C for 1 min, 65 °C for 30 s, 72 °C for 1 min), 

and then 72 °C for 7 min). The resultant plasmid was sub-cloned into a heat shock 

competent E. coli strain (Top Ten) before rescue by addition of SOC media (2% 

tryptone, 0.5% yeast extract, 8.56 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM 

glucose) for 50 min at 37 °C. The rescued E. coli were then spread on LB plates 

supplemented with carbenicillin (50 µg/ml)37. 

 

Primer Table 

Name Sequence Restriction sites 

GstMtdBamHTruncFwd CGC GGA TCC AGT ACC GCA GTC CAG TTC CGC BamH1 

MtdMutXhoIRev GAC CTC GAG TCA CTA CTC AAG AAT CAG GTG GTC ACA GAC XhoI 

VR-Fwd TGT AAA ACG ACG GCC AGT TAG CAC TTT GTC GCT TCC - 

VR-Rev CAG GAA ACA GCT ATG ACT GGC GCA TCC GAA TAC AC - 

  

Table 2-3. Primers utilized for vr and mtd gene sequencing. Restriction sites were added to allow sub-

cloning into the pGEX-6P-3 vector (GE Healthcare). 

 

2.5.4 Mtd-GST protein purification 

Mtd variants were transformed and overexpressed in BL21 E. coli bacteria as 

Mtd-GST fusion proteins after induction with isopropyl β-D-1-thiogalactopyranoside 

(IPTG, 1 mM) for 16 h at 22 °C with shaking at 150 rpm. Cell lysate from a 1 L culture 

was centrifuged at 5000 rpm (3468 x g) for 30 min, at 10 °C. The cell pellet was 

reconstituted in 20 ml lysis buffer (500 mM NaCl, 50 mM phosphate, 10 mM imidazole, 

1 mM Halt protease inhibitor from Pierce, 10 mM 2-mercaptoethanol, pH 8.0), and 

sonicated in 30 s continuous bursts with 1 min cooling times for six cycles (20 watts). 

The sonicated solution was then centrifuged, and the supernatant was applied to an 

equilibrated GST-Bind resin (3 ml bed volume, Novagen) for 30 min at room 
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temperature. The column was washed with five bed volumes of GST wash buffer (43 

mM Na2HPO4, 14.7 mM KH2PO4, 1.37 M NaCl, 27 mM KCl, pH 7.3). The protein was 

eluted with glutathione reconstitution buffer (500 mM Tris-HCl, 10 mM reduced 

glutathione, pH 8.0). The cell pellet and soluble fractions were analyzed by SDS-PAGE 

(12% acrylamide).  

Mtd-GST protein and lysozyme were further purified by size exclusion 

chromatography according to manufacture protocols following dialysis into PBS with 

3000 MWCO dialysis tubing (BioRad). Overnight cultures of 1 L routinely yielded over 8 

mg of purified protein for both wild-type and L-Mtd variants (Table 2-4). 

 

Variant mg/ml Volume (ml) Yield (mg) 

Wild-type Mtd 6.327 1.50 9.49 

L-Mtd 5.541 1.50 8.31 

 

Table 2-4. Protein yields for 1 L of overexpressed wild-type Mtd and L-Mtd after purification by 

GST affinity chromatography and size exclusion chromatography.  

 

2.5.5 ELISA binding studies 

ELISAs were used to examine binding to lysozyme, BSA, hemoglobin, gp41, and 

ovalbumin by purified, recombinant L-Mtd, wild-type Mtd, and four additional Mtd 

variants selected for binding to lysozyme. Maxisorp 96-well microtiter plates were 

coated with 200 μl of the target protein solution (200 nM, unless otherwise noted, in 50 

mM NaCHO3, pH 9.6), blocked with 0.2% non-fat milk (NFM) in PBS, rinsed with wash 

buffer and incubated with the Mtd-GST fusion protein variants (1 μM in blocking buffer) 

for 1 h. The microtiter plates were then incubated with polyclonal rabbit anti-Mtd 

antibody (1:500) and HRP-conjugated anti-rabbit antibody (1:5000) in blocking buffer for 
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1 h each. The ELISA was developed by the addition of 1% w/v o-phenylenediamine 

dihydrocholoride in citric acid buffer (0.02% w/v H2O2, 50 mM citric acid, 50 mM 

Na2HPO4, pH 5.0), and the absorbance was measured at 450 nM using a microtiter 

plate reader.  

 

2.5.6 Surface plasmon resonance biosensor experiments 

Surface plasmon resonance imaging (SPRI) experiments were performed as 

previously described using a SPRimager II biosensor instrument with SpotReady pure 

gold sensor chips (GWC Technologies)38. Protein targets (lysozyme and BSA at 10 μM) 

were immobilized on the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-

hydroxysuccinimide treated sensor chips (0.3 μl in PBS, 1 mM MgCl2, pH 8.0) for 1 h. 

The sensor chip was then blocked with 0.5% NFM in the same buffer (0.8 μl). All 

measurements were preceded by conditioning the sensor chip with flowing buffer for 30 

s. One ml of Mtd-GST solution (8.7 or 4.4 μM in running buffer) was flowed across the 

sensor chip at 1 μl/s. The increase in pixel intensity for each spot was averaged at 30 

frames per s for 900 s. All measurements were conducted in triplicate with subtraction 

of the background measured for spots treated only with blocking buffer. 
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CHAPTER 3 

Shear stress-mediated refolding of proteins 

from aggregates and inclusion bodies 

 

Abstract 

Recombinant protein overexpression of large proteins in bacteria typically results 

in insoluble and misfolded proteins directed to inclusion bodies. We report the 

application of shear stress in micrometer-wide, thin fluid films to mimic two chaperonin 

mechanisms – forced unfolding of the substrate protein and segregation away from 

misfolded intermediates. Shear stress successfully refolded boiled hen egg white 

lysozyme, recombinant hen egg white lysozyme, and recombinant caveolin-1. 

