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ABSTRACT 
 

 

The inherent design freedom of protein engineering and recombinant protein 

production enables specific tailoring of protein structure, function, and properties. Two areas of 

research where protein engineering has allowed for many advances in biomedical materials 

include the design of novel protein scaffolds for molecular recognition, as well as the use of 

recombinant proteins for production of next generation biomaterials. The main focus of my 

dissertation was to develop new biomedical materials using protein engineering.  

Chapters three and four discuss the engineering of repeat proteins as bio-recognition 

modules for biomedical sensing and imaging. Chapter three provides an overview of the most 

recent advances in engineering of repeat proteins in the aforementioned field. Chapter four 

discusses my contribution to this field. We have designed a de novo repeat protein scaffold based 

on the consensus sequence of the leucine rich repeat (LRR) domain of the NOD family of 

cytoplasmic innate immune system receptors. Innate immunity receptors have been described as 

pattern recognition receptors in that they recognize “global features” of a family of pathogens 

versus one specific antigen. In mammals, two main protein families of such receptors are: 

extracellular Toll-like receptors (TLRs) and cytoplasmic Nucletide-binding domain- and 

Leucine-rich Repeat-containing proteins (NLRs). NLRs are defined by their tripartite domain 

architecture that contains a C-terminal LRR (Leucine Rich Repeat) domain, the nucleotide-

binding oligomerization (NACHT) domain, and the N-terminal effector domain. It is proposed 

that pathogen sensing in NLRs occurs through ligand binding by the LRR domain. Thus, we 



 

 

hypothesized that LRRs would be suitable for the design of alternative binding scaffolds for use 

in molecular recognition.  

The NOD protein family plays a very important role in innate immunity, and 

consequently serves as a promising scaffold for design of novel recognition motifs. However, 

engineering of de novo proteins based on the NOD family LRR domain has proven challenging 

due to problems arising from protein solubility and stability. Consensus sequence design is a 

protein design tool used to create novel proteins that capture sequence-structure relationships and 

interactions present in nature in order to create a stable protein scaffold. We implement a 

consensus sequence design approach to develop proteins based on the LRR domain of NLRs. 

Using a multiple sequence alignment we analyzed all individual LRRs found in mammalian 

NLRs. This design resulted in a consensus sequence protein containing two internal repeats and 

separate N- and C- capping repeats named CLRR2. Using biophysical characterization methods 

of size exclusion chromatography, circular dichroism, and fluorescence, CLRR2 was found to be 

a stable, monomeric, and cysteine free scaffold. Additionally, CLRR2, without any affinity 

maturation, displayed micromolar binding affinity for muramyl dipeptide (MDP), a bacterial cell 

wall fragment. To our knowledge, this is the first report of direct interaction of a NOD LRR with 

a physiologically relevant ligand. Furthermore, CLRR2 demonstrated selective recognition to the 

biologically active stereoisomer of MDP. Results of this study indicate that LRRs are indeed a 

useful scaffold for development of specific and selective proteins for molecular recognition, 

creating much potential for future engineering of alternative protein scaffolds for biomedical 

applications. 

My second research interest focused on the development of proteins for novel 

biomaterials. In the past two decades, keratin biomaterials have shown impressive results as 



 

 

scaffolds for tissue engineering, wound healing, and nerve regeneration. In addition to its 

intrinsic biocompatibility, keratin interacts with specific cell receptors eliciting beneficial 

biochemical cues, as well as participates in important regulatory functions such as cell migration 

and proliferation and protein signalling. The aforementioned properties along with keratins’ 

inherent capacity for self-assembly poise it as a promising scaffold for regenerative medicine and 

tissue engineering applications.  However, due to the extraction process used to obtain natural 

keratin proteins from natural sources, protein damage and formation of by-products that alter 

network self-assembly and bioactivity often occur as a result of the extensive processing 

conditions required. Furthermore, natural keratins require exogenous chemistry in order to 

modify their properties, which greatly limits sequence tunability.  

Recombinant keratin proteins have the potential to overcome the limitations associated 

with the use of natural keratins while also maintaining their desired structural and chemical 

characteristics. Thus, we have used recombinant DNA technology for the production of human 

hair keratins, keratin 31 (K31) and keratin 81 (K81). The production of recombinant human hair 

keratins resulted in isolated proteins of the correct sequence and molecular weight determined by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis and mass spectrometry. Proteins with 

no unwanted sequence truncations, deletions, or mutations indicate recombinant DNA 

technology can be used to reliably generate full length keratin proteins. This allows for 

consistent starting materials with no observable impurities or undesired by-products, which 

combats a major challenge associated with natural keratins. Additionally, recombinant keratins 

must maintain the intrinsic propensity for self-assembly found in natural keratins. To test the 

propensity for self-assembly, we implemented size exclusion chromatography (SEC), dynamic 

light scattering (DLS), and transmission electron microscopy (TEM) to characterize K31, K81, 



 

 

and an equimolar mixture of K31 and K81. The results of the recombinant protein 

characterization reveal novel homo-polymerization of K31 and K81, not previously reported, and 

formation of characteristic keratin fibers for the K31 and K81 mixture. Therefore, recombinant 

K31 and K81 retain the intrinsic biological activity (i.e. self-assembly) of natural keratin 

proteins. We have also conducted a comparative study of recombinant and extracted 

heteropolymer K31/K81. Through solution characterization and TEM analysis it was found that 

use of the recombinant heteropolymer allows for increased purity of starting material while also 

maintaining self-assembly properties necessary for functional use in biomaterials design. 

However, under the processing condition implemented, extracted keratins demonstrated 

increased efficiency of assembly. Through each study we conclude that recombinant keratin 

proteins provide a promising solution to overcome the challenges associated with natural protein 

materials and present an exceptional design platform for generation of new biomaterials for 

regenerative medicine and tissue engineering. 

 

   

 

 

 

 

 

 

 

 



 

 

 

Protein Engineering for Biomedical Materials 
 

Rachael N. Parker 

 

GENERAL AUDIENCE ABSTRACT 
 

 

Protein engineering and synthetic protein production enables the creation of new proteins 

that can perform specific tasks. Many advances in biomedical materials and medical diagnostic 

tools stem from the use of synthetic proteins. The main focus of my dissertation was to develop 

new biomedical materials using protein engineering.  

 In chapters three and four of the dissertation development of synthetic proteins for 

medical diagnostics is discussed. We have designed artificial protein sensors based on natural 

innate immunity proteins, which function in the body as the source for recognition of foreign 

pathogens, such as bacteria and viruses. Our goal was to create synthetic proteins with similar 

characteristics to the innate immunity receptors for the purpose of sensing bacteria and viruses in 

the form of a biosensors or medical diagnostic. Through our work we have developed an 

artificial protein scaffold that can selectively interact with a relevant biological target. This 

research provides the ground work for future development of proteins that can sense a wide 

variety of important pathogens and subsequently be manufactured into diagnostic devices. 

Our research involving protein design for biomaterials is the focus of chapters five and 

six of the dissertation.  Keratin is a ubiquitous protein found in the human body. It functions as a 

structural protein and helps create the complex network that makes up skin, hair, and epidermal 

appendages. We have created synthetic keratin proteins in an effort to fabricate biomaterials that 

can be used for regenerative medicine and tissue engineering applications. Our strategy allows 

for development of proteins that can be designed to have characteristics not afforded to naturally 



 

 

occurring keratin proteins, and thus presents the opportunity to make materials with unique 

properties and characteristics that may make them more successful in our intended applications 

of tissue engineering. From our work we have shown that synthetic production of these proteins 

is possible and that the synthetically produced proteins retain the essential structural and 

functional properties associated with natural keratin proteins. Thus, this work highlights the 

potential for use of synthetic proteins for production of biomaterials with new and important 

features that cannot be obtained through use of natural proteins. 
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Chapter 1. Introduction 

1.1 Dissertation overview 

This dissertation focuses on using protein engineering tools to develop biomedically relevant 

materials for the design of molecular recognition agents for biosensors, and for the design of 

protein-based biomaterials for regenerative medicine and tissue engineering.  

Chapter two reviews current strategies for generating new molecular recognition agents, as 

well as common design techniques employed. This chapter will also present an overview of 

current methods for engineering biomaterials for medical applications, and provide an 

introduction to the use of recombinant-protein based materials. 

The engineering of molecular recognition agents for applications in medical imaging, 

diagnostic, and sensing applications will be described in chapter three, as well as techniques and 

strategies for engineering these scaffolds. Chapter four discusses the design of a molecular 

recognition agent based on leucine-rich repeat proteins.  This chapter will detail our consensus 

design approach to develop molecular recognition modules for recognition of whole cell 

pathogens through selective binding of pathogen cell wall motifs.  

Engineering of recombinant keratin proteins for development of biomaterials will be 

presented in chapters five and six. This work focuses on the design of human hair keratins for 

generation of biomaterials with tunable chemical and mechanical properties. Our production of 

recombinant human hair keratins 31 and 81 will be described, as well as their characterization 

and comparison to their naturally derived counterparts. Chapter 7 offers overall conclusions for 

this dissertation and proposed future work. 
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Chapter 2. Protein Engineering for Biomedical Sensors and 

Biomaterials 

2.1 Abstract 
Advances in the field of protein engineering over the last several decades have resulted in 

a vast array of new technologies for the design of tunable protein sequences with a wide variety 

of functions. Protein engineering allows for development of multifunctional and tailored 

systems, as well as creates the ability to expand our knowledge of protein sequence-structure-

function relationships. These advantages result in improved designs for diagnostics and sensors, 

imaging tools, tissue engineering and regenerative medicine, and drug delivery applications. 

Genetic engineering techniques and recombinant DNA technology provide an avenue for design 

and engineering of proteins with controlled, specific properties. Consequently protein-based 

technologies are becoming increasingly used for development of biomedical materials. The work 

detailed here focuses on two examples of protein engineering, one for diagnostic and sensing 

applications and the second for tissue engineering and regenerative medicine materials design.  

2.2. Introduction to Proteins for Molecular Recognition 
 

 Biosensors are beneficial tools in environmental, clinical, and chemical analysis.1  They 

consist of three main components: a molecular recognition agent, a transducer, and a signal 

readout (Figure 2.1).  The molecular recognition device interacts with a target analyte producing 

a response.  The transducer then converts the response into a quantifiable signal.1  Each 

component contributes to the overall biosensor’s function; however, specificity and selectivity of 

biorecognition limits the effectiveness of the biosensor. This work focuses on molecular 

recognition modules because they are the critical component of a biosensor system.  Modules for 

molecular recognition, as well as methods for their design will be discussed.   
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Figure 2.1. Three main components of biosensors: (A) molecular recognition agent; (B) signal 

transducer. (C) signal readout.1 (Reprinted from Seminars in cell and developmental biology, 

20/1, Conroy, P. J.; Hearty, S.; Leonard, P.; O'Kennedy, R. J., Antibody production, design and 

use for biosensor-based applications, 10-26, Copyright 2009, with permission from Elsevier) 

 

 

2.2.1 Biosensors 

 

Biosensors can be divided into three main classes: genetically encodable biosensors, 

enzymatic biosensors, and molecular recognition based biosensors.2-11 Each of these types of 

sensors provides a unique approach to molecular detection. The following sections will provide 

background on each, with emphasis on molecular recognition-based sensors, which is the scope 

of the work presented in the following two chapters. 

2.2.1.1 Genetically Encoded Biosensors 

 

 Genetically encodable biosensors provide valuable information about cell activity 

through monitoring of fluorescence.6, 11  Plasmid DNA, encoding for the sensor, is incorporated 

into cells and subsequently expressed as a protein that is the working sensor within the cell.6-7  
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These proteins can be developed to target specific molecules and cellular locations with great 

spatial and temporal resolution.7, 10  Examples of genetically encodable biosensors include 

lanthanide binding tags, tetra-cysteine tags, and fluorescent proteins (Figure 2.2 A-2.2 C).   

Lanthanide-tagged proteins generate insight into cellular activity and function proving 

particularly useful for large proteins.3, 12  Chemical coupling through cysteine residues allows for 

incorporation of lanthanide ions into proteins by chemical means.  Alternatively, lanthanide 

binding tags (LBTs) can be incorporated into the protein on the gene level (Figure 2.2 A).3, 13  

LBTs provide the advantage of a long decay time of luminescence.9  

 The tetra-cysteine tag is incorporated into the target protein and produces a fluorescence 

signal upon binding to the biarsenical dye (Figure 2.2 B).2  The comparatively small size of tetra-

cysteine tags proves advantageous over the larger fluorescent proteins because they are less 

likely to interrupt the protein’s function.8  However, a potential disadvantage of this method is 

the toxicity of biarsenical dyes due to off target interactions.  

 Fluorescent proteins monitor ligand binding or cellular activity in three ways: (1) 

fluorescence resonant energy transfer (FRET) based on the principle of excited state energy 

being transferred between two proteins upon their interaction (Figure 2.2C (i)) (2) monitoring 

fluorescence from a single protein upon ligand binding (Figure 2.2 C (ii)) (3) visualization of 

ligand binding when the fluorescent protein is transported within the cell.7, 14-15  Overcoming the 

disadvantage of low dynamic range or change in emission of these sensors will allow for 

improved spectral resolution and use in high throughput screens.7, 16 
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Figure 2.2. Genetically encodable biosensors: (A) Lanthanide tag (LBT) co-expressed for use as 

peptide binding tag;3 (B) Example tetra-cysteine tag used in detection of pathogenic bacteria;8 

(C) Fluorescent protein biosensors: (i) FRET based interaction (ii) Single fluorescent protein for 

biosensor.7 (Reprinted from Current Opinion in Chemical Biology, 14/2, Allen, K. N.; Imperiali, 

B., Lanthanide-tagged proteins--an illuminating partnership, 247-254, Copyright 2010, with 

permission from Elsevier-2.2A; Reproduced with permission from John Wiley & Sons, Inc.- 

2.2B; Reprinted from Current Opinion in Chemical Biology, 12/1, VanEngelenburg, S. B.; 

Palmer, A. E., Fluorescent biosensors of protein function, 60-65, Copyright 2008, with 

permission from Elsevier) 

 

 

2.2.1.2 Enzymatic Biosensors 

 

 Enzymatic biosensors use enzymes to bind analytes, and subsequently catalyze a 

chemical reaction that is measured by a variety of transducers.4  Reactions include electron 

transfer, hydrolysis, esterification, and bond cleavage.4  The type of reaction determines the 

transducer that is used.  For example, a potentiometric detector measures an electron transfer 

reaction by detecting a change in potential.4  Glucose sensors, which monitor blood glucose 

levels in diabetics, are an example of enzymatic biosensors.5  In this example glucose oxidase 

reacts with glucose through a redox reaction.  Highly selective recognition of the substrate and 
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catalysis of a specific reaction enhances the biosensor effectiveness.4  This high selectivity is a 

major advantage; however, available enzyme-substrate pairs limit the use of enzymes for 

biosensing applications.  

2.2.1.3 Molecular Recognition Modules 

 

 One aim of the work presented here is the development of a new molecular recognition 

module for biosensing.  Molecular recognition modules with binding constants corresponding to 

sensitivities in the nanomolar and picomolar range play an important role in the success of 

biosensing and bioimaging.17-19 Coupling of molecular recognition modules to fluorophores or 

other visualization devices creates highly selective and specific probes with many applications.  

As the essential element in a biosensor, several molecular recognition scaffolds have been 

proposed over the past ten years.  However, effective applications of these modules have been 

limited.  This discussion focuses on successfully employed scaffolds that serve as comparative 

models for our research. 

2.2.1.3.1 Antibodies as Molecular Recognition Modules 

 

 Antibodies have long been considered highly specific and sensitive antigen binders with 

nanomolar to picomolar affinities.1   The production of antibodies, through immunization or by 

development of a library of affinity binders in vitro, allows for targeting a number of different 

molecules.20  Yet, numerous difficulties arise with the use of antibodies.  For example, the 

necessity for eukaryotic cell expression makes antibody production expensive and difficult.1  

Also their large size and complex structure lead to unwanted nonspecific interactions.21 Interest 

in this area has increased over the past ten years as a result of the need to develop alternative 

protein scaffolds designs that surpass antibodies in their ability to function as molecular sensing 

and imaging agents.19  However, perhaps the most astounding drawback of antibodies results 
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from their highly unselective nature. A 2008 study revealed that out of over 6,000 clinically used 

antibody products, less than half are selective to only their desired target.22 These findings have 

led the push for standardization of antibody production and use, as well as the development of 

alternative scaffolds for molecular recognition.  

2.2.1.3.2 Alternative Protein Scaffolds 

 

 Alternative scaffolds aim to surpass antibodies in biophysical properties such as size, 

stability, and an absence of cysteine residues (Figure 2.3).17  Additionally, design of these 

scaffolds through recombinant or chemical synthetic means will reduce the cost and difficulties 

associated with antibody production and handling.19, 23  

 

 

Figure 2.3. Relative size of an antibody and a binding scaffold T-Mod. The T-Mod scaffold is 

roughly one-tenth the size of an antibody; however, the ligand-binding site is of the same size.24 

(Reproduced with permission from John Wiley & Sons, Inc.) 

 

 

 The development of multifunctional and multispecific molecules is another advantage of 

alternative scaffolds.19  Multispecific and multifunctional proteins facilitate several contacts to 

the target ligand and allow for potential interaction with multiple targets. Furthermore, 
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alternative scaffolds should be easily amended to enhance pharmacokinetic properties such as 

length of half-life and clearance of scaffolds used as imaging agents.19 

 A number of alternative protein scaffolds have been proposed over the past several 

years.17-21, 25-34  Of these, significant progress has been made on adnectins, affibodies, anticalins, 

knottins, and several repeat protein scaffolds. 

2.2.1.3.3 Proposed Scaffolds 

 

 Adnectins are based on the tenth extracellular domain of human fibronectin III, a 

conserved region of 100 amino acids found in human fibronectin.19, 35  They have proven 

successful as alternative antibody scaffolds for use in a variety of therapeutic applications.  The 

structure of adnectins, similar to the antibody Ig structure, consists of 94 amino acids and six 

loops in a beta sandwich (Figure 2.4A).19, 26  Although adnectins contains disulfide bonds, 

folding and stability of these proteins are not dependent upon them.19  Many targets selected 

against adnectins include ubiquitin, TNF-alpha, lysozyme, and Abelson kinase SH2 domain, 

with each having a binding affinity in the nanomolar or picomolar range.19   

 Engineered binding proteins known as affibodies are based on the B domain of 

staphylococcal protein A.26  Affibodies are good scaffolds due to their small size of 

approximately 6 kDa, cysteine free sequence, ability for easy and fast folding, high stability, and 

efficient library generation through in vitro selection methods.31  Affibodies consist of three 

helical bundles with 58 amino acids, and have been successfully used in therapeutics and 

molecular imaging applications (Figure 2.4B).36-37 

 Anticalins, engineered lipocalins, share many similarities with antibodies in their overall 

structure— a beta-barrel scaffold accompanied by four peptide loops (Figure 2.4C).19  
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Additionally, anticalins exhibit high stability and are monomeric.  Their design enables them to 

target peptides and proteins in a number of different applications.32, 38-39 

 Another class of proteins that has generated significant interest as alternative scaffolds is 

cysteine knot peptides, which are also known as knottins.  Knottins consist of approximately 20 

to 60 amino acids (Figure 2.4D).  A valuable characteristic of knottins includes their natural 

chemical, proteolytic, and thermal stability that results from three stabilizing disulfide bonds.29  

Additionally, the cysteine core of the knottins is the only highly conserved part of the structure.28  

As a result, knottins have high potential for engineering ligand binding because of their ability to 

introduce variation into the loop sequence without interrupting the overall protein structure.   