Furthermore, site-specific shear stress allowed refolding of the much larger protein, 

cAMP-dependent protein kinase A (PKA). The reported methods require only minutes, 

which is >100-times faster than conventional, overnight dialysis. This rapid refolding 

technique could significantly shorten the times, lower costs, and reduce the waste 

streams associated with protein expression for a wide-range of industrial and research 

applications. 
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Introduction 

Overexpressed recombinant proteins for industrial, pharmaceutical, 

environmental and agricultural applications annually represent a >$160 billion 

biotechnology world market.1 Protein expression in yeast or Escherichia coli is highly 

preferred due to the organisms‟ rapid growth, low consumable costs, and high yields2,3. 

However, large proteins overexpressed in bacteria typically form aggregates and 

inclusion bodies4–7. Recovery of the correctly folded protein then requires laborious and 

expensive processing of inclusion bodies by conventional methods1,8. The most 

common method for refolding such proteins, for example, involves multi-day dialysis 

with large volumes (typically 1-10 liters for mg quantities of protein)9.  

Alternatively, high value proteins (e.g., therapeutic antibodies or GPCRs for 

structural biology) apply extensively optimized mammalian or insect cell lines, media 

and bioreactor conditions10–12. Recovery of correctly folded proteins from aggregates is 

inefficient and challenging for large-scale industrial processes. One method to solve this 

problem applies very high hydrostatic pressures (400 bar) to refold recombinant 

proteins from inclusion bodies13,14. New methods capable of broadening the utility of 

bacterial over-expression could transform industrial and research production of proteins.  

 

3.1 Strategies for protein refolding 

Nature has evolved molecular machines, termed chaperones, to assist with 

protein folding. One class of these machines, chaperonins (e.g., GroEL-GroES in E. 

coli), can reverse small protein aggregates, and refold proteins (Figure 3-1A)15–20. This 

assistance is required by essentially all proteins >100 residues in length produced in 
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cells21. After binding to the substrate protein, ATP hydrolysis by GroEL triggers 

unfolding of the misfolded protein19; during this step, the chaperonin undergoes a 

conformational rearrangement to unfold the protein. Then, ATP-dependent binding of 

the GroES complex allows the protein to refold in ≈10 s while enclosed in a hydrophilic, 

cage-like interior of the chaperonin17,20,22. Thus, the GroEL-GroES chaperonin system 

embodies two important refolding concepts – mechanical unfolding and shielding of 

partially folded intermediates. Inspired by the chaperonin‟s mechanism, we demonstrate 

in vitro renaturation of denatured proteins by mechanically driven unfolding and 

separation from other intermediates during refolding. 

 

3.1.1 Characterizing shear forces in the vortex fluid device 

We report using a vortex fluid device (VFD) to apply shear forces for rapid 

equilibration of protein folding and isolation of intermediates during protein folding. In 

this method, a glass cylinder (10 mm by 16 cm) is spun rapidly (5 krpm) at a 45° angle. 

At high rotational speeds, the solution within the sample tube forms micrometer-thick, 

thin fluid films, which flow with the same speed and direction as the wall of the glass 

tube. The rotating glass tube generates a velocity gradient within the thin fluid film, 

which introduces shear stress into the solution (Figure 3-1B). Application and 

optimization of a similar vortex fluid device was first demonstrated for exfoliating 

graphite and hexagonal boron-nitride to generate mono and multi-layer structures23,24.  

More recently,the approach has been used to control the formation of different calcium 

carbonate polymorphs25. 
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3.1.2 Modeling fluid dynamics in thin fluid films 

Modeling the fluid behavior in the VFD allowed estimation of the shear forces 

experienced by proteins folding at various rotational speeds. Our analysis applies the 

solution for cylindrical Couette flow26,27. The velocity of the solution, v , is a function of 

the radius, r (Figure 3-1B). The boundary conditions for the liquid film interfaces are 

defined as follows. The inner air-liquid interface at 
1Rr   slips due to discontinuity in 

viscosity, and results in vanishingly low shear stress ( 0
dr

dv ). At the outer liquid-glass 

interface, the no-slip boundary dictates that the velocity of the liquid at 
2Rr  matches 

that of the inner wall of the glass tube (  2Rv ), where 
 
is the angular velocity of 

the tube. The resulting velocity profile is a nonlinear function of the form 
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where   is the viscosity of water at 20 °C. At a speed of 5 krpm, the calculated shear 

stress ranges from 0.53 to 0.56 Pa (Figure 3-1C). These values of shear stress are 

similar to the requirements previously reported for protein unfolding28.  
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Figure 3-1. Protein refolding in vitro with the vortex fluid device (VFD) generates shear flow inside 

thin fluid films. (A) Protein substrate undergoes forced unfolding upon ATP binding to the trans GroEL-

GroES complex. Unfolding allows the protein to reach higher energy conformers prior to encapsulation 

within the cis GroEL-GroES complex (PDB: 1AON, 4AB2). (B) Modeling movement in the thin fluid film. 

The inset represents a two-dimensional slice of the tube along the axis of rotation. The radius of the tube, 

R2, is 5 mm, and the thin fluid film thickness, δ, has been previously measured (not to scale)
23

.  The 

velocity of the solution, vθ, increases from the inner surface of the film to match the velocity of the tube, Ω. 

(C) Shear stress calculated as a function of rotational speed (rpm) and radius from the center of the tube.   

 

3.2 Refolding denatured hen egg white lysozyme from egg whites 

Experiments with native hen egg white were conducted to determine if shear 

forces could refold denatured hen egg white lysozyme (HEWL) in complex 

environments. The separated whites were diluted in PBS, and heat-treated at 90 °C for 

20 min. The resultant hard-boiled egg white was dissolved in 8 M urea, rapidly diluted 

and then VFD processed at the indicated rotational speeds and times (Figure 3-3). Total 

protein concentration as determined by bicinchoninic acid assay was 44 μg/ml. 

Recovery of HEWL activity was then demonstrated by a lysozyme activity assay (Figure 
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3-2). Refolding HEWL within the egg white at 5 krpm recovers activity even after a short 

2.5 min spin, but continued shear forces unfolds the protein. VFD processing for 5 

minutes at 5 krpm results in optimal HEWL refolding (Figure 3-3A). This experiment 

establishes parameters for lysozyme refolding by VFD. 

 

 

Figure 3-2. Wild-type lysozyme activity interpolated by least-squares regression fit. Relative 

fluorescence units per minute was fit to standardized lysozyme activity assayed using the EnzChek 

Lysozyme Activity kit (Invitrogen) to a Michaelis-Menten model, plus background with Prism 6 software 

(GraphPad). All assays were conducted in 96-well black opaque microtiter plates, 100 μL reaction 

volumes, with 10 min incubation at 37 °C. 

 

3.3 Refolding recombinant hen egg white lysozyme from inclusion bodies 

To demonstrate refolding of recombinantly expressed, reduced HEWL, the cell 

pellet was reconstitued in lysis buffer containing 2-mercaptoethanol, purified, urea-

denatured and rapidly diluted into PBS (1:100, see Table 3-1). Second, the diluted 

protein (1 ml, 44 μg/ml) was immediately transferred to the VFD sample tube and spun 

at 22 °C and 5 krpm for 5 min. Circular dichroism (CD) spectra of the VFD-refolded, 
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recombinant HEWL demonstrates restoration of secondary structure from proteins 

isolated from inclusion bodies. After VFD processing, the CD spectra of identical HEWL 

samples demonstrates partial recovery of secondary structure compared to the native 

lysozyme (Figure 3-3B). Yields determined by protein activity assay are provided in 

Figure 3-3D. 

 

 

Figure 3-3. Determination of secondary structure and activity of hen egg white lysozyme (HEWL) 

processed by VFD. (A) Lysozyme activity per mg protein following VFD processing of boiled egg white 

(90 °C, 20 min) at fixed VFD speed of 5 krpm, or fixed 5 min refolding time. Relative circle size represents 

the lysozyme activity, plotted as a function of VFD time and speed. (B) CD spectra of recombinantly 

expressed, reduced, and denatured HEWL before (dotted) and after (dark gray) VFD refolding. (C) In 

continuous flow mode, the protein solution is introduced through a thin, hollow metal tube to the bottom of 

the sample tube. (D) Lysozyme activity per mg protein following VFD refolding of recombinantly 

expressed HEWL. Under these conditions, VFD treatment of purified, active lysozyme does not adversely 

affect its activity. Values above dotted line represent percent recovery of activity compared to wild-type. 

Error bars indicate standard deviation (n = 3). 

 

HEWL can also be refolded by continuous flow VFD. This approach delivers 

additional sample through an inlet at the cylinder base. The sample (50 ml), added at a 
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flow-rate of 0.1 ml/min, demonstrates significant recovery of HEWL activity for scalable, 

high volume applications (Figure 3-3C). The recombinant HEWL recovers >82% of its 

activity following VFD treatment. As expected, HEWL isolated from inclusion bodies 

without VFD processing fails to show any lysozyme activity (Figure 3-3D). The 

continuous flow approach could be scaled up for industrial applications. 

 

3.4 Applying shear stress to refold recombinantly expressed caveolin-ΔTM 

After refolding denatured lysozyme in both complex (egg white) and simple 

(purified recombinant protein) environments, the next experiments focused on refolding 

the protein caveolin-1, as an example of a protein requiring an inordinate amount of 

processing time by conventional approaches (e.g., four days of dialysis). A caveolin 

variant without its transmembrane domain (caveolin-ΔTM) was recombinantly 

expressed, and the inclusion body was purified under denaturing conditions. Purified 

caveolin-ΔTM was diluted, and then given a short dialysis for 1 h to lower the urea 

concentration. The protein was then VFD-treated for 0, 10, or 30 min at 5 krpm at a 

concentration of 186 μg/ml. The CD spectra of the VFD processed caveolin-ΔTM shows 

a pronounced minima at 208 nm, which is indicative of α-helical secondary structure 

(Figure 3-4A)29. Solution turbidity also decreases sharply following VFD treatment, 

which illustrates VFD solubilization and refolding of partially aggregated proteins (Figure 

3-4B). ELISA experiments examined binding by the refolded caveolin-ΔTM to HIV 

glycoprotein 41 (gp41), a known caveolin binding partner30,31. VFD processing 

significantly restores protein function, as shown through binding to gp41 (Figure 3-4C). 
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Figure 3-4. Determination of secondary structure and activity of caveolin-ΔTM processed by VFD. 

(A) Circular dichroism (CD) spectra of caveolin-ΔTM following VFD induced refolding or conventional 

dialysis. (B) Turbidity of caveolin-ΔTM, measured by the fractional absorbance at 600 nm compared to 

the untreated sample also at 600 nm. The arrow indicates absorbance of caveolin-ΔTM following 4-days 

of dialysis. (C) Dose-dependent binding of unprocessed, processed, and conventionally refolded 

caveolin-ΔTM to HIV gp41 determined by ELISA. Although some binding occurs without VFD treatment, 

caveolin-ΔTM binds with greater affinity after VFD refolding. Error bars indicate standard deviation (n = 3). 

 

3.5 Recovering kinase activity from PKA by attachment to IMAC beads 

Larger-sized proteins initially failed to refold despite VFD treatment. For example, 

the catalytic domain of PKA (42 kDa) is significantly bulkier than HEWL (14 kDa) and 

caveolin-ΔTM (17 kDa), and did not refold from inclusion bodies after treatment 

following similar protocols. To refold full-length PKA in vitro, we hypothesized that a 

closer mimic of cellular folding was required. In cells, the nascent polypeptide can fold 

as the N-terminus extrudes from the ribosome, whereas in vitro refolding must address 

the entire protein at once32. Thus, we focused shear stress on the N-terminus of His-

tagged PKA by immobilization on Ni2+-charged immobilized metal affinity 

chromatography (IMAC) beads. The IMAC-His-PKA complex was then subjected to 

shear stress in the VFD (1 ml, 0.2 – 1 mg/ml). Following VFD treatment, His-PKA 

separated from the IMAC resin, and recovered 69% of its kinase activity (Figure 3-5A). 
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Negative control experiments with identical conditions, but with uncharged IMAC resin, 

lower charged resin volumes, or 500 mM imidazole to block the Ni2+-His6 tag interaction, 

showed only low levels of kinase activity (Figure 3-5A). Interestingly, the remaining His-

PKA eluted from the IMAC resin by elution with imidazole yielded far less active protein 

(Figure 3-5B). 