 

 

Figure 2.4. Structures of alternative proteins scaffolds: (A) Adnectin scaffold (PDB: 2OCF). (B) 

Affibody scaffold (PDB: 3MZW). (C) Anticalin scaffold (PDB: 3BX7). (D) Cysteine knot 

scaffold (PDB: 1MR0). 

 

   

Naturally occurring repeat proteins are implicated in numerous protein-protein 

interactions.17  These proteins consist of a repeating structural motif that varies in number.  The 
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modular nature of repeat proteins proves advantageous when used in alternative scaffolding.  

Unlike globular proteins, repeat proteins form elongated structures resulting in a larger surface 

area for potential ligand interaction, as well as creating the possibility to design these proteins, 

through engineering repeating units and adding or removing repeats to have multispecific 

functions.27  Repeat protein families previously studied as alternative scaffolding include: 

designed ankyrin repeat proteins (DARPins), tetratricopeptide repeats (TPRs), armadillo repeat 

proteins (ARMs), and leucine rich repeat proteins (LRRs) (Figure 2.5 A-2.5 D). 

 DARPins and TPRs bind target ligands through the concave face (Figure 2.5 B).18  

Ligand binding sites were engineered onto the DARPin and TPR scaffolds through directed 

evolution methods and binding site grafting.27, 40  An important feature of TPRs is their rigid 

structure.25    TPRs do not undergo a conformational change upon ligand binding, allowing for a 

simpler design; there is no need to account for structural change upon interaction with the target.  

ARM, known for their peptide binding affinities, bind one dipeptide of the ligand per repeating 

unit.17, 27  A recent consensus-based analysis yielded an ARM design capable of binding the 

peptide neurotensin serving as one of the first successful designs of this scaffold.33 

 Several naturally occurring proteins contain LRRs.  The proteins found in jawless fish are 

notable examples of LRR containing proteins.  Here LRRs are found in the variable lymphocyte 

receptors (VLRs), the proteins that mediate adaptive immune response in the jawless fish.30, 34  

Crystal structures indicate that the concave face of rigid beta strands act as the ligand binding 

surface.41   

LRRs from the nod-like receptor proteins (NLRs) serve as the basis for our scaffold 

design.  As with previously discussed alternative scaffolds, LRRs gain their advantage as 

molecular recognition modules because of their biological role in nature.  The innate ability of 
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NLRs to sense small molecules makes them the ideal scaffold for our molecular recognition 

device.   

 

Figure 2.5. Structures of repeat proteins: (A) DARPin: 33 amino acids repeats that form a helix-

turn-helix-β-hairpin structure (PDB: 2XEE). (B) TPR: 34 amino acid repeats, elongated alpha 

helical structure (PDB: 2FO7). (C) ARM: 42 amino acid repeats made up of three alpha helices 

PDB: 3NMW). (D) LRR: 28 amino acid repeating structural motif that forms a horseshoe-like 

scaffold consisting of beta-strand and helical segment linked by variable loops (PDB:1A4Y).  

  

2.2.2 Methods for Design of Molecular Recognition Scaffolds 

 

 There are three primary strategies for design of molecular recognition scaffolds: high 

throughput screening, computational design, and consensus-based design. Principles of each 

technique, as well as advantages and disadvantages for each method will be discussed. 
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2.2.2.1 High-Throughput-Screening 

 

In combinatorial protein engineering, a large library of potential target binders is 

developed by simultaneously changing multiple residues and screening for a desired function.18  

Step-by-step alteration, production, and analysis of sequences prove nearly impossible. 

Therefore, combinatorial protein engineering provides an efficient alternative method for 

selection of proteins with high binding affinity for the analyte.  Numerous techniques exist for 

directed evolution and screening of protein libraries including: cell-dependent display systems, 

cell-free display systems, and non-display systems.18  Provided below is a brief overview of 

these techniques. 

Two commonly used cell-dependent methods include yeast surface display (YSD) and 

phage display.  In YSD the proteins express as a fusion to the Aga2p mating agglutinin protein.42  

Aga2p is linked to Aga1p protein, and Aga1p covalently links to the yeast cell surface (Figure 

2.6).42  This allows the proteins of interest to interact with other molecules in solution. Use of 

cell sorting techniques, coupled with fluorescent tags that are incorporated into the library 

proteins and the target molecule, allow for isolation and detection of binding proteins. 
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Figure 2.6. Schematic of yeast surface display: Protein library is expressed as a fusion to the 

Ag2p protein.  Ag2p is linked to Ag1p through 2 disulfide bonds.  Ag1p is covalently linked to 

the yeast. cell wall.  HA and Anti-HA are epitope tags that can be used to quantify expression 

through fluorescence.  The target ligand is biotinylated and fused to streptavidin. Adapted from 

reference 42.42   

  

In phage display, proteins are expressed on the surface of bacteriophages by fusing the 

library of interest to the pIII or pVIII coat proteins.18    Libraries, consisting of mutated copies of 

the gene, express up to approximately 108 mutants for YSD and 1010 for phage display.1, 42  The 

efficiency of DNA transformation limits the library size.43 

 In an effort to overcome the limitations of cell-dependent systems, such as library size, 

cell-free selection systems have been explored.  The most successful cell-free system is 

ribosomal display, where the target gets co-expressed with members of the generated mutant 

library.18  An advantage of cell-free systems is that they can produce library sizes of 

approximately 1013 to 1014 mutants since they are not limited by transformation efficiency.1, 44  



14 

 

However, a limitation of this method is the requirement that the target protein must be expressed 

in its folded form.18     

2.2.2.2 Computational Protein Design 

 

 Computational design aims at obtaining a better understanding of the relationship 

between protein sequence and function in order to produce proteins with ideal properties.45  

Previously, the implementation of such methods helped improve the stability of proteins and the 

specificity of their interactions to create novel designs with desired functionalities.46  For 

example, the Rossetta suite has been used successfully for many macromolecular modeling 

applications, including design of novel protein interfaces.47  While experimental methods do not 

always provide the same level of design control, computational methods have yet to consistently 

produce designs that match the affinity and specificities of experimental designs.48  Nevertheless, 

computational methods consistently supply candidates for functional experimental design.49  

 

2.2.2.3 Consensus-based Design 

 

 The consensus-based design approach to structural protein engineering analyzes the 

statistical occurrence of amino acids in each position of a sequence in order to generate a 

consensus design.50  Sequences of proteins with related structure and function are analyzed in a 

multiple sequence alignment to determine amino acids with highest occurrence in each position.  

By selecting residues with the highest statistical frequencies, a sequence is constructed based on 

the idea that stabilizing amino acids will occur with the greatest frequency.50  This analysis 

provides useful information regarding optimal sequence residues and their physical properties.  

Additional analyses, such as hyper-variability and covariation analyses, can also give better 

insight into potential ligand binding residues that can be used for later randomization in high 
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throughput assays.51  A consensus sequence aims to generate an optimized structural motif with 

increased stability.50   

2.2.4 Summary 

Each method for development of alternative protein scaffolds successfully aids in the 

generation of new molecular recognition devices.  Limitations of each method exist that are often 

overcome through use of two methods in tandem.  High-throughput-screening assays limit the 

control over protein design.  In contrast, computational or consensus approaches allow for 

specific sequence design, but usually need further experimental procedures to enhance the 

desired function of the scaffold.  Consensus-based or computational design, along with 

combinatorial protein engineering, make it possible to develop new alternative scaffolds with 

great potential for many applications.20, 28, 33, 50, 52  The ability to generate specific and enhanced 

designs through sequence analysis helps to create scaffolds with properties superior to those of 

antibodies.  Additionally, directed evolution and selections methodologies significantly enhance 

the efficiency of selecting high affinity receptors for a wide range of targets.   

2.3 Introduction to Biomaterials Design 
 Biomaterials engineering presents another field where recombinant protein technologies 

are emerging as important design tools. Research in the design of new biomaterials aims to 

develop alternatives to standard techniques used for regenerative medicine and tissue 

engineering applications. The field of regenerative medicine stems from translational research in 

tissue engineering and molecular biology. The goal of regenerative medicine and tissue 

engineering is to restore or create normal function in damaged or diseased tissues, cells, and 

organs through the use of biomaterials, cells, bioactive molecules, and the body’s own ability for 

self-healing.53-54 However, traditionally used scaffolds and synthetic materials for these 
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applications fall short in obtaining the characteristics necessary for successful clinical 

implementation.  For example, autologous and allogenic grafts have long been the standard for 

tissue engineering applications.  However, these techniques suffer from many drawbacks 

including donor site morbidity (autografts) and unwanted immune response, as well as possible 

risk of disease transfer (allografts).55 For many years, despite the problems associated with their 

use, these procedures accounted for the vast majority of treatments for damaged tissues and 

organs. Alternatively, synthetic materials, such as polymers, metals, and ceramics have been 

used, but have also seen limited success in large part due to their lack of biocompatibility and the 

difficulty associated with modifying their chemical properties.56 In an effort to overcome these 

challenges, research has turned toward the use of natural biomaterials, mainly protein-based 

materials, as well as recombinant protein-based materials as a promising alternatives to 

traditional methods.  

 When designing a scaffold for regenerative medicine and tissue engineering applications 

there are certain properties required.57 First, the final material must provide good mechanical and 

structural support. The ability to modulate these parameters for specific applications also offers 

many advantages for development of tunable materials. Additionally, biomaterials should 

demonstrate excellent control over cell attachment, as well as migration, proliferation, and 

differentiation.58 Many natural biopolymers contain cell adhesion sites within their primary 

sequence, which facilitate cellular attachment without additional modification.59-63 Lastly, 

controlled degradation of the material is critical for its overall success. Materials with re-sorbable 

features allow for degradation of the scaffold in a precise manner that is complimentary to the 

rate of healing of the body, providing a temporary implant instead of a permanent structure.64 

Each of these features are essential to the effectiveness and success of the scaffold. While 
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traditional methods fall short of these characteristics, protein-based materials provide a 

promising solution to achieve the required biomaterials properties.65 

Natural biopolymers have many advantages over previously implemented techniques 

including increased biocompatibility, ease of surface modification, and diverse chemical and 

physical properties.66-67 Over the last three decades protein-based materials derived from 

extracted collagen, elastin, fibronectin, laminin, fibrin, silk, vitronectin, and keratin have 

achieved much success in regenerative medicine. However, while many of the materials 

produced from these proteins come close to achieving all of the desired characteristics, most 

scaffolds fail to achieve all the necessary qualifications needed for successful clinical use. 

Limited tunability of properties, need for functionalization or modification that may disrupt 

structure or function, and limited resource abundance demonstrate some of the problems 

associated with the use of natural materials. As a result, the use of recombinant protein-based 

materials as the next generation in biomaterials design has garnered much interest. Progress in 

protein design and genetic engineering techniques provides an avenue for creating scaffolds with 

essential properties through tailoring of the protein sequence, and thus function and materials 

properties. The following sections will discuss natural and recombinant protein-based 

biomaterials, as well as their use and effectiveness in regenerative medicine and tissue 

engineering applications. 

2.3.1 Natural Protein-based Biomedical Materials 

 

Natural protein-based materials provide many advantages to traditional methods and 

other synthetic systems. Collagen, elastin, fibronectin, laminin, fibrin, silk, vitronectin, and 

keratin provide some examples of the most widely used natural proteins for biomedical 

applications (Figure 2.7 A-D).60, 68-76 Scaffolds engineered for regenerative medicine seek to 
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mimic the chemical and mechanical properties of the extra cellular matrix (ECM) or other 

important structural and mechanical properties of tissues. Consequently, as the natural proteins 

listed above are structural and/or regulatory components of tissues and the ECM, they are well 

poised for use in materials generation.  

 

Figure 2.7. Crystal structure of (A) Collagen (B) Silk (C) Keratin and (D) Laminin. PDB codes: 

1CAG, 5D2Q, 3TNU, and 5IK5. 

2.3.1.1 Collagen 

 

Collagen has been implemented in biomedical applications for several decades.77-81 It is a 

structural protein that is found in many tissues, such as tendons, cartilage, bone, and skin. As the 

most abundant mammalian protein, it plays many important functional roles including regulating 

cell adhesion and migration, as well as participating in tissue repair.67 Collagen provides 

advantages for medical applications such as, excellent biocompatibility and simple 

functionalization. Additionally, given its natural abundance, it is readily obtained from natural 
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sources, and its biodegradable quality affords it with another important characteristic. However, 

despite its success, collagen lacks the mechanical versatility needed for utilization in many 

applications, due to its rigid structural characteristics. Consequently, blending of collagens with 

other protein or polymer sources to improve mechanical properties has been completed with 

limited success.82-83 

2.3.1.2 Elastin 

 

Another component of the ECM, elastin, also offers many beneficial advantages over 

traditionally used scaffolds. Elastin is a structural protein mainly found in skin, lungs, arteries, 

and various connective tissues. Comprised of tropoelastin monomers, elastin provides 

mechanical flexibility to tissues (i.e. elasticity), as well as promotes cell adhesion and cell 

growth.61 Another important feature of elastin comes from its integrin binding site for αvβ3, 

which improves its biocompatibility when used for materials development. Elastin is often used 

with other proteins and polymers to improve mechanical durability, notably extensive work on 

silk-elastin combinations.84 The flexible mechanical features of elastin result from the 

hydrophobic domains in the protein sequence. However, crosslinking of the hydrophilic domains 

creates the insoluble fibrous structure, which in turn limits the use of elastin from natural 

sources, as its extraction and processing becomes difficult. Consequently, “elastin-like” 

polypeptides have been used as artificial alternatives to natural elastin due to improved solubility 

and tunability.85-87 

2.3.1.3 Fibronectin 

 

A glycoprotein, fibronectin demonstrates another example of a natural protein well suited 

for regenerative medicine and tissue engineering applications.88-91 Similar to elastin and 

collagen, fibronectin provides structural support as an ECM component. It also plays a role in 
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cell adhesion and growth, and contains many functional binding motifs, including cell binding 

motifs and binding motifs for collagen, heparin, fibrin, and gelatin.62 Due to its excellent 

biocompatibility and biological functions, modification of scaffolds with fibronectin to improve 

cellular attachment and proliferation has proved a successful method for improving performance 

of biomaterials.69, 73, 91  

2.3.1.4 Vitronectin, Laminin, and Fibrin 

 

Other ECM proteins suitable for tissue engineering and regenerative medicine include 

vitronectin, laminin, and fibrin. Vitronectin is a glycoprotein that binds collagen, 

glycosaminoglycans, and plasminogen.92 In addition it contains the RGD cellular binding motif 

thus making it useful for improving cell attachment and growth.74 Similar to vitronectin, laminin 

is also an ECM glycoprotein. Often used to coat polymer-based materials, laminin binds matrix 

proteins, as well as increases cellular adhesion and proliferation.75, 93-94 Lastly, fibrin, a 

viscoelastic biopolymer, provides an example of an ECM protein only present during specific 

biological circumstances. Fibrin helps in blood clotting and thus is only present in the ECM 

when needed.95 However, fibrin has found much clinical use in tissue engineering, wound and 

burn treatments, as well as with medical adhesives.76, 96-99   

2.3.1.5 Silk 

 

One of the most commonly used biopolymers for tissue engineering and regenerative 

medicine comes in the form of silk. Silk proteins have been widely used in large capacity for 

biomedical applications.72, 100-104 One of the most astounding features of silk is derived from it 

excellent mechanical durability resulting from the hierarchical structure formed by the fibrous 

protein. Silk also has an exceptional biocompatibility and can be obtained in abundance from 

natural sources.72 Yet, not all silk proteins are easily obtained from natural sources. For example, 
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spider silk production proves difficult, and has thus led to the engineering of spider silk-like 

proteins, demonstrating another example where protein engineering techniques can overcome the 

challenges associated with natural biopolymers.105-106  

2.3.1.6 Keratin 

 

Keratin proteins provide an additional example of natural proteins that have found much 

use in regenerative medicine and tissue engineering applications. The intrinsic capacity of 

keratin to self-assemble into mechanically robust fibers lends itself to many biomedical 

applications.107-109 Keratin also provides excellent biocompatibility, and contains cellular binding 

motifs that have been shown to assist in cell adhesion and growth.60 Consequently, keratin-based 

materials have been used in wound healing, tissue engineering, and nerve regeneration with great 

success.110-120 Similar to previously presented examples, keratin proteins often need further 

modification following extraction from their natural sources thus lending them to improvement 

through protein engineering. 

2.3.1.7 Summary of Natural Proteins 

 

Natural biopolymers offer excellent alternatives to traditional tissue engineering methods 

and other synthetic materials. Their intrinsic biocompatibility and biological activities, as well as 

chemical and mechanical properties poise them as well-suited scaffolds for many biomedical 

applications. However, the need for further modification and functionalization in addition to 

limitations often encountered when obtaining these proteins from natural sources, create 

disadvantages with their use. Modification of the natural protein may lead to aggregation or 

denaturation and thus the loss of biological activity, as well as possible undesired immunogenic 

responses.121 In an effort to improve on the beneficial properties of natural proteins and achieve 

each of the desired characteristics of the ideal scaffold, research has turned to protein 
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engineering where the use of recombinant DNA technology and genetic engineering methods 

may provide the solution to these problems. 

2.3.2 Recombinant Proteins for Biomaterials Development 

 

 While natural protein-based scaffolds provide many advantages to traditional engineering 

methods, the use of recombinant protein engineering technology provides a possible solution to 

overcoming the limitations associated with these materials. Advances in recombinant DNA 

technology and genetic engineering present many benefits for the design of new biomaterials 

systems. The efficiency of recombinant DNA technology allows for facile synthetic gene 

construction, cloning, specific and selective sequence mutations, and enables subsequent protein 

production and isolation. The controlled and specific tuning of the protein sequence enables the 

precise control over the resulting functions and characteristics of the final material.  

Recombinant protein engineering has several main advantages over extraction of proteins 

from their natural sources (Figure 2.8).122 One such advantage is the efficient sequence tailoring 

accomplished through selective mutations, insertions, and deletions allowing for rational material 

design. The incorporation of non-canonical amino acids also expands the sequence scope and 

provides a handle for later conjugation or modification. Additionally, recombinant DNA 

technology allows for the creation of protein sequences from two or more non-related proteins. 