 

 

Figure 3-5. Facilitating VFD refolding of PKA by pre-binding to IMAC resin. 1.7 mg PKA was pre-

incubated with 250 or 50 μl IMAC resin in 6 M guanidine-HCl prior to dilution to 1 M guanidine-HCl and 

VFD treatment. (A) PKA is removed by a low imidazole (1 mM) wash buffer. PKA activity per μg of protein 

measured by nicotinamide adenine dinucleotide (NADH) enzyme-linked assay and shown as percentage 

of wild-type PKA. Consumption of ATP by active PKA results in consumption of NADH by lactate 

dehydrogenase. The NADH levels are monitored in this assay by absorbance at 340 nm. Negative control 

experiments were performed with low quantities of resin, 500 mM imidazole, or resin lacking Ni2+ 

(uncharged) during IMAC incubation. (B) PKA activity per μg of protein of elution fractions following VFD 

treatment. Steps performed on elution fractions were identical to wash fractions. Error bars indicate 

standard deviation (n = 3). 

 



69 

 

As reported here, protein refolding by VFD requires optimization for each protein. 

Buffers, protein concentration, and processing time were optimized for HEWL, caveolin-

ΔTM, and PKA. The refolding of HEWL from the complex mixture of boiled egg whites 

appears less efficient than recovery of the folded protein from inclusion bodies. In egg 

whites, the mechanical energy of the VFD could be misdirected to the other >96% of 

proteins present.  

The paradigm introduced here, applying shear force to drive rapid equilibration of 

protein folding has not been explored in biochemistry, yet is extensively applied in the 

cell by chaperonins. Another principle of chaperonin function, avoiding reaggregation by 

cage-like isolation during refolding, also applies to the VFD, which relies upon shear 

forces to maintain protein separation18,33 . 

 

3.6 Discussion  

This report offers significant advantages over conventional approaches to protein 

refolding. First, VFD-mediated refolding requires much smaller solution volumes 

(approximately 1% of the volumes required for conventional dialysis). Second, this key 

step in protein production occurs >100-times faster than overnight dialysis with >1000-

fold improvements for proteins such as a caveolin. Notably, introducing high shear in 

thin fluid films is a low energy, inexpensive process.  

The advantages of VFD refolding open new possibilities for increasing protein 

yields in simple cell lines. The VFD can untangle complex mixtures, aggregates and 

insoluble inclusion bodies. Illustrating this advantage, high concentrations of a chemical 

inducer like IPTG could drive overexpressed proteins into insoluble inclusion bodies. 
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Most processes would avoid inclusion bodies by optimization of growth conditions and 

special cell lines at the expense of higher yields and purer protein. Furthermore, the 

continuous flow mode of the VFD readily allows scale-up to accommodate much larger 

solution volumes, and the approach could drastically lower the time and financial costs 

required to refold inactive proteins at an industrial scale. The VFD sample tube itself can 

also be modified to amplify or otherwise direct the intensity of shear forces applied; for 

example, modified surfaces with high contact angle and/or with textured features could 

enhance the turbulent flow, altering the applied shear stress. Harnessing shear forces to 

achieve rapid equilibration of protein folding could be expanded to a wide-range of 

applications for research and manufacturing.  
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3.7 Materials and Methods 

All buffers are listed in Tables 3-1 and 3-2. 

 
Expression 

time (h) 
Expression 
temp. (°C) 

[IPTG] 
(M) Lysis buffer Protein 

Hen egg white 
lysozyme 

4 37 1 

50 mM NaH2PO4, 500 mM NaCl, 10 mM 
imidazole, 1 mM HALT protease inhibitor 
(Pierce), 10 mM 2-mercaptoethanol, pH 
8.0 

Caveolin-ΔTM 3 37 0.5 
50 mM Tris-HCl, 10 mM NaCl, 5 mM 
EDTA, 100 mM PMSF, pH 8.0 

HIV gp41 8 22 0.5 
50 mM NaH2PO4, 300 mM NaCl, 10 mM 2-
mercaptoethanol, 1 mM HALT protease 
inhibitor, pH 8.0 

His-PKA 5 37 1 
50 mM NaH2PO4, 500 mM NaCl, 10 mM 
imidazole, 1 mM HALT protease inhibitor, 
10 mM 2-mercaptoethanol, pH 8.0 

  

Table 3-1. Expression conditions of recombinantly expressed proteins. 

  

Protein Resin Denaturing buffer Binding/wash buffer Elution buffer 

HEWL 
UNOsphere 
S (Bio-Rad) 

20 mM Tris, 10 mM 
NaCl, 8 M urea, pH 7.8 

20 mM Tris, 10 mM NaCl, 8M 
urea, pH 7.8 

Wash buffer, 400 
mM NaCl 

Caveolin-
ΔTM 

Ni-NTA 
(Bio-Rad) 

50 mM Tris, 50 mM 
NaCl, 8 M urea, pH 8.0 

50 mM Tris-HCl, 300 mM NaCl, 
10 mM imidazole, 0.2% Na 

azide, 8M urea, pH 8.0 

Wash buffer, pH 
4.0 

HIV gp41 Ni-NTA - 
50 mM NaH2PO4, 300 mM NaCl, 

10 mM 2-mercaptoethanol, 20 
mM imdazole, pH 8.0 

Wash buffer, 250 
mM imidazole 

His-PKA Ni-NTA 
20 mM NaH2PO4, 500 

mM NaCl, 6 M 
guanidine-HCl, pH 7.0 

50 mM NaH2PO4, 300 mM NaCl, 
1 mM imdazole, pH 7.0 

Wash buffer, 500 
mM imidazole 

 

Table 3-2. Purification conditions of recombinantly expressed proteins. The protein target used for 

ELISA binding studies, HIV gp41, was purified with non-denaturing conditions. 