For example, the engineering of silk-elastin-like proteins has resulted in materials with improved 

mechanical properties through the combination of the elasticity of the elastin protein and the 

strength of silk.84 The ability to apply combination design further expands and improves on 

previously used methods for blends of natural proteins through controlled design. Recombinant 

protein engineering methods also provide the ability to control processing conditions, thus 

removing problems associated with source variability. Specific sequence modifications provide 
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the means for incorporation of cellular adhesion motifs, as well as other protein binding motifs 

(e.g. integrin binding motif). This increases the biocompatibility and improves the biological 

activity of the scaffold. Analogous to incorporation of binding motifs is the incorporation of 

degradation sites into the protein sequence. The ability to control the number and type of 

degradation sites enables subsequent control over the rate of the scaffold degradation in a manner 

that is compatible with the bodies healing process. Lastly, recombinant protein production takes 

materials engineering from design of static systems into the next generation of multifunctional 

dynamic systems, such as the design of stimuli responsive materials. All of the advantages 

gained through recombinant protein engineering create the ability to develop materials with 

tunable chemical, mechanical, and physical properties. Proteins that have been successfully 

produced by recombinant protein methods include: silk, elastin, and collagen. Table 2.1 

summarizes each proteins structure, their natural functions, and applications. 
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Figure 2.8. Chart demonstrating advantages of protein engineering techniques for the design of 

biomaterials for medical applications. (Reprinted from Current Opinion in Biotechnology, 39, 

Dinjaski, N. and Kaplan D.L., Recombinant protein blends: silk beyond natural design, 1-7, 

Copyright 2016, with permission from Elsevier). 

 

2.3.2.1 Silk 

 

 Silk protein use in biomedical materials dates back several decades.72 The robust 

mechanical properties of silk fibers provide an exquisite combination of elasticity and strength. 

Specifically, spider silk has garnered much interest for recombinant protein production due to the 

difficulties associated with procuring the material from natural sources.106 Spiders produce and 

use a wide variety of silk proteins resulting from the need to fabricate silk for various purposes 

(e.g. building webs, catching prey, etc.). As a result, spider silks offer many possibilities for 

tailored materials design, so their recombinant production has been widely explored. 

Recombinant silk-based materials have been implemented in an assortment of applications 

including, tissue regeneration, drug and gene delivery, neural tissue engineering, delivery of 
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bioactive molecules, and bone regeneration.101, 105, 123 Additionally, silk fusion proteins have 

been expansively investigated, most notably silk-elastin-like proteins (SELPs).84, 122, 124 The main 

advantage provided by SELPs results from their stimuli-responsive characteristics. As previously 

noted, next generation biomaterials seek to develop dynamic systems, such as these stimuli-

responsive SELPs.  

A recent example exhibited in the work by Zhou et al. demonstrates the utility of the 

SELP scaffold for biomedical materials design.125 In this work a rationally designed redox 

responsive injectable SELP hydrogel was developed for controlled drug delivery through a 

redox-sensitive release mechanism. The ratio of silk to elastin proved critical to optimization of 

the mechanical properties, as well as the redox-sensitive features of the system, once again 

demonstrating the advantage of recombinant protein production for precise design and control of 

the properties and features of the materials.  

2.3.2.2 Elastin 

 

 The mechanical flexibility of elastin proteins makes it an attractable scaffold for 

biomaterials design. However, elastin suffers from difficulty in extracting the protein from 

natural sources as a result of the insolubility of its fibers.85 Consequently, efforts have been made 

to produce elastin-like proteins that strive to mimic the mechanical and biological properties of 

native elastin proteins. Recombinant elastin proteins have been used in tissue engineering, drug 

delivery, and nanoparticle applications.71, 86-87 However, while the elastic characteristic of protein 

fibers offers advantageous mechanical features, elastin suffers from a lack of mechanical 

durability. The need to improve mechanical resilience of elastin-based materials lead to its use in 

chimeric protein constructs. Elastin used in conjunction with silk is a strategy that has found 

much success in the design of tunable materials.84, 124-126 Elastin represents an excellent example 
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of the value of protein engineering to improve upon natural protein-based scaffolds while 

retaining necessary properties and, through the use of combination designs, improving these 

qualities. 

2.3.2.3 Collagen 

 

 Natural collagen proteins have many characteristics that make them useful for 

biomaterials design. However, limitations to their use have resulted from problems with batch 

variability, as well as lack of purity of the extracted material.79 As with silk and elastin, 

recombinant protein engineering offers a solution to these shortcomings. Recombinant collagen 

proteins from bacterial collagen sequences have been expressed and purified with great 

success.127-128 Human collagen proteins require post translational hydroxylation of proline in 

order to form the correct structures. Thus, their recombinant expression has proven difficult, 

leading to the use of bacterial collagen proteins that do not require these PTMs. Bacterial 

collagens provide the same mechanical properties as human collagen proteins.128 Although 

bacterial collagens do not have the same biological components, such as specific binding motifs 

in their sequence, bacterial collagens are easily functionalized on the sequence level to contain 

the desired biological properties. Functionalized recombinant bacterial collagens have been used 

in bone regeneration, tissue engineering, wound healing, and drug delivery.77, 80-81, 83, 129-133  
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Table 2.1. Recombinant proteins for biomedical applications. (Adapted from references 58 and 

109.) 

 

2.3.2.4 Summary of Recombinant Proteins for Regenerative Medicine and Tissue 

Engineering 

 

 Silk, elastin, and collagen demonstrate the value of recombinant protein engineering tools 

to overcome the limitations of natural protein-based materials.  Creating multidimensional 

materials in a controlled and specific manner facilitates the goal of developing a scaffold with 

each of the characteristics and features needed for a specific application. Recombinant proteins 

provide a promising avenue for the creation of next generation biomaterials with tailored 

sequences and tunable chemical, mechanical, and physical properties. Chapters five and six 

highlight our efforts to create keratin-based biomaterials using recombinantly produced human 

hair keratins.  
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3.1 Abstract 
Advances in protein engineering tools, both computational and experimental has afforded many 

new protein structures and functions. Here, we present a snapshot of repeat-protein engineering 

efforts towards new, versatile, alternative binding scaffolds for use in analytical sensors and as 

imaging agents. Analytical assays, sensors, and imaging agents based on the direct recognition of 
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certain analytes are increasingly important for biomedical research and diagnostics as well as 

areas in food safety and national security. 

 3.2 Repeat proteins as Alternative Scaffolds 
  The sensitivity and specificity of biosensors and imaging agents are decidedly dependent 

upon high-affinity, specific molecular recognition between the recognition element, i.e. affinity 

probe and desired target (Figure 3.1 A). Traditionally, the commonly used affinity probes are 

antibodies. However, a 2008 study by Berglund et al., showed that fewer than half of 

approximately 6,000 routinely used commercial antibodies were specific for only their intended 

target.1-2 This lack of specificity is especially exaggerated for detection of analytes that are not 

highly immunogenic e.g., small molecules, peptidoglycans, or nucleic acids and for which high 

quality monoclonal antibodies are not available. As a result, many medically and 

environmentally important analytes still lack high affinity, specific recognition elements. 

However, the emergence of protein and peptide engineering techniques, such as synthetic 

libraries and selection and evolution technologies, has allowed substantial progress towards a 

new generation of affinity probes based on alternative protein scaffolds. Advantages of such 

probes are: (a) small size for ease of handling and reduced non-specific interactions; (b) the 

absence of aggregation, which is essential for sensitivity; (c) high chemical, thermal, and 

proteolytic stability; (d) ease of chemical coupling to transducer elements such as fluorophores, 

nanoparticles, and solid support; (e) cost-efficient production by chemical synthesis or 

recombinant means.3 Additionally, alternative scaffolds can be easily amended to enhance 

pharmacokinetic properties such as length of half-life and clearance of probes used as imaging 

agents.4 Furthermore, multifunctional scaffolds, i.e. multiple independent binding sites for the 

same or different targets, can be used to greatly enhance selectivity of sensors through avidity. 
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These advantages have been demonstrated in a number of alternative scaffold designs for 

therapeutics, diagnostics, and imagining devices (Figure 3.1 B).3-8  

  

  

Figure 3.1. Biosensor architecture and recognition elements. (A) The architecture of a biosensor 

consists of two main components: 1. Target recognition that is required for specific and sensitive 

analyte detection and 2. A transducer element needed to convert target recognition into a 

readable signal. (B) Many alternatives to the IgG antibody scaffold have been proposed 

including protein scaffolds, DNA aptamers, and single chain antibody domains. The binding site 

of the IGG scaffold (PDB: 1HZH), indicated by the white circle is analogous to that of the 

CTPR3 alternative scaffold (PDB: 1NAO), DNA aptamer, and llama VHH domain (PDB: 1I3V). 

 

The modular architecture, extended non-globular structure of repeat proteins positions 

them as increasingly successful alternative scaffolds.3 Designed ankyrin repeat proteins 

(DARPins), tetratricopeptide repeats (TPRs), armadillo repeat proteins (ARMs), and leucine rich 

repeat proteins (LRRs) have all been used for development of high affinity binders.9-13 For this 

reason designed repeat proteins that have been successfully used for imaging and/or biosensing 

applications will remain the focus of this review. 
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3.3 Methods for Generation of New Protein Scaffolds 
A defining feature of repeat protein structure is that both the individual repeats, and their 

positions relative to each other, are the same regardless of the protein in which they occur.14 

Upon ligand binding there is typically little, if any, conformational change. Thus repeat proteins 

are regarded as constant frameworks that are ‘decorated’ with a binding site. It is therefore not 

surprising that consensus sequence proteins are common starting points for the design of 

functional repeat proteins. Additionally, recent computational designs were used to create repeat 

protein scaffolds with specific shape complementary to that of the target ligand.15-16 For 

instances where the desired analyte is another protein, this approach can potentially increase 

affinity and selectivity due to the shape complementarity of the binder and the target. 

Parmeggiani et al. demonstrated a general computational approach to designing repeat proteins 

that resulted in well expressed, stable scaffolds for Ankyrins, TPRs, LRRs, ARMs, HEAT 

repeats, and WD40 repeats.17 The importance of shape complementarity has also been the focus 

of computational design efforts as highlighted in the work of Park et al. and Ramisch et al. 

where novel design approaches are used to create LRRs with a predetermined curvature.15-16 

 

Experimentally, the design of new binders requires methods that can rapidly and robustly 

assemble and screen protein libraries that contain many millions of unique sequences. Recently 

Speltz et al. described a new cost-effective and efficient method for library creation.18 This 

strategy utilizes the fluorescence from green fluorescent protein (GFP) to determine colonies that 

contain the desired insert after ligation. This “white and green screen” is not limited to GFP and 

can be easily implemented with any fluorescent protein. 

Protein display methods, such as yeast, phage, and ribosome display, have been 

successfully employed for generation of high affinity binders. Libraries of LRRs, TPRs, and 
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DARPins have been screened to identify proteins with affinities for desired targets that are 

equivalent to and even surpassing that of antibodies.19-22 Additionally, in vivo screening 

strategies, such as the split-GFP reassembly, have been used to screen TPR libraries.23 TPR 

binders, T-mods, were then successfully used to modulate protein-protein interactions in vivo.24  

3.4 Scaffolds for Recognition of Protein and Peptide Targets 
  DARPin G3 designed to specifically bind human epidermal growth factor receptor-2 

(HER2) was used to image HER2 overexpression on breast cancer cells in vivo via selective 

attachment of 111In-DOTA to a C-terminal cysteine residue (Figure 3.2 A).25 This labeling 

strategy is generally applicable to other repeat-protein scaffolds and thus holds promise for 

future clinical use.  

Design of binders through engineering repeating units and adding or removing repeats to 

create binding scaffolds increases their utility as alternative molecular recognition modules.14 

The modular recognition would allow for efficient generation of a virtually unlimited repertoire 

of binders and remove the need for evolution of binding affinity to individual targets. 

Plucktuhn’s group used this strategy to design ARMs that selectively bind the peptide, 

Neurotensin.11 This work illustrates the potential of modular peptide binders from ARM repeats 

based on the binding interaction of a repeat per dipeptide.  

In an analogous strategy, design of TPR modules was used for detection of 

phosphopeptide-protein interaction in E. coli using split mCherry assembly as a readout.26 The 

tetratricopeptide repeat affinity protein (TRAP) was designed to selectively recognize 

phosphorylated versus nonphosphorylated peptides in a sequence dependent manner. TRAP 

binding to the peptide is modular: amino acid “pockets” are designed to bind specific amino acid 
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sequences in the target peptide. Thus through mixing and matching of TRAP pockets virtually 

any peptide sequence can be recognized.  

Another repeat protein scaffold, HEAT, has been used as a promising universal scaffold 

that can bind a variety of structurally and functionally diverse protein targets with micromolar to 

nanomolar affinities.27 In this study, a library of HEAT proteins was created to bind four 

predefined protein targets with specific secondary structure demonstrating the ability to 

distinguish between proteins with differing characteristics.27 

3.5 Scaffolds for Nucleic Acid Recognition 
Recognition of nucleic acid targets has been an area of growing interest due to the 

potential for control of cellular transcription and translation.28 Although not imaging and 

biosensing tools in the strict sense, these binding modules are important for systems biology 

research. The majority of DNA and RNA binding modules are based on the re-design of three 

classes of endogenous nucleic acid binders: Transcription activator-like effectors (TAL 

effectors)29, Pumilio and fem-3 binding factor proteins (Puf)28, and Pentatricopeptide repeats 

(PPRs)30. Vibrant research into better understanding of natural ligand recognition properties of 

these proteins has resulted in novel nucleic acid recognition modules.31-35  

3.5.1 Transcription Activator-like Effectors 

 

TAL effectors are 33-35 amino acids repeat containing proteins implicated in host gene 

expression. Two hypervariable amino acid residues in each repeat interact with one base pair in 

the target DNA. Several de novo TAL proteins were designed computationally and have 

demonstrated the ability to target specific DNA sequences resulting in selective control of gene 

transcription.29, 36  
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3.5.2 Pumilio and Fem-3 binding Factor Proteins 

 

Puf proteins have drawn much interest due to their RNA recognition properties.28 Eight 

consecutive Puf repeats comprise a 3-helix bundle that in turn contacts a single RNA base 

through “tripartite recognition motif” of 3 amino acids.28 This modular recognition suggests 

great potential engineering affinity for specific RNA sequences. Yoshimura et al. demonstrate 

this in a recent example where they design a fluorescently tagged pumilio module for specific 

binding and imaging of β-actin mRNA in vivo (Figure 3.2 B).37  

 

Figure 3.2. Examples of designed repeat protein binders for imaging applications (A) 

microSPECT/CT scan of radiolabeled DARPin G3 in SCID-beige mice bearing: a HER2-

positive human breast tumor and HER2-negative human breast tumor (MDA-MB-468). Tumors, 

indicated by arrows, were analyzed at same sensitivity level. (Reprinted with permission from 

Goldstein et al. 25). (B) A Pumilio homology domain (PUM-HD) was designed by Yoshimura et 

al. to recognize the sequence of β-actin mRNA and subsequently developed into an mRNA 

probe. The probe, consisting of two PUM-HD mutants flanking full-length enhanced green 

fluorescent protein (EGFP), successfully and specifically labeled β-actin mRNA in the cytosol as 

seen through fluorescence microscopy with the probe in living cells. Fluorescent spots from the 

probe were colocalized with microtubules and moved directionally in living cells indicating the 

potential for visualization of β-actin mRNA localization and dynamics in living cells. (Reprinted 

with permission from Yoshimura et al. [37]) 
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3.5.3 Pentratricopeptide Repeat Proteins 

 

PPRs are essential proteins for the regulation of many facets of RNA metabolism in 

eukaryotic cells; however, understanding of their natural function has been hindered by poor 

solubility and limited success of computational methods. Using a consensus based approach, 

Coquille et al. designed a synthetic, stable PPR scaffold for RNA binding.30 This study 

confirmed that PPRs bind RNA according to the “PPR code” where amino acids at positions 4 

and 34 determine specificity for certain nucleotides.30 Advances such as this will enable further 

elucidation and exploitation of PPR-RNA recognition capabilities.  

3.5.4 Designed Ankyrin Repeat Proteins 

In parallel, the ever versatile DARPin framework was recently used for selective and 

specific DNA binding. Scholz et al. describe the redesign of DARPins for selective recognition 

of human telomere G-quadruplex DNA with nanomolar affinity.38  

3.6 Other Biomolecular Targets 
More than 100 different post translational protein modifications act as an on/off switch of 

function, activity, and stability. Detection of these events, such as phosphorylation and 

glycosylation, is thus biomedically important. Several carbohydrate binding lectins and 

mammalian antibodies have been investigated for specific binding to glycosylated proteins; 

however, these binders generally suffer from low affinity and broad specificity thus limiting their 

clinical utility.39-42 Variable lymphocyte receptors (VLRs), which are leucine rich repeat proteins 

involved in the adaptive immunity of jawless vertebrates, have been successfully engineered for 

recognition of several glycosylated proteins.12, 43-44 For example, Hong et al. describe a yeast 

surface display screen of VLRs from lamprey that enabled the selection of binders for a number 

of glycan targets with nanomolar affinities.43  
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Our group endeavors to engineer repeat protein modules for use in whole cell pathogen 

sensing. For that, we are drawing inspiration from the pattern recognition receptors, such as Nod-

like receptors (NLRs) in the innate immune system. Analogous to manmade sensors, NLR 

proteins have an architecture where the recognition and transducer elements are easily 

identifiable.45 Previous studies have shown that these proteins utilize LRR domains to bind a 

large repertoire of chemically diverse ligands including bacterial cell wall peptidoglycans, 

glycolipids, and bacterial RNA. We have recently used consensus sequence approach to create 

an artificial LRR, CLRR2, with micromolar binding affinity to muramyl dipeptide (MDP), a 

bacterial cell wall component.13 Surprisingly, CLRR2 is a specific binder for the physiologically 

relevant isomer L-D MDP and does not bind D-D MDP or N-glycolyl MDP. This strict 

discrimination between similar ligands suggests that CLRR scaffolds are promising candidates 

for further design to specifically bind other biomolecules.  

3.7 Summary 
Here we have presented a snapshot of protein engineering efforts for design of modular 

binding scaffolds for analytical assays, sensors, and imaging applications. The approaches 

described here for design of scaffolds are applicable for a variety of ligands. Assays and sensors 

based on direct analyte recognition have important applications not only in medical research and 

diagnostics but also in food industry, environmental science, forensic science, and national 

security. 
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4.1 Abstract 

 Repeat proteins have recently emerged as especially well-suited alternative binding scaffolds 

due to their modular architecture and biophysical properties. Here we present the design of a 

scaffold based on the consensus sequence of the leucine rich repeat (LRR) domain of the NOD 

family of cytoplasmic innate immune system receptors. Consensus sequence design has emerged 

as a protein design tool to create de novo proteins that capture sequence-structure relationships 

and interactions present in nature. The multiple sequence alignment of 311 individual LRRs, 

which are the putative ligand-recognition domain in NOD proteins, resulted in a consensus 

sequence protein containing two internal and N- and C- capping repeats named CLRR2. CLRR2 
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protein is a stable, monomeric, and cysteine free scaffold that without any affinity maturation 

displays micromolar binding to muramyl dipeptide, a bacterial cell wall fragment. To our 

knowledge, this is the first report of direct interaction of a NOD LRR with a physiologically 

relevant ligand. 

4.2 Introduction 

The advancement of protein engineering tools, such as synthetic libraries and evolution 

and selection technologies, has allowed substantial scientific progress towards the design of 

protein scaffolds with novel binding specificities.46-47 However, most of the engineered protein 

scaffolds to date were directed against protein targets.47 Other classes of biomolecules such as 

carbohydrates and nucleic acids have not been the focus of scaffold development until very 

recently.34, 40, 42, 48-53 The need for alternative scaffolds with affinity and specificity for 

carbohydrates is especially pronounced since they are inefficient antigens for the adaptive 

immune system, and traditional antibodies are difficult, if not impossible, to produce.54 Most 

readily available carbohydrate binding proteins, such as lectins and antibodies, typically display 

either broad specificity or low affinity for their antigen. Additionally, carbohydrate-binding 

proteins are available for only a small fraction of known glycans, in spite of their abundance and 

importance.55  

Recently, repeat proteins emerged as especially well-suited binding scaffolds due to their 

modular structure that facilitates the binding of a variety of non-related protein and peptide 

ligands. Many repeat proteins, such as ankyrin repeats (ANK), tetratricopeptide repeats (TPR), 

leucine rich repeats (LRR), and armadillo (ARM) repeats have been successfully used for the 

development of novel binding scaffolds.50, 56-62 The evolutionary advantage of a modular 



50 

 

architecture is the possibility to evolve the function through not only point mutations, but also by 

shuffling, deletion and/or insertion of repeats. This property makes repeat proteins a particularly 

attractive system for functional protein engineering.63-70 For example, a specific set of tandem 

repeats can target a particular cellular compartment, while another set of tandem repeats binds 

specific endogenous ligands. These types of scaffolds would be beneficial for functional 

genomics, in vivo imaging, and drug delivery applications. 

In contrast to the adaptive immune system, which uses the immunoglobulin scaffolds for 

ligand binding, the innate immune system relies primarily on LRR protein motifs for target 

recognition.71 In mammals, two main protein families of such receptors have been identified: 

extracellular Toll-like receptors (TLRs) and cytoplasmic Nod-like receptors (NLRs). The 

common feature of both families is the presence of the LRR motif.72 Co-crystal structures of 

TLR receptors with their ligand indicate that the LRR domain is the ligand binding site.73 In 

analogy to TLRs, it is proposed that NLRs also bind ligands using their LRR motif.72 Studies of 

cytoplasmic NLRs showed that these proteins bind a large repertoire of ligands including 

bacterial cell-wall peptidoglycans, bacterial RNA, uric crystals, and antiviral imidazoquinone.72, 

74 Thus, we hypothesized that LRR motifs from NLR proteins are especially well poised to 

function as a framework for development of glycan and nucleotide binding scaffolds since 

chemically similar types of molecules are within the repertoire of their natural ligands.  

Here we describe the design of a peptidoglycan binding protein scaffold based on the 

LRR domain present in a NOD subgroup of NLR receptors of vertebrates.75 The consensus 

sequence design resulted in a stable, monomeric, and cysteine free scaffold that without any 

affinity maturation, displays micromolar binding to the muramyl dipeptide, a bacterial cell wall 

fragment. 
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4.3 Results and Discussion  

4.3.1 Repeat Protein Scaffolds 

  Repeat proteins are a ubiquitous class of proteins characterized by successive homology 

motifs that stack in tandem.64, 69, 76 They are unique in the way that their well-defined three-

dimensional structure is dominated by short-range, regularized intra- and inter-repeat 

hydrophobic interactions. For several classes of repeat proteins, analyses of amino acid 

variability at different positions within a single repeat have revealed that residues that compose 

the ligand binding site are significantly more variable than the other positions on the protein 

surface.77-78 This sequence-function relationship is analogous to the complementarity 

determining regions (CDR) of antibodies79 and is consistent with the notion that repeat proteins 

provide a constant framework that displays ligand-binding residues. This spatial separation of 

framework and ligand-binding function is important for the design of binding scaffolds so that 

the ligand-binding function does not compromise the overall structure and stability.  

4.3.2 Consensus Sequence Design 

  Consensus sequence design has emerged as a protein design tool to create de novo 

proteins that capture sequence-structure relationships and interactions present in nature.76, 80 

Proteins created in this way are idealized structural motifs optimized for stability.81-82 There are 

two motivations for using consensus design of repeat proteins as opposed to randomizing the 

surface of one particular family member. First, consensus design can markedly increase stability 

of engineered proteins. Secondly, full-consensus design in which all repeats are the same allows 

for addition, deletion, and shuffling of repeats.46, 83 Additionally, the design of consensus 

sequences exposes principal features of the protein architecture, which is important for 

subsequent engineering and chemical coupling. 
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4.3.3 LRR Domains in NLR Proteins 

  In NLRs there is a striking correlation (not observed for analogous TLR proteins) 

between gene organization and the amino acid sequence of their LRR domain.70, 72 Thus, based 

on their gene architecture, NLRs are divided into NLRP (α and β) and NOD subgroups.72 

Specifically, in a NLRP subgroup, LRR domains are formed by tandem repeats of exons where 

each exon encodes one central LRR repeat (β) and two halves of the neighboring LRRs (α). In a 

NOD subgroup, LRR domains are encoded by a single exon per repeat. This modular 

organization may have important structural and functional consequences and possibly allows 

extensive alternative splicing of the entire LRR domain.  Furthermore, the remarkable gene 

structure of LRR domains from NLR proteins raises their potential as a modular scaffold for 

engineering multivalency and multispecificity.  

4.3.4 Multiple Sequence Alignment 

We have analyzed the multiple sequence alignment (MSA) of individual repeats in NLR 

proteins according to the previously published procedure for TPR proteins.84 Briefly, confirmed 

human NLR proteins were identified in the HUGO Gene Nomenclature Committee (HGNC) 

database.72 We have chosen this database because it provides the most complete information on 

both the DNA and protein level together with exon-intron gene structure. Of the 22 NLR proteins 

encoded in the human genome, 19 contain LRR domains and follow the typical exon pattern.  

Using the blastp algorithm from the National Center for Biotechnology Information (NCBI) all 

homologous mammalian proteins for these 19 proteins were determined. Only confirmed protein 

products were selected from this search. At this point, the database was curated to exclude 

alternatively spliced variants of the protein. Through manual searching of selected protein 

sequences, repeats were extracted and aligned in Microsoft Excel.  This procedure resulted in 
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311 NOD, 255 NLRP-α, and 262 NLRP-β individual LRRs that were then included in the MSA.  

Using Excel counting functions the greatest percent of occurrence was determined for each 

position of the repeat.  Comparing conserved and variable positions of individual repeats for 

LRR domains of NLRP and NOD proteins will indicate differences, if any, at the sequence level 

between the two subgroups.   

4.3.5 Consensus Sequence of NOD Subgroup 

 MSAs for NOD, NLRP-α, and NLRP-β repeats resulted in three consensus sequences. 

The sequence conservation for each subgroup is shown by sequence logos (Figure 4.1a).85  The 

sequence identities for the NOD and NLRP-β consensus sequences are 57%; however, the 

overall conservation in most positions in the NLRP-β sequence exceeds the NOD.  For example, 

positions 6, 13, 18, 19, 21, 22, 25, 26, and 27 in the NLRP-β MSA all have significantly higher 

conservation than the NOD sequence (Figure 4.1b).  The consensus sequence for the NLRP-α 

subgroup differs from both NOD and NLRP-β, sharing a sequence identity of 25% and 21% 

respectively. However, the sequence identity between the tandem α and β consensus sequence 

and the previously reported consensus protein based on the Ribonuclease Inhibitor (RI) is 61%.70 

This sequence similarity between NLRP and RI LRR repeats leads us to conclude that α and β 

repeat types do occur in tandem, i.e. repeating unit is 57 amino acids long. Hence we decided to 

pursue design based on the NOD subgroup that will allow for a shorter (28 amino acid) single 

repeat, a feature preferred for design of a binding scaffold.   



54 

 

 

Figure 4.1. Sequence conservation of NLR subgroups (A) Sequence logos for each NLR 

subgroup. The height of individual letters indicates the frequency of occurrence of amino acid at 

specific position. (B) Percent conservation for each position in the LRR repeat sequence. NLRP-

α (blue), NLRP-β (red), and NOD (black).  

The first generation consensus sequence design proteins were based on the most common 

amino acid in each of the 28 positions. Proteins consisting of 4, 5, 6 and 10 identical repeats 

were well expressed in E. coli and soluble, but lacked secondary structure as indicated by the 

minima at 195 nm in the circular dichroism (CD) spectra (SI Figure 1). This was not surprising 

because repeat proteins commonly contain N- and C-terminal repeats that act as capping 

domains to shield the inner hydrophobic core from solvent and aid in solubility and folding and 

all previous LRR designs contained capping repeats.61-62, 86-87 Therefore, we separately 

constructed MSAs of individual N- and C-terminal repeats. Interestingly, whereas in RI LRRs 

capping repeats differ from internal repeats in both amino acid composition and length, N- and 

C-capping repeats for NOD LRRs have exactly the same length as internal repeats, but higher 

overall conservation (Figure 4.2). 
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Additionally, in the MSAs of internal and terminal repeats for NOD (Figure 4.2, top row 

in each table), only half of the positions are defined with 30% or higher frequency of a specific 

amino acid. Stumpp et al.70 observed a similar phenomenon for the RI LRR. However, among 

many positions with less than 40% frequency of one specific amino acid, the position was readily 

defined by the type, i.e. physical properties of the amino acid in that position.  Thus we 

reanalyzed the MSA of the terminal and internal repeats on the basis of conservation of the 

amino acid’s physical properties by considering the hydrophobicity, polarity, size, and charge for 

the five most common amino acids in each position of the alignment (Figure 4.2).  The bottom 

row of each table shows the second generation consensus sequence based on the re-analyzed 

MSA.  The top row of each panel in Figure 4.2 is color coded for percent conservation of each 

amino acid while the bottom row is color-coded for conservation of physical properties from the 

top five consensus sequences.  Results indicate that even with amino acid conservation appearing 

low in many positions, physical properties remain highly conserved.  As a result of these 

findings, the second-generation sequence took into consideration the preferred physical 

properties in each position of the MSA.  The sequence in the top row of each table in Figure 4.2 

was modified in positions where conservation of identity was less than 50%.  For example, in 

position three of the internal repeat (Figure 4.2 a), the frequency of occurrence is less than 30%.  

However, the Glu, Lys, and Arg residues present are highly favored.  Although the frequency of a 

specific amino acid is low, this position is readily defined with a positively charged residue so 

Lys was selected for this position.  Lys was selected over Glu based on the combined percent of 

occurrence for Lys and Arg being greater than that of the percent occurrence for Glu.  We 

therefore chose the positively charged Lys over the negatively charged Glu.  On the contrary, in 

position 22 of the internal repeat Lys, Arg, and Glu are also highly favored.  However, in this 
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case the percent occurrence of Glu exceeded that of both Lys and Arg together resulting in the 

selection of Glu at this position.  

Additionally, tryptophan residues are in position 22 of the N-terminal repeat, position 4 

of the internal repeat, and position 6 of the C-terminal repeat. In the N-terminal repeat, the 

highest conserved residue of position 22 is a phenylalanine. This preference for an aromatic 

residue justified the tryptophan substitution. Position 4 in the internal repeat had very low 

conservation in physical properties, so we selected tryptophan.  In position 6 of the C-terminal 

repeat tryptophan and tyrosine are preferred, each with a conservation of 24%. It is important to 

note that both position 4 and 6 are within LRR canonical motif that commonly assumes a beta- 

strand structure. Since tryptophan has a high propensity for beta-sheet formation, we 

hypothesized that these substitution will not disrupt the overall fold of the repeat, but will allow 

us to use fluorescence spectroscopy for further protein analysis.  
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Figure 4.2. The most frequent amino acid residues found in the statistical analysis of NOD 

LRRs. Top and bottom row of each table are color coded: conservation of 50% or greater is red, 

40% blue, and 30% yellow and all position less than 30% are white. (A) Internal repeat; rows 2-5 

correspond to the second, third, fourth, and fifth most commonly preferred amino acid for each 

position; (B) N-terminal repeat (C) C-terminal repeat. The top row in each table shows the 

frequency of occurrence of amino acid identity.  The bottom row is the consensus sequence 

reanalyzed and corrected for preference of amino acid physical properties. Thus, the bottom row 

of each table is the amino acid sequence of repeats in CLLR2 protein used in this study. CLRR2 

protein contains one N-terminal, two internal, and one C-terminal repeat. 

The second-generation consensus sequence protein consisted of three types of consensus 

sequence repeats: N-terminal repeat, internal LRR repeat, and C-terminal repeat.  We will refer 

to this consensus protein as CLRRx, where C stands for consensus sequence and x is equal to the 

number of internal repeats in the protein. For example, CLRR2 protein consists of two internal, 

and N- and C- terminal consensus LRR repeats.  The actual sequence of repeats is shown as the 

bottom row of each panel in Figure 4.2.  
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4.3.6 Biophysical Characterization 

For further biophysical characterization, we chose the smallest of the designed CLRRs, 

CLLR2, since smaller proteins are preferred for application as binding scaffolds.  CLRR2 was 

expressed at 37 ˚C in BL-21 cells and purified under denaturing conditions following standard 

procedure.88 After on-column refolding, CLRR2 elutes from SEC Superdex 75 column in a 

single symmetrical peak (SI Figure 2). The apparent molecular mass value estimated from 

molecular mass standards was 17 kD and is in agreement with the expected molecular mass of 

15,977 Da as determined by MALDI, indicating that CLRR2 is monomeric in solution. 

4.3.6.1 Secondary Structure 

CD spectroscopy was used to measure the secondary structure content, showing two 

minima at 207 nm and 220 nm. The relative intensities of the 207 nm and 220 nm peaks are 

characteristic of alpha helical and beta sheet secondary structure (Figure 4.3a).  The CDPro 

Software’s SELCON program predicts a structure comprised of 24.8% alpha helix and 21.5% 

beta sheet.89-90 The alpha helical content is about 10% lower than that estimated for designed RI 

LRRs.70  This is not surprising because it has been proposed that while the signature LRR motif 

contributes to much of the beta structure in LRR proteins, the helical regions may contribute to 

variability between different LRR families.91 Additionally, we used MUlti-Sources ThreadER 

(MUSTER) protein threading algorithm to obtain a predicted structural model of CLRR2 (Figure 

4.4b).92 The homology modeling was based on protein NLRX1 that shares 24.1 % sequence 

identity with CLLR2.  NLRX1, also known as NOD9, is a mitochondrial protein thought to be 

involved in an antiviral immune response against viral Ribonucleic Acid (RNA).93 Hong et al. 

showed that cNLRX directly binds to single and double stranded RNA.93 The alternating alpha-

helical and beta-sheet segments of each repeat in the homology model are consistent with the CD 
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data and CDPro structure prediction confirming that the consensus design retains a structure 

typical of natural leucine rich repeats.     

4.3.6.2 Thermal Denaturation 

The thermal denaturation of the CLRR2 was followed by both tryptophan fluorescence 

and CD spectroscopy (Figure 4.3b-c). Here, it should be taken into consideration that Trp 

residues are located in both capping repeats and internal repeats and that fluorescence reports on 

the chemical environment of the indole fluorophore, whereas the CD signal is indicative of the 

overall amount of the secondary structure. Thermal denaturation of CLRR2 was accompanied by 

a reduction of fluorescent signal intensity and a shift of the emission maxima to higher 

wavelengths. The plot of normalized signal change as a function of temperature results in a curve 

indicative of two transitions (Figure 4.3b). To estimate the transition temperatures, we treated 

each of the transitions as a single two state transition. Although an approximation, this fitting 

allowed us to estimate transition temperatures of 32˚C and 57˚C. Similarly, thermal unfolding 

monitored by the change in CD signal at 217 nm shows two transitions at 30 ˚C and 68 ˚C 

(Figure 4.3c). After incubating CLLR2 for 10 minutes at 50˚C and then repeating the thermal 

unfolding experiment, qualitatively different melting curves are observed for fluorescence and 

CD. The overall shape of the melting curve observed in the fluorescence measurement does not 

change after incubation, but the melting curve observed in the CD experiment now shows a 

single sharp transition with a new transition temperature of 60 ˚C (Figure 4.3c).   
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Figure 4.3. Biophysical characterization of CLRR2, before (black) and after (blue) incubation at 

50˚C and irreversible unfolding after heating (red). (A) CD spectrum of CLRR2 normalized to 

units of mean residue ellipticity indicates a mixed secondary structure of α-helix and β-sheet and 

irreversible unfolding after denaturation. (B) Thermal denaturation following changes in Trp 

fluorescence. (C) Thermal denaturation following CD signal at 217 nm. (D) Chemical 

denaturation of CLRR2 monitoring changes in Trp fluorescence with increasing urea 

concentration.  Inset shows fluorescence spectra at 0 M urea (black) and 7 M urea (blue). 

Intriguingly, the temperature of the first transition in the CD, which disappears after 

incubation at 50˚C, coincides to the first transition observed in fluorescence experiments. 

Similarly, the temperature of the second transition in the CD experiment is 10 degrees higher 

than the Tm for the second transition in fluorescence experiment before incubation, but only 3 

degrees higher after incubation. The overall CD signal and fluorescence intensity are the same 

before and after incubation of CLLR2 indicating no change in the overall amount of secondary 
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structure (Figure 4.3a). Spectra taken before and after the thermal melt with or without 

incubation suggest irreversible unfolding (Figure 4.3a). 

Although the thermal stability observed in fluorescence and CD experiments is 

qualitatively similar, the curves from these two experiments are not superimposable. This leads 

us to conclude that unfolding does not follow a simple two-state mechanism and that stable 

intermediates are formed during thermal unfolding.  Additionally, the difference in fluorescence 

and CD curves indicates that the capping repeats and internal repeats may not unfold in a 

concerted manner. Due to the presence of Trp in each repeat, fluorescence unfolding curves 

provide a more complete picture of the unfolding process.  

4.3.6.3 Chemical Denaturation 

The equilibrium denaturation of the designed CLRR2 was followed by observing the 

change in Trp fluorescence with increasing concentration of urea. The denaturing curve shows a 

broad transition around 3 M urea (Figure 4.3d).  Fitting this curve to a two state model results in 

a midpoint of denaturation of 2.6 M urea, but cooperativity of the protein is only 2.5 kJ/mol M.  

This value is less than expected for highly cooperative unfolding proteins of this size, confirming 

the conclusions from the thermal denaturation.  CLRR2 displays similar cooperativity to the 

designed RI LRR but is much less cooperative than previously studied YopM LRR (22.6 kJ/mol 

M) and Internalin B LRR (10.25 kJ/mol M).70, 94-95 

4.3.6.4 Binding Affinity of CLLR2 

Proteins of the innate immune system differ from antibodies of the adaptive immune 

system in that they detect pathogen associated molecular patterns (PAMPS) instead of one 

specific antigen.96 In other words, NLRs recognize the global features of a family of pathogens.  