 

3.7.1 Expression and purification of HEWL, caveolin-ΔTM, and HIV gp41 
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Hen egg white lysozyme (HEWL), caveolin-ΔTM, and HIV gp41 were 

overexpressed in BL21 E. coli by induction with isopropyl β-D-1-thiogalactopyranoside 

(IPTG, 1 mM). The 1 l culture volume was centrifuged at 6000 rpm to collect the 

bacterial pellet. The pellet was reconstituted in lysis buffer and sonicated in 30 s 

continuous bursts with 1 min cooling on ice for eight cycles (20 watts).  HEWL and 

caveolin-ΔTM, were purified under denaturing conditions, and HIV gp41 was purified 

under non-denaturing conditions. For specific expression and purification conditions, 

see Table 3-1 and 3-2, respectively. The egg whites were obtained from chicken eggs, 

and diluted 2:3 in PBS, heat-treated at 90 °C for 20 min, and dissolved in 8 M urea 

overnight at 4 °C. The His6 tag was cleaved from HIV gp41 with Tobacco Etch Virus 

protease, which was then removed by IMAC. All protein concentrations were 

determined by bicinchoninic acid assay kit (Pierce). 

 

3.7.2 Protein refolding and determination of native state confirmation 

Commercial, lyophilized HEWL protein (Sigma) was reconstituted in PBS as 

„active‟ HEWL sample. Recombinantly expressed HEWL was pre-treated by 1:100 rapid 

dilution in PBS, and then refolded by VFD treatment. All samples were treated at 22 °C 

within a 16 cm long, 10 mm diameter glass test tube. When operated in confined mode, 

the VFD was set to a 45° tilt angle and 1 ml was spun at 5 krpm, unless otherwise 

noted. The continuous mode experiment was conducted by flowing the rapidly diluted 

protein through the inlet port to the base of the sample at a flow rate of 0.1 ml/min. 

Caveolin-ΔTM VFD refolding was performed in confined mode (1 ml, 5 krpm, 22 °C). 
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For comparison, caveolin-ΔTM was also refolded using conventional dialysis over 4 

days (1:500, 50 mM Tris-HCl, 1 mM EDTA, 4 °C, pH 8.5). 

Circular dichroism spectra of HEWL were collected immediately following VFD 

refolding in PBS (20 nm/min, 4 accumulations), and caveolin-ΔTM  were collected in 10 

mM sodium phosphate, pH 7.5 (10 nm/min, 8 accumulations). All lysozyme activity 

assays used the EnzChek kit (Invitrogen) after rapid dilution from denatured protein 

solution into PBS (1:100) according to manufacture instructions, except for decreasing 

the 37 °C incubation time from 30 to 10 min. Lysozyme activity was interpolated by 

least-square regressions fit of lysozyme standards to a Michaelis-Menten curve 

   
    [ ]

   [ ]
    with Prism 6 software (GraphPad, Figure 3-2). After 1:100 rapid dilution 

into PBS, protein solution contains 80 mM urea, 0.2 mM Tris and 4 mM NaCl. Lysozyme 

activity with various levels of urea, Tris, and NaCl was determined to verify that the 

assay was not affected (Figure 3-6). Purified caveolin-ΔTM from the inclusion body 

were diluted 1:5 in 10 mM sodium phosphate, pH 7.5 and then briefly dialyzed prior to 

VFD treatment (1:100 volume, 1 h, 4 °C) for circular dichroism spectra. 

 

3.7.3 ELISA binding assays 

The dose-dependent ELISA was conducted by coating HIV gp41 (100 μl of 10 

μg/ml in 50 mM sodium carbonate pH 9.6 for 4 h at 4 °C) on a Nunc Maxisorp 96-well 

microtiter plate. After removing the coating solution, a blocking solution of 0.2% non-fat 

milk in PBS was applied. Caveolin-ΔTM, anti-His mouse monoclonal antibody (Sigma, 

H1029), and anti-mouse HRP-conjugated polyclonal antibody (1:2000, Sigma, A5906) 

were diluted in 100 μl PT buffer (1:1000, PBS, 0.05% Tween-20) and incubated for 1 h  
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at 4 °C with four wash steps using PT buffer (200 μl). The ELISA was developed by the 

addition of 1% w/v o-phenylenediamine dihydrocholoride in citric acid buffer (0.02% w/v 

H2O2, 50 mM citric acid, 50 mM Na2HPO4, pH 5.0), and the absorbance of the solution 

was measured at 450 nm using a microtiter plate reader.  

 

3.7.4 Shear stress-mediated refolding of His-PKA bound IMAC resin 

The catalytic subunit of PKA was overexpressed in BL21 E. coli with an N-

terminal His6 tag by induction with IPTG (1 mM). This experiment applied the residual 

pellet from a 12 l culture, a waste product more typically discarded. After dissolution in 

lysis buffer, sonication was applied as described above. His-PKA was then denatured in 

6 M guanidine-HCl, 20 mM sodium phosphate, 500 mM NaCl and incubated with Ni2+-

charged Profinity IMAC resin (Bio-Rad) for 2 h at room temperature (1 ml of a 1.72 

mg/ml His-PKA to 50 μl or 250 μl bed volume IMAC). A control experiment used 

uncharged IMAC resin instead. The IMAC-His-PKA solution was then diluted to 1 M 

guanidine-HCl with binding buffer containing 1 mM imidazole, or with the elution buffer 

containing 500 mM imidazole as a control. This diluted solution was immediately treated 

in the VFD (1 ml, 5 krpm, 20 min). After transferring to a 1.5 ml eppendorf tube, the 

resin was washed by aliquoting 1 ml wash buffer, inverting the tube three times, and 

centrifuging the tube at 2000    for 2 min to separate the beads from the supernatant. 