This characteristic of the NLR family led us to hypothesize that the consensus design method 
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may result in a protein that retains similar recognition properties.  To test this hypothesis, we 

measured the affinity of CLLR2 for a muramyl dipeptide (MDP). MDP is a known ligand for the 

NOD2 protein family of NLRs. Recently, Grimes et al. showed that human NOD2 binds directly 

to MDP.97 They analyzed the binding of full-length human NOD2 to MDP using Surface 

Plasmon Resonance and determined an affinity of 51 ± 18 nM.97  However, there is no clear 

evidence that the LRR domain mediates this interaction. Here we used fluorescence quenching 

and fluorescence anisotropy to investigate the affinity of designed CLRR2 for the biologically 

relevant L-D isomer of MDP.98  

We investigated the ligand binding properties of CLLR2 by observing quenching of the 

fluorescence signal at 340 nm in the presence of MDP. The binding curve in Figure 4a is 

obtained by plotting the fraction of the bound ligand as a function of MDP concentration. Fitting 

of this curve to the single-site binding isotherm resulted in a Kd of 2.0 ± 0.4 µM for an average of 

two trials.  Closer inspection of the homology model of CLRR2 structure shows that the Trp 

residue from the two internal repeats and C-terminal repeat form a cluster on the concave face of 

the protein (Figure 4.4b). Similar carbohydrate recognition through tryptophan residues was seen 

by Luo et al. in recognition of Thomsen-Friedenreich antigen by a VLR protein.60 Although our 

observed affinities are an order of magnitude lower than reported for the full-length NOD2 

protein97 it is important to note that CLRR2 is representative of the entire NOD family and 

shares only 70 % sequence identity with NOD2. 
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Figure 4.4. (A) Fluorescence quenching of Trp residues in CLRR2 is shown as a function of 

MDP concentration.  Error bars are the standard deviation from three measurements. The Kd was 

determined to be 2.0 ± 0.4 µM. (B) The MUSTER model of CLRR2 showing location of Trp 

residues (red) on the concave face of the protein that are the proposed binding site of MDP. The 

terminal repeats are shown in blue and the internal repeats are shown in cyan. 

 

To confirm that the observed interaction is not an artifact of collisional tryptophan 

quenching, we performed a fluorescence anisotropy experiment, where we now observed the 

change in the signal originating on FITC labeled MDP. Fluorescence anisotropy change was 

measured as a function of increasing concentration of CLRR2 titrated into a solution of FITC-

MDP. Fitting of the binding curve to a single-site binding isotherm resulted in a Kd = 20 ± 10 µM 

(SI Figure 3). This difference in the observed Kd values is not unexpected when comparing two 

techniques. Additionally, fluorescein is attached to MDP through a flexible linker on the N-

acetylmuramic acid and the overall change in the anisotropy signal is low thus affecting the 

overall signal-to-noise ratio for the anisotropy experiment.  

http://en.wikipedia.org/wiki/N-acetylmuramic_acid
http://en.wikipedia.org/wiki/N-acetylmuramic_acid
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As a control experiment, we investigated the binding of CLRR2 to the D-D isomer of 

MDP, which is unable to stimulate NOD2 in vivo.98 While results indicate that tryptophans of 

CLLR2 are quenched in the presence of D-D MDP, the data is representative of random 

collisional quenching and does not follow the expected trend of a single-site binding isotherm (SI 

Figure 4). This control experiment leads us to conclude that under the concentration regime 

tested, CLLR2 is a specific binder for physiologically relevant L-D isomer of MDP2.   

Thus, through the consensus sequence design, and without the evolution and selection 

step, we have developed a scaffold with micromolar affinity for a glycopeptide. This result 

indicates that consensus sequence LRRs based on the NOD protein family are a good starting 

point for the design of glycopeptide binding scaffolds. Moreover, this is the first report, to our 

knowledge, of direct interaction of NOD LRR with a physiologically relevant ligand. 

4.4 Conclusions 

Through consensus-based design, we have developed a novel leucine rich repeat protein 

CLRR2. Structural and physical analysis of this protein indicate that it preserves important 

features of natural LRRs as well as the desired biophysical properties needed for use as a binding 

scaffold. We have shown that the consensus-based design resulted in a construct that retains 

binding information of natural NOD proteins.  

The mechanism of pathogen sensing by NLRs is still largely unknown. By creating a 

LRR protein based on structurally and functionally homologous NODs we have developed a 

protein that can serve as a model structure for this class of NLRs. In the future, analysis of 

variable residues in the sequence alignment will allow for engineering diverse binding affinities 

for the development of new binding scaffolds as well as further elucidation of the role of LRR in 

NLR pathogen recognition. 
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4.5 Material and Methods 

4.5.1 Consensus Design and Multiple Sequence Alignment 

The 22 genes known to encode for NLR proteins in humans were retrieved from the 

HUGO Gene Nomenclature Committee (HGNC) database. Each confirmed gene sequence was 

translated into its corresponding protein sequence and input into the National Center for 

Biotechnology Information (NCBI) basic local alignment search tool (BLAST).  Alignment of 

repeats that followed the canonical LRR motif of XLXXLXLXXNXL(X)nL was accomplished 

using Microsoft Excel.  Repeats were extracted by manually searching the LRR domain of the 

selected NLR sequences.  We aligned repeats following a pattern of 

XLXXLXLXXNXL(X)nL(X)8. In the canonical motif L is defined as Leu, Ile, Val, or Phe, and X 

is any other naturally occurring amino acid.72  N can also be defined as Arg, Cys, Ser, or Thr, and 

n is equal to 7.  Repeats were aligned using Microsoft Excel and the consensus sequence was 

obtained by determining the amino acid with the highest frequency of occurrence in each 

position of the repeat by using the Microsoft Excel counting function.  Consensus amino acid 

sequences were found for the top 5 most preferred amino acid in each position.    

4.5.2 Cloning 

For cloning of the LRR protein, a gene was designed consisting of an N-terminal repeat, 

internal repeat, and C-terminal repeat.  Synthetic genes were synthesized by GENEWIZ Inc. and 

cloned into plasmid pProExHtam by ligation of restrictions sites BamHI and HindIII. Gene 

identity was confirmed by sequencing at the Virginia Tech Bioinformatics Institute.    

4.5.3 Protein Expression and Purification 

Overnight cultures of BL21 (DE3) cells were diluted 1:100 in 1 L of Terrific Broth media 

at 37°C, with shaking at 250 rpm, and were grown to an OD600 of 0.5–0.8. Expression was 

induced with 1 mM IPTG, followed by 4 hours of expression at 37˚C. The cells were harvested 
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by centrifugation at 5,000 rpm for 15 min and the pellets were frozen at −20°C until purification. 

To purify proteins, the cell pellet was resuspended in lysis buffer consisting of 50 mM Tris, 300 

mM sodium chloride, 0.1% Tween 20, and 8 M urea.  After one minute sonication at 30% power 

using a microtip and Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and 

the protein supernatant was collected.  Proteins were purified under denaturing conditions using 

standard Ni-NTA affinity purification protocol and eluted with 300 mM imidazole in lysis buffer 

with 8 M urea. Proteins were then refolded on the size-exclusion column in 50 mM sodium 

phosphate buffer pH 8 with 150 mM sodium chloride. Protein identity was confirmed with 

MALDI indicating a molecular weight of 15,977 Da. Proteins were quantified by absorption at 

280 nm using an extinction coefficient of 27, 960 M-1 cm-1, calculated from the amino acid 

sequence using the Expasy Protparam tool.99 

4.5.4 Size Exclusion Chromatography 

Akta Prime Plus FPLC was used for size exclusion chromatography.  Refolding of 

denatured proteins after affinity purification was completed on the Superdex 75 16/600 Prep 

Grade column in 150 mM sodium chloride and 50 mM sodium phosphate buffer pH 8 at a flow 

rate of 0.5 milliliters per minute.  The Superdex 75 10/300 analytical column was used for 

analysis of molecular weights under the same conditions.  A comparison to known standards 

(Bio-Rad) allowed for determination of the molecular weights and oligomeric states of each LRR 

protein.   

4.5.5 Circular Dichroism 

Circular dichroism (CD) spectra were acquired using 5 to 10 µM protein samples in 10 

mM phosphate buffer pH 7.4 with 10 mM NaCl using a Jasco J-815 CD spectrometer. Far-UV 

CD (190–260 nm) spectra were recorded at 25°C to assess the secondary structure of CLRR2. 
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Each sample was recorded three times, from 190 to 260 nm in a 2 mm pathlength cuvette, and 

averaged.  Data collected using a 1 nm bandwidth, 2 nm data pitch, and a data integration time of 

1 second, was normalized to units of mean residue ellipticity for all samples. Thermal 

denaturation curves were recorded by monitoring molar ellipticity at 217 nm while heating from 

20 to 90°C in 2°C increments with an equilibration time of 10 min at each temperature. 

4.5.6 Urea Denaturation 

Tryptophan fluorescence was monitored using a Cary Eclipse Fluorometer.  Excitation of 

samples occurred at 295 nm and spectra were recorded from 310 to 380 nm with the excitation 

and emission slits equal to 5 nm.  A 10 M urea in 10 µM protein stock solution was titrated into a 

10 µM protein sample.  After a ten min equilibration period for each addition, 3 scans were 

collected and averaged.    

4.5.7 Fluorescence Anisotropy 

To determine the binding affinity, increasing amounts of protein CLLR2, were titrated to 

a FITC-labeled MDP (Purchased from Invivogen) in 10 mM Na2HPO4 pH 7.4 and 10 mM NaCl, 

buffer. Binding was performed at 10 nM peptide concentration in a 10 mm path-length cuvette at 

25°C, and the fluorescence anisotropy was recorded after a 30 min equilibration period. 

Fluorescence anisotropy experiments were recorded in a Cary Eclipse Fluorometer equipped 

with excitation and emission polarizers. Excitation was achieved with a 5 nm slit-width at 495 

nm and the emission recorded at 515 nm with a slit-width of 5 nm. For excitation at the vertical 

orientation (0°) the anisotropy (r) is: 

 

(1) 
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where G is the G-factor, IVV and IVH are the vertical and horizontal emission of the sample, 

respectively, and IB,VV and IB,VH are the intensity of the emission of the blank with emission 

polarizer at vertical and horizontal orientation, respectively. The G-factor corrections were 

calculated using the equation: G = (IHV – IB,HV)/(IHH – IB,HH), where IHV is the vertical emission 

(0°) of a standard solution with excitation in horizontal orientation (90°), IHH is the horizontal 

emission (90°) of a standard solution with excitation in vertical orientation (0°), IB,HV is the 

vertical emission (0°) of a blank solution with excitation in horizontal orientation (90°) and IB,HH 

is the horizontal emission (90°) of a blank solution with excitation in vertical orientation (0°) 

using phosphate buffer as a blank solution and a 10 nM FITC labeled MDP as a standard 

solution. The fraction of ligand bound at each point in the binding curve was calculated by the 

equation, 

 

 

(2) 

where r is the observed anisotropy of the peptide at any protein concentration, rf is the anisotropy 

of the free peptide and rb is the anisotropy of the ligand in the plateau region of the binding 

curve. The data was fit using nonlinear regression analysis with Origin software based on the 

equation,  
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(3) 

 

where r is equal to the fraction of bound peptide, rb is equal to the maximum signal, Kd is the 

dissociation constant, and [P] is the concentration of protein in the sample. 

4.5.8 Fluorescence Quenching 

Fluorescence quenching experiments were completed using a Cary Eclipse Fluorometer.  

Samples of 10 µM protein with MDP (purchased from Invivogen) from 0 to 30 µM were 

incubated in a 96 well plate for 30 min.  Spectra were recorded with an excitation wavelength of 

295 nm and excitation and emission slits equal to 10 and 20 nm.  Each sample was measured 

from 310-380 nm. Three spectra were recorded and averaged for each trial.  The binding curve 

was obtained by plotting fluorescence signal against MDP concentration where the percent of 

bound ligand was calculated using the equation, 

 

(4) 

 

where Fo is the fluorescent signal without MDP, F is the signal at any ligand concentration, and 

Fmin is the fluorescent signal at saturation.  The data was fit using nonlinear regression analysis 

with Origin Software using the equation, 
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(5) 

 

where r is equal to the fraction of bound ligand, rb is equal to the maximum signal, Kd is the 

dissociation constant, and [P] is the concentration of peptide in the sample. 

 

4.6 Supporting Information 

Sequence and CD spectra of first generation LRRs; Size exclusion chromatography of 

CLRR2; Fluorescence anisotropy of CLRR2; MDP control- fluorescence quenching. 
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4.9 Supplemental Figures 

 

SI Figure 1. CD spectra of first generation LRRs. Spectrum of proteins containing 4 (black), 5 

(red), 6 (blue), and 10 (green) repeats are shown.  Each protein consisted of repeats determined 

by a single consensus sequence with amino acid composition: S L T E L D L S G N Q I G D E G 

A K A L A E A L P Q N P. 
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SI Figure 2. Size exclusion chromatography of CLRR2. Analysis of oligomeric state of CLRR2 

by SEC shows a monomeric protein.  Proteins of 44 kD (Ovalbumin), 17 kD (Myoglobin), and 

1.35 kD (Vitamin B12) were used as molecular weight standards.  The void volume of the 

column is approximately 8 mLs.  CLLR2 (15,977 kD) elutes at 12.8 mLs.   
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SI Figure 3. Fluorescence anisotropy of CLRR2 and FITC labeled muramyl dipeptide.  Graph 

shows the fraction of bound peptide at varying protein concentrations.  The data was fit using 

nonlinear regression analysis to obtain a Kd of 20 ± 10 µM.  Error bars are standard deviation of 

three measurements. 
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SI Figure 4. Fluorescence quenching of CLRR2 with muramyl dipeptide synthetic diastereomer: 

MDP-(L).  Graph shows the fraction of bound peptide at varying protein concentrations.  Error 

bars are standard deviation of three measurements. (A) Normalized graph (B) Un-normalized 

graph 

 

 

 

 

 

 

 



78 

 

Chapter 5. Investigations of homo- and heteropolymer formation of 

recombinant human hair keratins 

 
Rachael N. Parker1, Kristina L. Roth1, Mark E. Van Dyke2, Tijana Z. Grove1* 

1. Department of Chemistry, Virginia Tech, Blacksburg, VA 24060 

2. Department of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA 

24060 

(Submitted for publication) 

 

*Corresponding author email: tijana.grove@vt.edu 

 

Keywords: human hair keratin, recombinant protein, fibers, self-assembly, intermediate 

filaments, SEC, DLS, TEM 

Abbreviations: K31- keratin 31, K81- keratin 81, IF- intermediate filament, SDS-PAGE- 

sodium dodecyl sulfate polyacrylamide gel electrophoresis, SEC- size exclusion 

chromatography, DLS- dynamic light scattering, TEM- transmission electron microscopy, DTT- 

dithiolthreitol, βME- β-Mercaptoethanol 

 

 

5.1 Abstract 

In the past two decades, keratin biomaterials have shown impressive results as scaffolds 

for tissue engineering, wound healing, and nerve regeneration. In addition to its intrinsic 

biocompatibility, keratin interacts with specific cell receptors eliciting beneficial biochemical 

cues. However, during extraction from natural sources such as hair and wool fibers, natural 
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keratins are subject to extensive processing conditions that lead to formation of unwanted by-

products. Additionally, natural keratins suffer from limited sequence tunability. Recombinant 

keratin proteins can overcome these drawbacks while maintaining the desired chemical and 

physical characteristics of natural keratins. Herein, we present the bacterial expression, 

purification, and solution characterization of human hair keratins K31 and K81. The obligate 

heterodimerization of the K31/K81 pair that results in formation of intermediate filaments is 

maintained in the recombinant proteins. Surprisingly, we have for the first time observed new 

zero- and one-dimensional nanostructures from homooligomerization of K81 and K31, 

respectively. Further analysis of the self-assembly mechanism highlights the importance of 

disulfide crosslinking in keratin self-assembly.  

5.2 Introduction 

Protein-based biomaterials have been extensively used for biomedical applications from tissue 

engineering and regenerative medicine to drug delivery and medical devices.1-7  Their intrinsic 

biocompatibility, as well as the variety of chemical and structural properties positions them as 

superior scaffolds compared to traditional synthetic polymer-based materials. Collagen, elastin8-

10, silk5, 11-12, and keratin3, 13-15 provide a few exquisite examples of functional biopolymers that 

have been implemented for materials design. Among these, keratin biopolymers have some of 

the most unique properties that make them especially well-suited for the generation of 

biomaterials.14, 16-24 First, as with silk and collagen proteins, keratin dimers retain their inherent 

propensity for self-assembly following extraction from natural sources and subsequent 

reconstitution into functional materials.25-27 Conservation of the biological activity (i.e. self-

assembly) of reconstituted keratins networks allows for creation of materials with desirable 

chemical and structural properties. Furthermore, cell binding motifs28-29 found in keratin protein 
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sequences aid in cellular attachment and thus promote cell proliferation, a quality that improves 

the utility of keratin-based scaffolds for regenerative medicine applications. Additionally, 

proposed regulatory functions of keratin proteins, such as regulation of protein synthesis and cell 

growth and proliferation, further enhance their biological compatibility when used in 

biomaterials.30-35 Due to these desirable characteristics, many keratin materials have been 

developed over the past two decades toward a wide variety of applications including wound 

healing, tissue engineering, and nerve regeneration.15, 21-23, 36-43 For example, hydrogels derived 

from human hair keratin proteins15 increased cellular activity and gene expression in vitro that 

enabled successful nerve recovery in vivo. Another notable example of keratin materials can be 

seen in the work by Tomblyn et al. where keratin-based hydrogels were used to deliver growth 

factors and muscle progenitor cells in vivo, demonstrating their potential use in tissue repair 

systems.44  

Traditional keratin biomaterials are produced from proteins obtained through extraction from 

natural sources such as wool and human hair fibers. This process involves considerable sample 

treatment and the use of harsh solvents. Consequently, and despite the numerous advantages of 

keratin materials, the extensive processing needed for extraction presents a major challenge to 

keratins use in some biomedical applications. Extraction procedures can result in protein damage 

and unwanted by-products that may elicit an undesired immune response45, as well as change the 

network self-assembly capacity of the final material. Moreover, the properties of extracted 

materials are critically dependent on the raw material source. Extracted keratin materials are 

limited in the tunability of their nanostructure and chemical and biological properties as 

sequence modifications can only be achieved via exogenous chemistry. The use of recombinant 

proteins provides a means for overcoming all of the aforementioned limitations while 
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maintaining the desired characteristics. Recombinant DNA technology allows for specific design 

of protein sequence, structure, and function, which creates the ability to develop tunable 

biomaterials with tailored chemical and mechanical properties.46-47 Indeed, recombinant silk, 

collagen, resilin, and elastin proteins have all been successfully used as biomaterials.9-10, 48-59  

Keratin proteins belong to a class of cytoskeletal proteins known as intermediate filaments 

(IFs).60 Known for their specific self-assembly capabilities, keratin proteins are ubiquitous 

throughout epithelial and epidermal cells, and function as structural support. Although all 

keratins contain highly conserved secondary structural features, they are divided into two main 

groups based on differences in their primary sequence composition.61 Keratin proteins found in 

epithelial cells are known as epithelial keratins, or “soft” keratins.  Conversely, keratins found in 

epidermal appendages such as hair, nails, wool, and hooves make up trichocytic or “hard” 

keratins. Soft keratins self-assemble into loose bundles while keratins found in epidermal 

appendages form tougher, more rigid structures. This difference in structural properties can be 

attributed to the differences in the primary sequence of hard and soft keratins, specifically the 

high cysteine content of hard keratins. The increased number of cysteine residues allows for 

crosslinking through the formation of intermolecular disulfide bonds, and thus creates more 

tightly packed and mechanically rigid structures.62 These interesting sequence-structure-function 

differences open up a breadth of possibility for the use of keratins for the tailored design of new 

biomaterials, as the differences in their primary amino acid sequences can be exploited to create 

materials with tunable properties.  

The self-assembly process of keratin IFs has been extensively studied.27, 63 It is known that the 

precursor to IF formation is the dimerization of one type I (acidic) and one type II (basic) keratin 

protein to create a heterodimer.63 These obligate heterodimers then align in an antiparallel, 
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staggered conformation to form a tetramer. Parallel, head to tail stacking of tetramers creates 

protofilaments, which then assemble into the characteristic 10 nm IFs.63-64 Herein, we describe 

the heterologous expression and purification of two human hair keratins, type I keratin, K31 and 

type II keratin, K81. While the extraction of natural keratin proteins only allows for isolation of 

keratin heterodimers, through recombinant protein production we were able to express and purify 

each heterodimer component individually. Investigation into their self-assembly process and 

solution behavior revealed novel self-assembly properties for each biopolymer. The characteristic 

heteropolymer formation (i.e. K31 and K81 pair) is maintained in recombinant proteins, 

indicating that the recombinant protein pair retains the desired functionality of its naturally 

produced counterpart. This work further shows the utility of recombinant proteins for use in next 

generation biomaterials design. Furthermore, the ability to modulate each biopolymer 

individually expands the potential design platform.    

5.3 Materials and Methods 

5.3.1 Gene design and cloning 

 Gene sequences corresponding to K31 and K81 were synthesized by GeneWiz Inc (Plainfield, 

NJ). The amino acid sequence for each protein was reverse translated to its corresponding DNA 

sequence and optimized for E. coli codon usage. Each sequence included restriction sites BamHI 

at the 5’ end and HindIII at the 3’ end. The desired gene was digested from plasmid puc57 using 

BamHI and HindIII enzymes. Following isolation of the DNA fragment, each gene was 

subsequently ligated into plasmid pProExHtam, which contains an N-terminal histidine affinity 

tag and an ampicillin resistance gene. All enzymes were purchased from New England Biolabs 

(Ipswich, MA). Gene sequencing, completed by the Virginia Bioinformatics Institute 

(Blacksburg, VA), confirmed that the plasmids contained the gene for K31 and K81 proteins. 

Protein sequences are provided in Supporting Information. 
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5.3.2 Protein Expression and Purification 

K31 and K81 were expressed and purified following the same protocols. The proteins were 

first expressed in BL21 (DE3) E. coli cells. Cell cultures were grown for 16 hours overnight in 

Luria Broth (LB) media at 37 ̊C with shaking at 250 rpm. Cells were then diluted 1:100 in LB 

media and grown to an optical density of 0.6-0.8 at which time protein expression was induced 

with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Protein expression was conducted at 

37 ̊C for 4 hours. Following expression, cells were harvested through centrifugation at 5,000 rpm 

for 15 minutes and the cell pellet was resuspended in lysis buffer, pH 8, containing 50 mM Tris 

HCl, 300 mM sodium chloride, and 1% Tween 20, and then stored at -80 ̊C until purification. 

The desired protein was purified from inclusion bodies under denaturing conditions following a 

procedure adapted from Honda et al.65 The resuspended cell pellet was first thawed in a 37 ̊C 

water bath. Following this step, 10 mg/mL of lysozyme was added to the sample and incubated 

on ice for 30 minutes. Subsequently, 10 mM MgCl2, 1 mM MnCl2, and 10 µg/mL of DNase were 

added to the mixture and incubated on ice for 30 minutes. Following incubation, 25 mL of 

detergent buffer, pH 8, consisting of 20 mM Tris HCl, 200 mM NaCl, 1% Triton X-100, and 2 

mM EDTA was added and mixed with the protein sample. The sample was then centrifuged at 

5,000 rpm for 15 minutes, and the supernatant removed. This step was repeated until a tight 

pellet of inclusion bodies was formed. After obtaining the desired inclusion body pellet, 30 mL 

of extraction buffer, pH 8, containing 10 mM Tris HCl, 2 mM EDTA, 8 M urea, 10 mM βME, 

and 1 protease inhibitor cocktail tablet was added to resuspend the pellet. The sample was then 

centrifuged at 16,000 rpm for 1 hour. The supernatant was collected for purification using a 

standard Ni-NTA affinity purification protocol and eluted with 300 mM imidazole in lysis buffer 

with 8 M urea.  
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5.3.3 Gel Electrophoresis 

 

 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

estimate molecular weight of the purified protein. Samples were prepared in a 1:1 ratio of SDS 

buffer to protein and analyzed on a 10% acrylamide gel. A broad range protein marker from New 

England Biolabs (Ipswich, MA) was used as a standard and contained proteins from 212 kDa to 

6.5 kDa.  

5.3.4 Mass Spectrometry 

 

Mass spectrometry and peptide fragmentation analysis of K31 and K81 were performed at the 

Fralin Life Sciences Institute at Virginia Tech following a previously published procedure.17 

5.3.5 Dialysis 

 

Following affinity purification and molecular weight verification by SDS-PAGE and MS 

analysis, K31 and K81 were individually dialyzed out of elution buffer, pH 8, containing 300 

mM NaCl, 50 mM Tris HCl, 300 mM imidazole, 10 mM βME, and 8 M urea. In the first step of 

dialysis the protein was dialyzed against buffer, pH 8, with 10 mM Na2HPO4, 75 mM NaCl, 5 

mM DTT, and 8 M urea. Four additional dialysis steps were completed with decreasing amounts 

of urea equal to 6, 4, 2, and 0 M. Each of the steps were completed at 3 hour intervals except for 

the last step, which was allowed to equilibrate overnight. 

5.3.6 Size Exclusion Chromatography 

Size exclusion chromatography (SEC) was completed using a Dionex chromatography system. 

Protein fractions were detected using the Ultimate 3000 UV/Vis detector at 280 nm and analyzed 

using Chromeleon v6.8 chromatography software. Samples were removed from the dialysis 

cassette after each 3 hour equilibration period and filtered through a 0.22 µm filter prior to 
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injection. SEC analysis was completed with a 0.5 mL/min flow rate, and a mobile phase 

corresponding to the relevant dialysis buffer.  

5.3.7 Dynamic Light Scattering 

The average particle size and size distribution of proteins in solution was measured using a 

Malvern Zetasizer Nano-ZS. All dynamic light scattering (DLS) measurements were performed 

at 25 °C. All solutions were passed through a 0.22 μm filter prior to measurement. Samples 

correspond to each dialysis step with varying concentrations of urea, as was described for the 

SEC analysis. 

5.3.8 Transmission Electron Microscopy 

Transition electron microscopy (TEM) analysis was performed on a Philips EM420 

microscope with an accelerating voltage of 120 kV.  The TEM samples were prepared on 300 

mesh carbon-coated copper grids (Electron Microscopy Science, Hatfield, PA).  The keratin 

sample was deposited on the grid for 1 minute and excess sample was removed.  Two water 

washes were performed to remove salt. The samples were stained with 2% uranyl acetate for 30 

seconds, excess stain was removed and the sample allowed to air-dry for 24 hours before 

observation under the microscope. 

5.4 Results and Discussion 

5.4.1 Recombinant expression and purification of keratin proteins 

 

Recombinant hard and soft keratins have been previously produced and their assembly 

properties studied.64-68 Human hair keratins are hard keratins found in epidermal appendages of 

most mammals.62 Their utility as scaffolds for the development of nanostructured biomaterials 

has been demonstrated in a variety of applications over the past two decades.15-17, 69 In an effort 

to develop tailored and tunable materials, we have recombinantly produced and characterized 
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two human hair keratins that are known to self-assemble and form durable, fibrous structures in 

nature. 

5.4.2 Molecular weight and sequence analysis 

 

Human hair keratins, K31 (type I) and K81 (type II) were expressed using an E. coli 

expression system with yields of 20 mg/L. Synthetic genes used to produce the proteins were 

sequences homologous to those found in nature optimized for E. coli codon usage. Purification 

from inclusion bodies resulted in the isolation of pure, full length proteins. Expression of each 

protein with a six-histidine affinity tag on the N-terminus allowed for further Ni-NTA affinity 

purification. Following affinity purification, analysis of the protein fractions by SDS-PAGE 

verified the isolation of proteins with the molecular weights expected for K31 and K81 (Figure 

5.1A). Comparison of the purified fractions to the molecular weight standards (New England 

Biolabs) shows that the single protein band corresponds to the expected molecular weights of 

K31 and K81 estimated from their amino acid sequence using the Expasy Protparam tool, which 

was approximately 50 kDa for K31 and 58 kDa for K81. Additionally, SDS-PAGE analysis 

indicates that the proteins were expressed and purified with little to no impurities, as the desired 

protein bands are the only bands observed in the gel. Purification of keratin proteins without 

detrimental by-products has proven challenging when dealing with extracted materials. The 

ability to consistently produce keratins with high purity will further enable consistent self-

assembly and network structures. Moreover, biomaterial scaffolds developed from starting 

materials of high purity have the potential to reduce or even eliminate biological responses 

associated with the low molecular weight components of keratin extracts.20, 70 
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Figure 5.1. Molecular weight analysis of recombinantly expressed K31and K81. (a) SDS-PAGE 

analysis of purified fractions analyzed on a 10% acrylamide gel stained with coomassie blue. 

Bands outlined in black box were excised for MS peptide fragmentation analysis (b) Results of 

MS peptide fragmentation analysis of protein bands highlighted in the black box.  

Identity of the expressed proteins was verified using peptide fragmentation analysis and mass 

spectrometry (MS). Following the procedure reported by de Guzman et al., protein bands from 

the SDS-PAGE analysis were excised from the gel for extraction and subsequent sequence 

analysis. Results from this procedure indicate that recombinant, full length K31 and K81 were 

successfully expressed and purified. The expected molecular weight of the recombinant K31 was 

estimated at 50,163 Da using the Expasy Protparam tool. This estimation agrees well with the 

results from SDS-PAGE and the MS data (Figure 5.1B). Data obtained from the peptide 

fragmentation analysis matched the protein to K31 type 1 keratin Ha1 with a molecular weight of 

47,207 Da. The discrepancy in molecular weights of the recombinant K31 and the protein 

matched during sequencing results from the additional N-terminal His-tag region of the 

recombinant protein that has a molecular weight of approximately 2,944 Da. Using the same 

procedures, the K81 sequence, with an expected molecular weight of 57,894 Da, was matched to 

K81 type II keratin HbI with a molecular weight of 54, 936 Da (Figure 5.1B). Analogous to K31, 

the difference in the estimated and calculated molecular weight is attributed to the N-terminal 

sequence added to the recombinant proteins. Thus, full-length human hair keratins with no 

truncations, deletions, or unwanted modifications to the sequence were expressed.  
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5.4.3 Solution characterization of purified keratin proteins 

5.4.3.1 Size exclusion chromatography 

Keratin proteins form obligate heterodimers from one acidic and one basic keratin, even under 

strong denaturing conditions.63 This is consistent with keratins extracted from natural raw 

materials as these are also in their heterooligomeric state, and those derived from hair or wool 

fibers have not, to date, been reported to have been isolated in their monomeric form. Thus, by 

expressing individually acidic, K31, and basic, K81, keratin we are in a unique position to 

independently study each protein, especially their propensity for homooligomerization. Although 

not observed in nature, homooligomers are relevant in the realm of biomaterials design. 

Moreover, these nanostructures are accessible only through recombinant protein production. To 

investigate the solution phase behavior of, K31 and K81, as well as their equimolar mixture we 

have used SEC. Following affinity purification, samples were dialyzed into buffer containing 8 

M urea, which is a strong chaotropic agent. As mentioned previously, hard keratins have high 

thiol content, 6% and 6.7% cysteine in the protein sequences for K31 and K81 respectively. 

Thus, in order to prevent random disulfide bond formation in the protein denatured state, the 

buffer system also included a strong reducing agent, 5 mM DTT. Under these conditions, 

proteins will typically be in a denatured state, and the expected result of the SEC analysis would 

be protein in its monomeric form. However, initial studies showed that both K31 and K81 are in 

multiple oligomeric states even in 8 M urea and 5 mM DTT (Figure S1). This interesting result 

suggests that K31 and K81 may self-oligomerize to form higher-order structures. Fractions 

corresponding to the peaks in the chromatograms were collected and analyzed via SDS-PAGE 

(Figure S2). Only one protein band, corresponding to either K31 or K81, was present in all 

fractions, indicating that shorter elution time peaks indeed correspond to homooligomers in 
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multiple oligomerization states and not to sample impurities. Using BioRad protein standards, we 

can estimate that the K31 peaks observed in the SEC correspond to oligomeric states of 

approximately a monomer, tetramer, and 9-mer for the peaks labeled one, two, and three (Figure 

S1). Peak four was determined to be an aberrant buffer artifact as it appears in all sample and 

buffer only chromatograms. It is important to note that the calibration curve used to estimate 

oligomeric states (Figure S3) provides a general approximation of the structures present; 

however, further analysis is needed to determine exact solution components formed during self-

assembly.  

The SEC analysis of the equimolar K31 and K81 mixture in 8 M urea also resulted in 

chromatograms indicative of multiple oligomeric states (Figure S1). SDS-PAGE analysis of each 

fraction again confirmed that all fractions contained only K31 and K81 proteins (Figure S2). 

Thus, the SEC chromatograms are consistent with multiple oligomeric states, suggesting 

existence of higher order structures. Table S1 provides a complete list of retention times and 

estimated oligomeric states for each peak in K31, K81, and K31/K81 chromatograms. 

Interestingly in the chromatogram of K31/K81 there is one newly observed peak (peak 3), not 

present in K31 or K81 chromatograms (Figure S1), which corresponds to the estimated dimer of 

K31 and K81. However, in all fractions observed in the SDS-PAGE analysis it appears the 

concentration of K31 is higher. This is likely due to remaining homooligomers of K31 that do 

not preferentially heterodimerize with K81 due to the strong disulfide bonds already present. 

Therefore, under these solution processing conditions we do not observe complete 

heterooligomerization and would need to process the samples under stronger reducing conditions 

in order to obtain more efficient heterooligomerization.  
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As previously stated, K31 and K81 proteins are hard keratins, and therefore contain high 

cysteine content in their primary amino acid sequences. This sequence feature increases the 

potential for intermolecular disulfide crosslinking and thus facilitates the formation of higher 

order structures, even under the described solution conditions. Although heterodimerization 

under denaturing conditions was previously reported for a pair of soft keratins, higher order 

oligomers were not observed in those studies.63 However, soft keratin proteins have a lower 

cysteine residue content, less than 1%,71 and perhaps further oligomerization under denatured 

conditions is not feasible.  

5.4.3.2 TEM 

Nano scale structures of K31 and K81 homooligomers, and K31/K81 heterooligomers were 

investigated by TEM. Samples were prepared through step-wise dialysis of each protein solution 

against buffer containing 10 mM Na2HPO4, 75 mM NaCl, and 5 mM DTT with decreasing 

concentrations of urea. Slow removal of the denaturant enables the return of the proteins to their 

native conformations. Following removal of urea, K31, K81, and K31/K81 were imaged using 

TEM. All samples for TEM were prepared at approximately 1 mg/mL or greater, which is above 

the reported critical assembly concentration of 0.4 mg/mL.68, 72 

During step wise dialysis one-dimensional nanostructures formed in K31 and K31/K81 

samples (Figure 5.2 A, C, D). The homooligomerization of K31 results in tightly packed 

structures with an average width of 150 nm and length of 1 µm (Figure 5.2 A). 

Heterooligomerization of the K31/K81 pair resulted in fibers that formed bundles ranging from 

50 to 300 nm wide and that were several µm long (Figure 5.2 C). The typical fiber entanglement 

that enables hydrogel formation in bulk samples was also present in these samples (Figure 5.2 

D). The K81 formed regular, spherical zero dimensional (i.e. all dimensions at nanoscale, x, y, 



91 

 

and z, d ≤ 100 nm) structures with an average diameter of 80 nm (Figure 5.2 B). Although some 

packing of these structures is evident, further fiber formation did not occur.  

As the K31/K81 heteropolymer pair represents a typical human hair keratin combination, the 

formation of fibrous structures from these proteins is expected. The structures observed for the 

K31/K81 heterooligomer closely resemble the typical keratin IFs. Due to the high cysteine 

composition of both K31 and K81, it is likely that these structures form extensive intermolecular 

disulfide bonds leading to subsequent bundling of individual fibers. Interestingly, K31 

homooligomerized into fibers even in the absence of its obligate dimerization partner, K81. 

These fibers do not have the typical IF morphology, but are relatively thicker and shorter. This 

difference can be attributed to the number and pattern of disulfide bonds in homooligomers 

versus obligate heterooligomers. It has been previously shown that disulfide bonding between 

keratin pairs may result in fibers of shortened lengths in vitro when both heterodimer 

components are involved in intermolecular disulfide formation.73 It has also been shown that 

control over disulfide bond formation through reducing agent of the solution plays an important 

role in the resulting IF length.67 This is the first time, to our knowledge, that homooligomeric 

keratin fibers have been observed. Although these fibers are not observed in nature, and are 

probably aberrant structures in vivo, they are nevertheless relevant for future synthetic material 

design. The range of zero and one dimensional nanostructures observed in recombinant, pure 

keratin samples, indicate the potential to create a breadth of tailored biomaterials through both 

homo- and heterooligomerization of keratin proteins. Additionally, these structures were not 

accessible by previously existing keratin biopolymer extraction and processing methods. The 

ability to recombinantly produce these proteins in a pure and functional state will allow for 

future design and engineering of each individual component.  
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Figure 5.2. TEM images of keratin proteins (a) K31 (b) K81 (c) K31/K81 and (d) K31/K81. All 

images are stained with 2% uranyl acetate. Scale bars are 500 nm (a) 300 nm (b and c) and 500 

nm (d). 

5.4.4 Mechanism of K31 Self-assembly 

 SEC and TEM data for K31 suggest the proteins ability not to only self-oligomerize, but 

further self-assemble in higher order structures. These newly observed structures do not resemble 

standard IFs. To gain further insight into the mechanism of K31 self-assembly, we implement a 

combination of solution characterization techniques and TEM analysis.  