This process was repeated two additional times before elution with elution buffer 

containing 500 mM imidazole. For protein quantification only, samples containing 500 

mM imidazole were diluted 1:100 in wash buffer to prevent residual imidazole from 

interfering with the BCA assay. PKA activity was determined by monitoring substrate 
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depletion in an NADH enzyme-linked assay at 340 nm (300 μl assay volume, 10 mM 

ATP, 0.5 mM NADH, 1 mM phosphoenolpyruvate, 0.0153 U/μl lactate dehydrogenase, 

0.0269 U/μl pyruvate kinase, 0.67 mM kemptide, 100 mM MOPS, 9 mM MgCl2, pH 7.0). 

Kemptide was synthesized by solid-phase peptide synthesis. All other reagents were 

purchased from Sigma-Aldrich.  
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 CHAPTER 4  

Studies towards directed evolution of alternate non-immunoglobulin  

scaffolds with filamentous M13 phage display 

 

Abstract 

Exploring new protein scaffolds expands the repertoire of protein libraries for use 

in diagnostic and therapeutic functions. Specifically, non-immunoglobulin based 

scaffolds can avoid complications associated with traditional antibody development, 

including, but not limited to, expression yields, proper glycosylation, and intellectual 

property considerations. Several classes of these alternative protein scaffolds have 

proven to be commercially viable, with affinities and specificities comparable to 

antibodies. We report the adaptation of echistatin, a 49-residue disintegrin protein, as a 

new protein ligand scaffold. The exceptionally small size of echistatin makes the protein 

an ideal target for M13 filamentous phage display, chemical synthesis, and recombinant 

expression. Selections with the phage-displayed echistatin library successfully identified 

ligands to the cancer-associated biomarker prostate specific antigen. 
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Introduction 

Prostate cancers remain the most commonly diagnosed carcinomas in men. In 

2010, more than 28,000 men in the United States succumbed to the disease, making it 

the deadliest cancer among American men1. The U.S. Food and Drug Administration 

approved screenings for prostate specific antigen (PSA) to facilitate early diagnosis of 

prostate cancer2. Malignant prostate cells excrete highly elevated concentrations of this 

32 kDa serine protease3,4. However, recent guidance issued by the United States 

Preventive Services Task Force recommended halting regular PSA screenings to 

address the overdiagnosis and overtreatment of slow-growing asymptomatic tumors2. 

Despite this, PSA remains an important biomarker to track recurrent cases of prostate 

cancer. Thus, progress towards the development of a cheap, easily expressed protein 

ligand to PSA can drive down the costs associated with regular prostate cancer 

screening. 

Existing federally approved tests for prostate specific antigen rely on the 

production of anti-PSA monoclonal antibodies5,6. Unfortunately, immunoglobulins are 

comparatively expensive to manufacture and are burdened by a complex patent 

landscape. An alternative approach utilizes modified non-immunoglobulin scaffolds to 

bind to the cancer biomarker of interest. Notably, protein ligands derived from ubiquitin7, 

protein A derived affibodies8, and designed ankryin repeat proteins9 have been 

successfully commercialized. These small, low molecular weight proteins constitute a 

family of antibody mimetics that have been engineered to bind to a wide variety of target 

proteins, but do not share structural similarities to their immunoglobulin 

counterparts10,11. Unlike antibodies, these alternative protein scaffolds can be 
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expressed in large quantities in bacterial hosts. In this study, we report the design and 

selection of a small disintegrin protein echistatin12 library on M13 bacteriophage to 

identify a high-affinity ligand to the cancer-associated biomarker PSA. The ligands 

identified here may contribute to the development of cheap, readily available 

diagnostics to address the ongoing need for recurrent prostate cancer detection. 

 

4.1 Echistatin library design and selection 

Echistatin is a small disintegrin protein from the venomous viper Echis carinatus. 

While echistatin has been adapted for use as an anti-angiogenesis therapeutic to delay 

tumor growth and increase survival13,14, it remains unexplored as a protein ligand 

scaffold despite its exceptionally small size and low complexity. Unlike most protein 

biopharmaceuticals, echistatin is very small and can be chemically synthesized15. 

To facilitate the expression and selection of a large echistatin library, we utilized 

M13 filamentous phage display16. The gene encoding for the target of choice is 

subcloned into the phage plasmid, and the resultant protein expressed as fusions to the 

P3 or P8 coat proteins of the phage17,18. The Kunkel method19 of site-directed 

mutagenesis was utilized to generate a library of echistatin variants. Two loops near the 

C-terminus of the protein were chosen for diversification into a mixture of the 20 

naturally occurring amino acids. The first loop is comprised of a 9-residue span, and the 

second loop replaced five adjacent amino acids. In wild-type echistatin both regions 

primarily consist of hydrophilic residues, as expected for solvent-exposed loops. 

Following diversification, the phage-displayed library was subjected to several rounds of 

selection and propagation to enrich for high-affinity binders to PSA18. Sequencing the 
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phage plasmid enables rapid identification of the selected variants20. An overview of the 

phage display selection is shown in Figure 4-1. 

 

 
  
Figure 4-1. General schematic of selections with phage-displayed echistatin proteins. The 

echistatin gene is inserted into the phage genome as part of the open reading frame encoding the P3 

coat protein. Each echistatin variant is displayed as a fusion to one of the five P3 proteins during phage 

propagation. Once a library of phage-displayed echistatin variants is established, four rounds of 

selections and amplifications were performed to identify binders to the immobilized prostate specific 

antigen target. Weak binders are removed during the wash steps. Following the last round of selections, 

variants are screened in ELISA binding assays. 
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4.2 Results and Discussion  