5.4.4.1 Size Exclusion Chromatography and Dynamic Light Scattering 

 

SEC and DLS were performed on K31 samples at each step of the urea removal. We 

hypothesized that higher order structure formation is associated with K31 folding into its native 

structure. As seen in Figure 5.3, chromatograms corresponding to 8M (black curve), 4M (blue 

curve), and 0M (red curve) urea solution contain several peaks indicative of higher molecular 

weight species. We have shown that these species are larger oligomeric states of K31 (Figure 

S1). Even in 8 M urea, K31 is not only a monomer, but in an equilibrium between several 

oligomeric states. When the concentration of urea decreased from 8M to 4M, the fraction of the 

K31 eluting at shorter retention times increased, indicating that equilibrium was shifted towards 
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higher oligomeric states. However, following complete removal of urea from the sample, the 

void volume peak previously observed is absent and remaining peaks shift towards longer 

retention times indicating that only lower MW species are present in the solution. At the same 

time, the overall intensity of the signal decreased. Together, these observations prompted us to 

consider if, upon urea removal, most of K31 is in nanostructures that are too large to enter the 

SEC column. All samples were filtered through a 0.22 µm filter, thus any structures in the 

sample that are larger than 0.22 µm will remain on the filter and not enter the SEC column.  

Subsequent examination of the sample by DLS further confirms these observations. Figure 5.3 

B depicts DLS data obtained from K31 under equivalent sample conditions to SEC.  It is 

important to note that larger particles scatter more light and therefore the percent intensity does 

not correspond to the relative abundance of particles in the solution. DLS performed on filtered 

K31 samples in decreasing urea concentration show a shift in K31 oligomer size following the 

trend observed in SEC. The 8 M urea sample has two populations with sizes of approximately 18 

and 255 nm. The population at 225 nm then shifts to a larger size (~315 nm) when the urea 

concentration is decreased to 4 M.  Following complete urea removal and sample filtration, only 

~ 50 nm oligomers remain in the K31 solution. As in SEC, the higher-order oligomers and 

structures are filtered out during the sample preparation process. To verify this observation, we 

compared unfiltered and filtered samples (inset Figure 5.3 B). It is evident from this data that a 

size population corresponding to larger structures in the sample is removed by filtering. Since all 

samples are also filtered before running SEC, it can be concluded that the final traces obtained 

by solution analysis methods only represent sample components that are not incorporated into 

higher-order structures. From the change in intensity of the SEC signal, an estimated 70% of the 

protein sample forms these higher order structures, while only 30% of the sample remains in the 



94 

 

solution phase. Additional TEM investigation allowed for further insight into the structures 

formed that correspond to the changes observed in SEC and DLS.  

 

Figure 5.3.  Characterization of homopolymer K31. (a) Normalized SEC and (b) DLS analysis 

of K31 in varying concentrations of urea: 8 M (black), 4 M (blue), 0 M (red). The black arrow in 

(a) indicates the column void volume. The inset figure shows K31 in 0 M urea before (dashed 

line) and after (solid line) filtering. (c-e) TEM of K31 in buffer containing no urea. Scale bars are 

300 nm (c) 100 nm (d) and 200 nm (e). 

 

5.4.4.2 TEM 

As evidenced in the SEC and DLS experiments, K31 self-assembly proceeds as the urea 

concentration in the buffer system decreases. Initial formation of larger structures lead to a final 
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system comprised of largely K31 fibers and a small percentage of monomer and smaller 

oligomeric components once all denaturant has been removed. TEM analysis of K31 verifies 

these results. Structures observed in Figures 3 C-E coexist in the same urea-free K31 sample and 

can be observed throughout the TEM grid. As seen in Figure 5.3 C, uniform 30 nm structures are 

observed in the sample. These structures align and elongate to form the larger components also 

seen in the solution (Figure 5.3 D). Lastly, side-to-side stacking and bundling of these larger 

components leads to the final fiber formation (Figure 5.3 E). The bundled fibers represent 

unobservable portions of the sample from filtered SEC and DLS samples, as they are well above 

the 0.22 µm filter cutoff.  Scheme 5.1 shows the overall proposed mechanism of assembly. Even 

under high denaturant concentrations monomeric keratin is in equilibrium with the several 

oligomeric structures formed in the first phases of self-assembly. However, as the denaturant is 

further reduced, K31 assembles into fibers through association of the oligomers. As the 

denaturant is removed, this equilibrium shifts towards higher oligomeric structures and finally 

fibers. However, the final step of assembly, fiber formation, is irreversible. 

Keratin heterooligomerization and IF formation through hydrophobic and electrostatic 

interactions is a well-studied process.63 Additionally, the role of cysteine residues found in the 

non-helical tail domain of epithelial keratins has been shown to promote bundling through 

formation of disulfide crosslinks.74 However, unlike epithelial keratins, which contain less than 

2% cysteine in their tail domain, hair keratins contain up to 14% cysteine content in their tail 

domain.71 This striking difference in cysteine content likely explains the propensity toward 

homooligomerization and high degree of bundling observed in K31 self-assembled structures. In 

order to test this hypothesis, we completed the self-assembly procedure as previously described, 

but varied the strength of the reducing agent used. Representative TEM images of samples with 
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no reducing agent (Figure 5.4 A), 10 mM βME (Figure 5.4 B), and 5 mM DTT (Figure 5.4 C), 

show the effect of reducing agent strength on the resulting K31 fiber morphology. Under all 

solution conditions analyzed, K31 maintains its ability to assemble into fibers, but interestingly, 

as the reducing agent strength is increased, bundling and branching of fibers is decreased. K31 

prepared with no reducing agent resulted in branched fibers that were more elongated than fibers 

originally observed in samples prepared with DTT. However, the large bundles observed were 

composed of individual fibers of approximately 10 nm, which corresponds to the typical IF 

structure. Increasing the reducing agent strength from no reducing agent to 10 mM βME resulted 

in fibers with less branching, but increased lateral association, where bundles were on the order 

of 1 µm in width. As previously shown, fibers assembled with DTT saw significantly less lateral 

association compared to βME and also less elongation than each of the other samples. Despite 

the differences in the final fiber morphology, spherical 30 nm structures were present in all 

samples. These results suggest that the precursor to self-assembly remains constant (first 

equilibrium step in Scheme 5.1) despite the reducing agent’s effect on disulfide formation, and 

points to the importance of intermolecular disulfide bonds on the elongation and bundling of 

these structures into larger fibers. The ability to control crosslinking density and thus final fiber 

morphology through manipulation of solution processing conditions provides the opportunity to 

potentially control the resulting chemical and mechanical properties of materials through simple 

changes to solution conditions. Overall we conclude that the ability of K31 to homopolymerize 

into fibers is highly dependent on its ability to form disulfide bonds, and that this unique feature 

of hard keratin proteins can be further exploited for development of biomaterials with tunable 

properties. 
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Figure 5.4. TEM images of K31 fibers with varying reducing agents. a) No reducing agent b) 

βME- 10 mM c) DTT- 5 mM. All images are stained with 2% uranyl acetate. Scales bars are 100 

nm (a), 1 µm (b), and 500 nm (c). 

 

5.5 Conclusions 

The E. coli production of recombinant human hair keratins resulted in isolated proteins of the 

correct sequence and molecular weight. Hard keratins, K31 and K81, have high propensity for 

oligomerization in solution, which is attributed to their high cysteine content. IF formation is 

maintained in the heterooligomer K31/K81. Surprisingly, K31 also homooligomerized into fibers 

of varying morphologies, while self-assembly of homopolymer K81 resulted in zero-dimensional 

nanostructures. Thus, we have shown for the first time that obligate heterodimers are not 

required for keratin assembly into higher order structures. Although homooligomeric structures 

have not been observed in nature and are probably aberrant structures in natural materials, their 

in vitro existence expands the design scope for potential new biomaterials. Moreover, these 

structures are accessible only through recombinant production of monomeric proteins. Results of 

this work will enable further understanding of the IF formation in hard keratins, as well as new 

material for biomaterials development. The use of recombinant DNA technology and protein 

engineering techniques in the future will allow for sequence control and subsequent tailoring of 

material properties.   
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5.9 Supplemental Figures 

Protein Sequences 

K31 

 

mpynfclpslscrtscssrpcvppschsctlpgacnipanvsncnwfcegsfngseketmqflndrlasylekvrqlerdnaelenlirer

sqqqepllcpsyqsyfktieelqqkilctksenarlvvqidnaklaaddfrtkyqtelslrqlvesdinglrrildeltlcksdleaqveslkee 

llclksnheqevntlrcqlgdrlnvevdaaptvdlnrvlnetrsqyealvetnrreveqwfttqteelnkqvvssseqlqsyqaeiielrrtv

naleielqaqhnlrdslentltesearyssqlsqvqslitnvesqlaeirsdlerqnqeyqvlldvrarleceintyrsllesedcnlpsnpcatt

nacskpigpclsnpctscvppapctpcaprprcgpcnsfvr 

 

K81 

mtcgsgfggrafscisacgprpgrccitaapyrgiscyrgltggfgshsvcggfragscgrsfgyrsggvcgpsppcittvsvneslltpln

leidpnaqcvkqeekeqikslnsrfaafidkvrfleqqnklletklqfyqnreccqsnleplfegyietlrreaecveadsgrlaselnhvqe

vlegykkkyeeevslrataenefvalkkdvdcaylrksdleanvealiqeidflrrlyeeeirilqshisdtsvvvkldnsrdlnmdciiaei

kaqyddivtrsraeaeswyrskceemkatvirhgetlrrtkeeinelnrmiqrltaevenakcqnskleaavaqseqqgeaalsdarckl

aelegalqkakqdmaclireyqevmnsklgldieiatyrrllegeeqrlcegigavnvcvsssrggvvcgdlcvsgsrpvtgsvcsapc

ngnvavstglcapcgqlnttcgggscgvgscgisslgvgscgsscrkc 
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Figure S1. SEC traces of K31 (black), K81 (purple), and K31/K81 (blue) samples in 8 M urea. 

The black arrow indicates the void volume and the numbers indicate peak labels for K31 (black 

numbers), K81 (purple numbers) and K31/K81 (blue numbers). Absorbance is normalized to 1 

for all samples. 
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Figure S2. SDS-PAGE analysis of SEC traces of K31, K81, and K31/K81 samples in 8 M urea. 

The black boxes highlight protein bands for each sample. 
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Figure S3.  Calibration curve from protein standards used to estimate oligomeric states of peaks 

in the SEC for K31, K81, and K31/K81. 
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Table S1. Peak labels and estimated oligomeric states from SEC 
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6.1 Abstract 

Natural biopolymer-based materials have found much success in tissue engineering and 

regenerative medicine applications.  Their intrinsic biocompatibility and biological activity make 

them well suited for biomaterials development. Specifically keratin-based biomaterials have 

demonstrated much utility for regenerative medicine applications including bone regeneration, 

wound healing, and nerve regeneration. However, studies of structure-function properties of 

keratin biomaterials have been hindered by the lack of homogeneous biopolymer preparations. 

The use of recombinant DNA technology presents a potential solution to overcome challenges 

associated with extraction of natural biopolymers. Furthermore, recombinant proteins offer a 

tunable design platform that allows for tailoring of the chemical and mechanical properties of 

materials while maintaining the desired inherent traits of natural biopolymers. Here we present a 

side-by-side comparison of natural and recombinant human hair keratin proteins K31 and K81. 

Trichocytic keratin biopolymers K31 and K81 were individually expressed in E. coli and purified 

to homogeneity using a combination of metal affinity chromatography and size-exclusion 

chromatography. When combined, K31 and K81 assemble into characteristic intermediate 

filament-like fibers. In contrast, the extracted keratin biopolymers are extracted as obligate 

dimers. In conclusion, homogenous preparation of recombinant human hair keratins result in 

proteins that maintain the self-assembly properties of natural keratins. These biopolymers will 

facilitate the study of structure-function properties of keratin biomaterials, as well as enable the 

development of future tailored biomaterials. 
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6.2 Introduction 

Biopolymer-based scaffolds for tissue engineering and regenerative medicine have 

garnered much interest over the past few decades.1-11 Natural biopolymers offer many 

advantages to traditional implant materials and synthetic polymer-based scaffolds. Although 

synthetic polymer-based scaffolds provide excellent structural support, they lack the intrinsic 

biological activity of natural biopolymers12 and often illicit an unwanted foreign body 

response.13 Many natural biopolymers have inherent self-assembly properties, functional cell 

binding motifs, and other important regulatory functions, such as control over cell migration and 

proliferation that provide them with intrinsic biological activity.6, 10, 14-18 Furthermore, natural 

biopolymer-based scaffolds are often constructed from proteins found in the extracellular matrix 

(ECM) and other native tissues, which contributes to their biocompatibility, and minimizes 

undesirable immune responses. Conversely, synthetic polymer-based scaffolds often require 

chemical modifications in order to improve their biocompatibility and impart biological 

functions for subsequent use as biomaterials. Functionalization of these scaffolds has proven 

difficult and often requires the use of harsh solvents.19-20 Additionally, it is difficult to control the 

degree of functionalization and the spatial organization of functional groups.21-22 Therefore, due 

to the inherent characteristics of natural biopolymers (e.g. self-assembly, cell binding), they 

provide promising alternatives as biomaterials for regenerative medicine.23 

 When designing biomaterials for regenerative medicine and tissue engineering, certain 

criteria should be considered.24 First, biomaterials need to provide adequate mechanical and 

structural support. Systems that allow for specific tailoring of mechanical and structural 

properties create an additional advantage. Moreover, the ability to facilitate and control cellular 

adhesion, migration, proliferation, and differentiation is essential for successful biomaterials 

use.25 Lastly, materials that degrade over time and resorb into the body allow for temporary 
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implants. The ability to control the rate of degradation further enhances the utility of the material 

as the degradation rate can be tailored to the body’s healing process.26   Natural biopolymers 

possess many of these qualities, thus making them attractive replacements to traditional synthetic 

scaffolds used for the design of biomaterials. Biopolymers such as elastin18, 27, collagen14, 

keratin28, and silk29 are characterized by their hierarchical structures and exquisite mechanical 

properties. The aforementioned biopolymers can reassemble into their native structures 

following extraction from natural sources, thus retaining biological function and mechanical 

properties necessary for development of biomaterials.17, 27, 30-31 Furthermore, biopolymers that 

have been implemented for materials design not only have important structural properties, but 

also important biological functions, including the ability to promote cellular attachment through 

specific cell-binding motifs in their primary amino acid sequences, induction of cell 

proliferation, as well as regulation of cellular differentiation and protein synthesis.27, 32-34 

Of the natural biopolymers used for design of biomaterials, keratin has demonstrated 

much promise as a suitable scaffold for tissue engineering and regenerative medicine.35-47 The 

inherent self-assembly of keratins into fibrous nanostructures is advantageous over designing 

synthetic polymer assemblies and allows for processing keratin into materials with excellent 

mechanical properties. Furthermore, keratins’ biological and regulatory functions enhance its 

biocompatibility and provide useful bioactivity. For example, it has been proposed that keratin 

biopolymers contain cell binding motifs that participate in regulation of protein synthesis, cell 

growth, and proliferation.48-49 Consequently, keratin has been employed in bone regeneration50, 

wound healing51, and nerve regeneration52 applications. A notable example of keratin-based 

materials demonstrated its utility as a scaffold for bone regeneration through the delivery of 

recombinant human bone morphogenetic protein 2 (rhBMP-2) via a keratin hydrogel system.50  
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Another recent example of the benefits of keratin-based scaffolds can be seen in the work by 

Ham et al.53 In this study, human hair keratins were used to fabricate hydrogels with controlled 

degradation profiles to allow for delivery of recombinant human insulin-like growth factor 1. 

However, despite the utility of keratin biomaterials, structure-property relationship investigations 

of keratin biomaterials have been mired by the lack of homogeneous biopolymer preparations. 

During extraction from natural sources such as hair and wool fibers, natural keratins are subject 

to extensive processing conditions that can lead to biopolymer damage. Additionally, the quality 

of the materials is highly source dependent. The harsh processing methods required for keratin 

extraction may result in protein damage leading to alterations in network assembly and 

undesirable immune response despite the biocompatibility of the biopolymer. Furthermore, 

major biopolymer components, K31 and K81, co-purify with low molecular weight additives 

such as melanin and other keratin associated proteins.    

We have recently reported cloning, expression, and purification of recombinant human 

hair keratin 31 (K31) and keratin 81 (K81). K31 and K81 have been identified as the major 

components of extracted hair keratin materials,54 which fall into the category of “hard” keratins. 

Hard keratins are found in epidermal appendages, such as hair, skin, and nails.55 The defining 

feature of hair keratins comes from their high cysteine content, with hair keratins containing 5% 

or more cysteine residues.56 This is in stark contrast to epithelial or “soft” keratins, which contain 

less than 1% of cysteines.56 Consequently, hard keratins form more rigid structures, compared to 

the loose bundles formed by soft keratins, which result from extensive intermolecular disulfide 

bonds formed during assembly. Keratins extracted from natural sources are obtained either 

through oxidative extraction, keratose (KOS) or through reductive extraction, kerateine (KTN). 

In KOS samples disulfide bonds are not formed due to the conversion of the cysteine thiol 
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groups to sulfonic acid. KTN cysteines do contain thiol groups and readily form disulfide 

crosslinks. As a result of this chemical difference KOS materials are generally less stable than 

KTN materials as there are no covalent bonds formed in the material.53 Herein, we present the 

side-by-side comparison of the solution characterization of recombinant human hair keratins K31 

and K81 (rhK31 and rhK81) to KTN. 

We compare the sample homogeneity, solution behavior, and self-assembly 

characteristics of rhK31 and rhK81 with the keratins obtained through reductive extraction from 

hair. Full-length rhK31 and rhK81 with no sequence deletions, truncations, or mutations were 

expressed in E.coli. Combination of affinity purification methods and size exclusion 

chromatography yielded homogeneous recombinant protein samples without unwanted 

byproducts or impurities. In contrast, extracted keratins are obtained as a heterogeneous mixture 

of K31/K81 dimer and additional hair protein components. Further solution characterization by 

SEC and DLS elucidated the initial stages of keratin fiber assembly. TEM images of the 

nanostructures formed during self-assembly of extracted and recombinant keratins allowed for 

comparison of fiber size and morphology. Recombinant keratins assemble into typical 

intermediate filaments (IF) that subsequently associate into large bundles. With homogeneous 

biopolymers in hand, we are now in a position to perform structure-property studies of keratin 

biomaterials. 

6.3 Materials and Methods 

6.3.1 Gene Design and Cloning of Recombinant K31 and K81 

 Amino acid sequences for K31 and K81 were reverse translated to the resultant DNA 

sequence and optimized for E. coli codon usage. Synthetic genes corresponding to each protein 

sequence were synthesized by GeneWiz Inc. The gene sequence contained restriction sites for 

subsequent cloning into the expression vector pProExHtam. BamHI and HindIII, at the 5’ and 3’ 
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ends, were employed to ligate the gene into the plasmid, following digestion and isolation of the 

gene from the commercial plasmid puc57. Enzymes were purchased from New England Biolabs 

(Ipswich, MA). In order to confirm successful cloning of each gene, sequencing was completed 

by the Virginia Tech Bioinformatics Institute, which confirmed the correct gene sequences were 

contained in the plasmids. The same procedure was followed for cloning of the K31 and K81 

genes. Plasmid pProExHtam contains an N-terminal histidine affinity tag to be used for protein 

purification. 