Selections were conducted by immobilizing PSA in 96-well microtiter plates and 

panning for binders by an affinity-based methodology21. The phage-displayed echistatin 

variants compete for a limited amount of PSA and the highest affinity variant 

outcompetes its less optimized siblings. Four rounds of selection and amplification were 

conducted. PCR amplification and sequencing of selected echistatin variants identified 

two candidates with improved binding characteristics to PSA (Figure 4-2). Variant 10 

echistatin contained a single amino acid substitution to glutamate. In contrast, variant 39 

echistatin replaces the predominantly hydrophilic loop 1 with hydrophobic leucines, 

tyrosines, and tryptophans. Similar amino acid compositions are well represented in 

protein-protein binding interfaces such as antibody-antigen binding contacts22, 

engineered adnectins ligands23, and diversified Mtd libraries24. Additionally, variant 39 

contains a mutation at cysteine-32 that disrupts one of the four disulfide bonds. This 

position was not part of the original library design but may have been introduced during 

PCR amplification of the echistatin gene by Taq polymerase, which lacks 3‟ to 5‟ 

exonuclease activity25, or mutagenesis during amplification in E. coli. 
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Figure 4-2. Echistatin library design and selection. Amino acid sequences of (A) wild-type echistatin 

and (B) variants identified from selections for binding to prostate specific antigen. Disulfide bonds are 

indicated by the connecting lines above and below the sequence. Residues selected for diversification 

are highlighted in red. A ribbon representation of echistatin is shown with mutagenized loops 1 and 2 also 

in red (PDB: 1RO3)
26

. Deviations from the wild-type sequence in variant 10 and variant 39 echistatins are 

highlighted in magenta. 

  

Variant 10 and variant 39 echistatins do not share any common amino acid 

substitutions but curiously demonstrate similar levels of binding to PSA in preliminary 

ELISAs (Figure 4-3A). In competitive ELISA experiments, the phage-displayed variant 

10 echistatin bound to PSA with an apparent KD of 1.8 nM while the phage-displayed 

variant 39 echistatin bound with an apparent KD of 0.1 nM (Figure 4-3B). The low 

apparent dissociation constants calculated are likely a product of high avidity27 mediated 

by multivalent binding of the phage-displayed echistatin to the surface of immobilized 

PSA. Studies utilizing isothermal titration calorimetry will need to be completed to 
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resolve the dissociation constant between the echistatin macromolecules to PSA in 

solution. 

 

 
   
Figure 4-3. Phage-displayed echistatin binding assays. (A) ELISA experiments demonstrate that 

phage-displayed variants 10 and 39 bind with higher affinity to prostate specific antigen (coated at 76 nM) 

relative to phage-displayed wild-type echistatin and wild-type M13 phage. (B) Competitive ELISAs 

demonstrate that the two phage-displayed echistatin variants bind with high-affinity to the PSA antigen. 

Apparent dissociation constants were calculated at 1.8 nM and 0.1 nM for phage-displayed variant 10 and 

variant 39 echistatins, respectively.  
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4.3 Future directions 

The binding studies described above suggest echistatin can be added to the 

repertoire of non-immunoglobulin protein scaffolds. However, selections for other 

protein targets should also be performed to fully validate this small disintegrin protein as 

a general protein-binding ligand. Affinity maturation of the two echistatin variants can 

further improve the binding characteristics to PSA21. Furthermore, homolog shotgun 

scanning, a technique pioneered in the Weiss lab28, could map the side-chain 

contributions to binding. 

Fortunately, we can further extend the functionality and sensitivity of the 

echistatin variants already identified by utilizing methods developed in the Weiss lab. 

Mohan and colleagues recently demonstrated increased sensitivity to the cancer 

biomarker prostate specific membrane antigen by bivalent binding of two distinct 

peptide ligands, attached to the same phage particle, to prostate specific membrane 

antigen (PSMA)29. In this technique, the first ligand is genetically encoded in the phage 

genome and is expressed as fusions to the phage coat proteins, similar to traditional 

phage display. The second ligand associates non-covalently to the negatively charged 

P8 coat protein following conjugation to a 14-lysine repeat. This same technique could 

be used to increase binding affinity to prostate specific antigen by expressing variant 10 

echistatin as a fusion to the P3 coat protein followed by attachment of a polylysine - 

variant 39 echistatin fusion to the P8 coat protein.  

Furthermore, researchers in Weiss lab, in collaboration with the Penner group at 

the University of California, Irvine, have integrated whole-phage ligands in conducting 

polymer films to detect antigen in real-time29–32.  Incorporation of the whole virus particle 
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displaying a peptide ligand to PSMA enabled detection of the antigen in the picomolar 

range29. Further studies are required to establish if the phage-polymer films can tolerate 

the larger echistatin protein in place of the peptide ligands used in PSMA diagnostic 

devices. 

As additional novel techniques are explored to facilitate the generation of high-

affinity binders, well-established scaffold systems will continue to play an important role 

in the development of therapeutic and diagnostic biopharmaceuticals. The addition of 

new scaffolds will enable investigators to improve binding characteristics and expand 

the gamut of protein, peptide, nucleic acid and small molecule targets accessible by 

directed evolution methods23.  

  

4.4 Materials and Methods 

4.4.1 Construction of the phage-displayed echistatin libraries 

 Design and construction of the phage-displayed echistatin libraries was 

completed by Dr. Cathie Overstreet. The wild-type cDNA encoding echistatin was PCR 

amplified with NsiI and FseI restriction sites along with an N-terminal FLAG epitope. 

Following double digestion of the PCR product and the phage display vector, the 

digested products were ligated with T4 DNA ligase. Next, the ligated product was 

transformed into calcium competent E. coli XL-1 cells and selected for proper uptake of 

the ligated phagemid by plating on LB plates with carbenicillin (50 μg/ml). The phagemid 

was then purified with a plasmid miniprep kit (Zymo). 

The phage-displayed library of echistatin variants was produced using the Kunkel 

method33 of site-directed mutagenesis with NNS degenerate codons corresponding to 



88 

 

residues 21 – 29 and 45 – 49 (Table 4-1). Following previously published methods18, 

the phage library was propagated with KO7 helper phage in 4 x 70 ml cultures (2YT, 50 

μg/ml carbenicillin, 20 μg/ml kanamycin, 37° C, 16 h). Phage particles were isolated 

with PEG-NaCl precipitation and resuspended in PBS. 

 

Degenerate Oligonucleotide Table 

Target Residues Sequence Restriction sites 

21 - 29 
GAA GGA ACA ATT TGT NNS NNS NNS NNS NNS NNS NNS NNS NNS 

GAT TAT TGT AAT GGA 
NsiI / FseI 

45 - 49 CCT CGG AAC CCC NNS NNS NNS NNS NNS NNS GGC CGG CCC TC NsiI / FseI 

 

Table 4-1. Degenerate oligonucleotides utilized for echistatin library construction. The NNS codon 

allows substitution of all 20 amino acids and also encodes for the TAG stop codon. 

 

4.4.2 Selections with phage-displayed echistatin  

 Maxisorp 96-well microtiter plates (Nunc) were coated with 200 μl of purified 

prostate specific antigen (76 nM, 50 mM NaCHO3, pH 9.6, 1 h) and blocked with 0.2% 

non-fat milk in PBS. Following removal of the blocking agent, a 1:1 mixture of the 

purified phage and blocking agent were added to each well (200 μl, 1 h). The wells were 

then washed with PBS + 0.05% Tween-20 (300 μl). The wash counts were 3, 6, 9, and 

12 for each of the four selection rounds, respectively. Phage that remained bound after 

the wash steps were eluted with 0.1 M HCl on a sonication water bath (100 μl, 10 min). 

Each well was then neutralized with the addition of 1 M Tris-HCl (33 μl, pH 8). 

Biopanned phage variants were then pooled and re-propagated in E. coli XL-1 cells with 

KO7 helper phage. Following the 4th round of selections, phage titers were used for 

colony PCR and echistatin genes were sequenced (Genewiz).   

 
4.4.3 ELISA binding studies 
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The two phage-displayed echistatin mutants variant 10 and variant 39 were 

propagated in XL-1 and purified by PEG-NaCl precipitation as described above. 

Maxisorp microtiter plates were coated with PSA and blocked in the same fashion as 

the selections. The purified phage was then added to the wells and allowed to incubate 

for 1 h (16 nM, PBS, 0.2% non-fat milk, 100 μl). Each well was washed 3 times with 

PBS + 0.05% Tween-20 (300 μl). A horseradish peroxidase-conjugated anti-M13 

antibody (1:2500, PBS, GE Healthcare) detected bound phage particles. The plate was 

developed with 1% w/v o-phenylenediamine dihydrocholoride in citric acid buffer (0.02% 

w/v H2O2, 50 mM citric acid, 50 mM Na2HPO4, pH 5.0) and HRP activity was determined 

by absorbance measurements at 450 nm. 

Competitive ELISA studies also utilized PSA-coated Maxisorp plates but the 

phage-displayed echistatin variants were pre-incubated with the indicated 

concentrations of PSA for 2 hours (PBS, 0.2% non-fat milk, 100 μl). After the plate is 

blocked and the blocking agent is removed, the phage-PSA solution was aliquoted into 

the microtiter plate and allowed to incubate for 1 h. The remaining levels of bound 

phage are detected with the same steps as described above. HRP activity 

measurements were normalized and dissociation constants were calculated from least-

squares fit as described in previously published methods34.  
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 CHAPTER 5    

  Conclusions and future directions  

 

While protein engineering methods utilizing Bordetella phage display libraries 

have shown some success, several shortfalls remain unaddressed. In Bordetella phage 

display, repeat selections are counter-productive due to the self-mutating nature of the 

host phage. If the diversity generation could be dynamically fine-tuned, or temporarily 

halted, experimenters could alternate rounds of selection and enrichment with rounds of 

mutagenesis. This switching methodology more closely mimics the affinity maturation 

process applied to vertebrate immunoglobulins (Figure 5-1). This may be possible by 

reversibly inhibiting the phage-encoded reverse transcriptase. 

Another possibility is to disrupt the mutagenic retrohoming required to guide the 

diversified cDNA into the coding variable region of mtd. Alayyoubi and colleagues 

identified an essential protein, Bordetella accessory variability determinant (bAvd), that 

appears to function as a nucleic acid chaperone to help mediate this process and is an 

interesting target for inhibition studies1,2.  
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Figure 5-1. Bordetella phage display strategy with dynamic DGR switching. The protein scaffold 

undergoes multiple DGR-mediated diversification and amplification rounds before the first selection step. 

Following diversification, the DGR is temporarily inhibited to allow selection and amplification rounds to 

enrich the protein library for ligands to a predetermined target. Following enrichment, the library can then 

undergo affinity maturation through DGR-mediated mutagenesis.  

 

Furthermore, Guo et al. discovered GC-rich inverted repeats downstream of the 

vr gene form hairpin structures critical for guiding retrohoming3.  Relocating these 

homing structures may allow researchers to redirect DGR-mediated diversification to a 

heterologous position, and has been previously demonstrated by shifting retrohoming 

from the Mtd variable region to a kanamycin resistance reporter gene on either the 

replicating phage or the prophage in the bacterial chromosome3. This discovery opens 

the possibility of directing the Bordetella phage DGR to affect diversity generation on a 

protein target of choice. Additionally, Overstreet and colleagues have demonstrated that 

DGR also tolerates heterologous peptide insertions up to 19 bp at four distinct mtd 

positions, dramatically increasing the theoretical diversity of the Mtd library4. 
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  Structural characteristics of protein-protein interfaces such as residue packing, 

hydrophobicity, contact size, or shape complementarity have so far been largely 

unsuccessful at predicting binding affinity5–7. Thus, directed evolution continues to be an 

important tool in the protein engineering space and further studies to explore amenable 

protein scaffolds will be vital. Further downstream the protein engineering process, 

considerations into protein solubility and yield are central to the commercial viability of 

protein-based therapeutics and diagnostics. Unfortunately, protein ligands that 

demonstrate high-affinity binding are frequently missed or even knowingly ignored due 

to solubility and yield issues8,9. Small sequence changes or even single-site mutations 

often drive results in misfolded product in an inclusion body. Thus, continued 

advancements on both these components of the protein engineering pipeline are crucial 

to lowering costs to enable novel biological applications. 
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