6.3.2 Protein Expression and Purification of Recombinant Proteins 

Recombinant K31 and K81 were expressed using an E. coli expression system. The same 

procedures were followed for both proteins. First, the proteins were expressed in BL21 (DE3) E. 

coli cells. Luria Broth (LB) was used for cell cultures. Cells were grown overnight for 16 hours 

in 50 mL of media at 37 ̊C with shaking at 250 rpm. LB media was then used to dilute the cells 

in a 1:100 ratio and cells were grown to an optical density (OD) of 0.6-0.8. Once OD had been 

reached, 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was used to induce protein 

expression, which was completed at 37 ̊C for 4 hours. Cells were then harvested by 

centrifugation at 5,000 rpm for 15 minutes and subsequently resuspended in lysis buffer pH 8 

containing 50 mM Tris HCl, 300 mM sodium chloride, and 1% Tween 20 and then stored at -

80 ̊C until purification. An inclusion body purification procedure adapted from Honda et al.was 

used to extract and purify K31 and K81. Cell pellets were thawed in a a 37 ̊C water bath 

followed by a 30 minute incubation with 10 mg/ml of lysozyme. Following this step, 10 mM 

MgCl2, 1 mM MnCl2, and 10 µg/mL of DNase were each added to the protein samples and 

incubated for an additional 30 minutes. Detergent buffer pH 8 consisting of 20 mM Tris HCl, 

200 mM NaCl, 1% Triton X-100, and 2 mM EDTA was then added at an equivalent volume to 

the sample volume and mixed well before centrifuging for 15 at 5,000 rpm. Following removal 
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of the supernatant, an additional 25 mL of detergent buffer was added to each sample, and the 

samples were again centrifuged. This procedure was repeated until a tight pellet of inclusion 

bodies was formed at which time 25 mL of extraction buffer was added. Extraction buffer 

consists of 10 mM Tris HCl, 2 mM EDTA, 8 M urea, 10 mM βME, and 1 protease inhibitor 

cocktail tablet at a pH of 8, and was used to resuspend the inclusion body pellet. The samples 

were then centrifuged for 1 hour at 16, 000 rpm. The resultant supernatant containing the 

extracted keratin proteins was collected for further purification. K31 and K81 containing an N-

terminal histidine affinity tag were purified using a standard Ni-NTA affinity purification 

procedure. All buffers used for the purification process also contained 8 M urea to keep proteins 

in their denatured form until further dialysis. 

6.3.3 Extraction of Natural Keratin Proteins 

  Natural keratins used for this study were extracted as previously described.57 A sample of 

human Chinese hair was obtained from a commercial vendor and used as received.  Keratin 

extraction was accomplished through a multistep reductive process described as follows: 100 

grams of hair was placed into a 2 L solution of 0.5 M thioglycolic acid (TGA) adjusted to a pH 

of 10.5 and shaken at 100 rpm for 15 hours at 37 0C.  The hair was recovered by sieve and the 

extraction solution retained.  The hair fibers were then placed in a solution of 4 L of 100 mM tris 

and shaken at 100 rpm for 2 hours at 37 0C.  Hair was again recovered by sieve and placed in a 

freshly prepared 1 L solution of 0.5 M TGA adjusted to a pH of 10.5 and shaken at 100 rpm for 

15 hours at 37 0C. The resulting extraction solution was retained and the hair was then placed in 

2 L of 100 mM tris and shaken at 100 rpm for 2 hours at 37 0C.  The hair was then recovered by 

sieve and discarded.  The extraction solution was retained and pooled with extraction solutions 

obtained in previous steps to form a solution of crude keratin extract.  The extract was clarified 
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of particulate matter by centrifugation through a solids separator running at 30,000 rpm, 

followed by filtration through a filter membrane with a 20-25 average pore size.  Keratin 

nanomaterials were obtained from this clarified crude keratin extract by ultrafiltration using a 

100 kDa NLMWCO polysulfone, tangential flow filtration (TFF) cartridge.  TFF was conducted 

with 10 volume washes against a buffer consisting of 10 mM disodium phosphate and 100 mM 

sodium chloride at pH 9.1, followed by 5 volume washes against purified water.  The purified 

keratin nanomaterial solution was concentrated, titrated to pH 8.5, frozen and freeze dried to 

produce a keratin nanomaterial powder.  

6.3.4 Gel Electrophoresis and Western Blot 

 

 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 

purified protein prior to Western Blot analysis. Samples were prepared in a 1:1 ratio of SDS 

buffer to protein and analyzed on a 10% acrylamide gel. Extracted kerateine (KTN) and keratose 

(KOS) were diluted at 10mg/ml in sodium phosphate at pH 7.4, and recombinant proteins were 

prepared at 5 mg/mL. Following SDS-PAGE, proteins were transferred onto nitrocellulose 

membranes at 0.35A for 2 hours. The membranes were blocked with 5% non-fat dry milk in Tris 

Buffer Saline with 0.25% Tween 20 (TBST) for 1 hour. Guinea pig anti-human keratin-31 (K31) 

and guinea pig anti-human keratin-81 (K81) antibodies (Progen Biotechnik, Heidelberg, Baden-

Württemberg, Germany) were used as primary probes and were both diluted at 1:2000 in 

blocking buffer for 1 hour. The membranes were washed three times with TBST, submerged into 

a 1:3000 dilution of the rabbit anti-Guinea pig IgG-HRP (Life Technologies) secondary probe 

for 1 hour, then again washed three times with TBST.  All incubation periods were conducted at 

room temperature. Pierce ECL Plus substrate (Thermo Fisher Scientific) mix was added to the 

membranes 3 minutes prior to been imaged in a Fujifilm LAS-3000 Imager (General Electric).   
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6.3.5 Dialysis 

 Following affinity purification and molecular weight verification by SDS-PAGE and MS 

analysis, K31 and K81 were individually dialyzed out of elution buffer pH 8 containing 300 mM 

NaCl, 50 mM Tris HCl, 300 mM imidazole, 10 mM βME, and 8 M urea. In the first step of 

dialysis the protein was dialyzed against buffer pH 8 with 10 mM Na2HPO4, 75 mM NaCl, 5 

mM DTT, and 8 M urea. Four additional dialysis steps were completed with decreasing amounts 

of urea equal to 6, 4, 2, and 0 M. Each of the steps were completed at 3 hour intervals except for 

the last step, which was allowed to equilibrate overnight. Keratin proteins that were previously 

extracted and lyophilized were reconstituted and prepared following the same procedure. 

6.3.6 Size exclusion chromatography 

 

A Dionex chromatography system with an Ultimate 3000 UV/Vis detector was used for size 

exclusion chromatography (SEC). Proteins were detected at 280 nm and analyzed with 

Chromeleon v6.8 chromatography software. Samples were analyzed following each step of the 

dialysis process. Each samples was passed through a 0.22 µm filter after a 3 hour equilibration 

period in the appropriate dialysis buffer. The mobile phase used for each sample corresponds to 

the relevant dialysis buffer. Samples were analyzed with a flow rate of 0.5 mL/min. 

6.3.7 DLS 

 

 Dynamic light scattering (DLS) was completed using a Malvern Zetasizer Nano-ZS to analyze 

the average particle size and size distribution of extracted and recombinant keratin biopolymers 

in solution. Prior to measurement samples were filtered using a 0.22 μm filter. Each sample 

corresponds to steps during the dialysis process, and thus samples contain the corresponding 

buffer and urea concentration as described in the dialysis section. The Malvern software converts 

the intensity percent size distribution to volume percent using Mie theory. 
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6.3.8 Transmission Electron Microscopy 

 Using a PhilipsEM420 microscope with an accelerating voltage of 120 kV transition electron 

microscopy (TEM) analysis was performed on extracted and recombinant keratin biopolymers. 

Samples were prepared using 300 mesh carbon-coated grids purchased from Electron 

Microscopy Science. Following deposition of the sample on the grid, a 1 minute drying period 

was allowed before excess sample was removed. All samples were stained using 2% uranyl 

acetate, with a 30 second drying period. Excess stain was then removed and samples were 

allowed to air-dry for 24 hours prior to analysis. 

6.4 Results and Discussion 

 

Recombinant DNA technology and protein engineering are greatly influencing the next-

generation biomaterials landscape. Recombinant protein-based biomaterials provide the 

structural and mechanical properties of their natural counterparts while offering the potential for 

creating materials with tunable sequences, and thus tailored and improved characteristics. 

Cellular binding motifs, degradation sites, and protein fusions exemplify some of the benefits 

afforded from recombinantly expressed biopolymers.58-62 Indeed, many protein-based 

biomaterials, including silk59, 63, elastin61, 64, collagen65-66, and resilin67 have benefited from 

recombinant DNA technology. In addition to providing a path to increased structural and 

functional complexity of biomaterials, recombinant biopolymers are indispensable in structure-

property relationships studies.  

6.4.1 SDS-PAGE and Western Blot 

 

In addition to K31 and K81, hair fibers contain different types of keratin proteins, 

including gamma-, alpha-, and beta-keratins.44 Beta-keratins provide protection to the hair fiber, 



119 

 

gamma-keratins serve as a crosslinking agent, and alpha-keratins function as the main structural 

component.44 As such, the desired component for fabrication of biomaterials is the alpha-keratins 

due to its important structural properties. However, through the extraction and purification 

process it is often difficult to remove the other types of keratin proteins, as well as additional by-

products, which results in a heterogeneous mixture following extraction and purification. On the 

other hand, recombinant protein are expressed and purified individually. The N-terminal 

histidine tag enables metal affinity purification allowing for efficient removal of all other 

proteins and by-products not containing the specific affinity tag. In Figure 6.1 A we first visually 

compare solutions of extracted and recombinant proteins. The purified recombinant protein 

solution is labeled “1” and the extracted protein solution is labeled “2”. The recombinant protein 

solution is clear while the extracted solution, even after purification, appears brown. The 

observed color is from melanin not removed during purification, demonstrating the difficulty of 

removing small molecular weight by-products during extraction. In addition, SDS-PAGE 

analysis of the purified proteins further indicates the improved sample homogeneity of the 

recombinant keratins (Figure 6.1 B). In Figure 6.1 B, lanes 1 and 2 represent affinity purified 

rhK31 (lane 1) and rhK81 (lane 2). A single protein band is present in each lane, showing that 

both recombinant proteins have been successfully purified with no observable by-products or 

unwanted contaminants. However, the extracted KTN sample in lane 3 has many protein 

components present, indicating either the difficulty in removing residual hair fiber components 

or protein degradation, or both. 
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Figure 6.1. Comparison of purified recombinant and extracted keratins a) picture of purified 

recombinant (1) and extracted (2) solutions b) SDS-PAGE fractions: M-marker, 1-rhK31, 2-

rhK81, 3-Extracted KTN c) Western blot with K31 antibody and d) Western blot with K81 

antibody. 

 

To verify the identity of the proteins observed in SDS-PAGE, we implemented a Western 

blot analysis. Antibodies specific for either K31 or K81 were used to analyze each sample 

(Figure 6.1 C and 6.1 D). Figure 6.1 C shows the results of the Western Blot with the K31 

antibody, whereas the results in Figure 6.1 D were obtained from the K81 specific antibody. This 

analysis confirmed that the predominant proteins in the recombinant materials preparations were 

K31 and K81, as expected. Interestingly, however, in the extracted sample, the stained bands 

correspond to higher molecular weights even under denaturing and reducing gel conditions. This 

indicates the existence of only irreversible higher order oligomers in the extracted samples at the 

same solution conditions in which the recombinant sample is monomeric. The exception is the 

1% KTN sample where a band corresponding to the molecular weight of monomeric K31 is 

observed (Figure 6.1 C). Furthermore, not all bands present in SDS-PAGE of the extracted 
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keratins also appear in the Western blot signifying the existence of additional proteins in the 

extracted sample. From the results obtained from SDS-PAGE and Western blot it appears that 

recombinant protein production and purification methods provide starting materials of improved 

homogeneity over that of extracted keratins. However, when rhK31 and rhK81 are combined, 

bands corresponding to higher molecular weights than monomers appear in Western blots, 

analogous to extracted KTN sample. Thus, the recombinant heterodimer is capable of 

heteropolymerization and formation of higher order structures. To further investigate 

heteropolymerization of rhK31 and rhK81 we utilized SEC and DLS.  

6.4.2 SEC and DLS 

 

To prepare samples for SEC analysis, rhK31 and rhK81 were mixed in the 8M urea 

buffer (Materials and Methods). KTN samples were resuspended in buffer of the same 

composition as the recombinant samples. SEC data obtained in buffer containing 8 M urea shows 

that both the extracted and recombinant keratin proteins contain structures that are larger than the 

K31/K81 heterodimer (Figure 6.2).  Interestingly, the higher order oligomers are present in both 

samples even in the presence of a denaturant (urea) and reducing agent (DTT). It is important to 

note that all samples are passed through a 0.22 µm filter before SEC analysis. Therefore, all 

structures larger than the filter cut-off will be excluded from this method of analysis.  

While five peaks are observed in the recombinant sample chromatogram the extracted 

heteropolymer chromatogram contains two broader peaks shifted toward shorter elution times 

(Figure 6.2). The estimated oligomeric states for each peak (labeled by the red numbers in the 

Figure 6.2) are shown in Table 6.1. Additionally, as seen in the SDS-PAGE of the KTN sample, 

SEC will show an overall signal of all proteins present in the extracted material. This may 

explain the broad peaks observed in the KTN chromatogram. 



122 

 

Table 6.1. SEC labels and estimated oligomeric states. 

 

Interestingly, higher molecular weight peaks 1, 2, and 3 in the recombinant sample 

overlap with peaks 1 and 3 in the extracted sample suggesting that the K31/K81 octamer, 

tetramer, and dimer are present in both the extracted and recombinant samples. Peak 1 in the 

extracted sample, not observed in the recombinant proteins sample, elutes at the time 

corresponding to the column void volume. Thus sample components too large to be retained on 

the column are already present in the extracted sample. At the same time, there is no protein 

eluting at retention times corresponding to K31 and K81 monomers in the extracted sample. 

From the SEC analysis we conclude that in the recombinant sample under denaturing conditions 

the major fraction of the solution is monomeric rhK31 and rhK81 in equilibrium with higher 

order oligomers. On the contrary, the major fraction of the KTN solution corresponds to 

oligomers larger than octamers and the smallest observable component is a dimer. Dimer 

observation in the KTN sample is consistent with the formation of the obligate keratin dimer in 

nature, however it is interesting that this dimer is resistant to denaturing conditions.  

The presence of larger heteropolymers in the extracted KTN sample, as observed in the 

SEC, SDS-PAGE, and Western blot analyses, are consistent with the extraction procedure that 
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relies on breaking down preformed, durable keratin-based structures. In order to efficiently 

extract the desired keratin biopolymers, the extensive network of intermolecular disulfide bonds 

must be reduced. Thus, the size of sample components acquired from extraction is dependent on 

the efficiency with which this network is disrupted, and the resulting higher order structures 

persist due to covalent interactions that are not affected by the solution conditions. Conversely, 

recombinant protein production facilitates assembly from each individual component. To further 

probe the solution behavior of the recombinant and extracted keratins we used DLS to monitor 

changes in oligomerization equilibrium as the concentration of denaturant in the sample was 

decreased. 

 
 

Figure 6.2. Chromatogram of recombinant (blue) and extracted (black) keratin in 8 M urea 

obtained from SEC. Red numbers correspond to peak labels listed in table 1. Absorbance is 

normalized to 1 for all samples. 

 

 We performed DLS on aliquots of samples obtained during each dialysis step. As the 

sample is dialyzed, the concentration of urea is removed in a step-wise manner in order to allow 
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the proteins to return to their native state, and in the case of keratin proteins, to allow for self-

assembly to occur. Thus, as the urea concentration decreases we expect the oligomerization 

equilibrium to shift towards higher order oligomers and finally fibers. However, all samples are 

filtered prior to analysis using a 0.22 µm filter. Consequently, any sample components larger 

than 0.22 µm will not be observed, similarly to the SEC. Figure 6.3 shows recombinant (Figure 

3A) and extracted (Figure 6.3B) heteropolymer samples at 8 M (blue), 4 M (red), and 0 M 

(black) urea concentrations. Consistent with SEC data, nanostructures present in the KTN sample 

are larger than in the recombinant sample at the same solution conditions. The recombinant 

heteropolymer is characterized by two size populations in 8 M urea and 0 M urea, and by the 

formation of a third, larger population when the urea concentration is decreased to 4 M. On the 

other hand, the extracted heteropolymer consists of two populations, in all urea concentrations, 

which steadily decrease in size. All peak labels and sizes are given in table 6.2.  

 

Table 6.2.  DLS peak labels and sizes. 

 

An overlay of the volume percent of recombinant and extracted keratins in 0 M urea is 

shown in Figure 6.3C. The volume percent distribution provides the relative proportion of the 

different sample components. The populations detected in the DLS at 0 M urea corresponds to 
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the keratin that has not been incorporated into IF after all denaturant has been removed from the 

system. The major scattering species in the recombinant keratin sample has an 8 nm 

hydrodynamic radius, consistent with K31 and/or K81 monomers.68 The extracted keratin sample 

is mostly composed of 50 nm oligomers. This is consistent with measurements obtained at each 

urea concentration, as well as the SEC and Western blot analysis, and further indicates that upon 

extraction the starting material is not completely reduced to individual proteins.     

             

 

 

Figure 6.3. DLS from a) recombinant keratin urea series b) extracted keratin urea series and c) 

recombinant (solid line) and extracted (dotted line) keratin samples in 0 M urea.  

 

 

We performed DLS on fractions of each sample obtained during each dialysis step. As 

the sample is dialyzed, the concentration of urea is removed in a step-wise manner in order to 

allow the proteins to return to their native state, and in the case of keratin proteins, to allow for 

self-assembly to occur. Figure 6.3 shows recombinant (figure 6.3A) and extracted (figure 6.3B) 

heteropolymer samples at 8 M (blue), 4 M (red), and 0 M (black) urea concentrations. The 

recombinant heteropolymer appears to shift from two populations of 60 nm and 8 nm in 8 M 

urea, to three populations of 13 nm, 120 nm, and 460 nm in 4 M urea, and then back to two 

populations of 18 nm and 255 nm in 0 M urea. Overall, the DLS shows an initial shift to larger 
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species followed by a subsequent change back to smaller oligomeric states. Conversely, the 

extracted heteropolymer sample demonstrated a consistent increase in two size populations as it 

changes from initial sizes of 50 nm and 295 nm in 8 M urea, and then increases to 110 and 900 

nm in 4 M urea, with a final two populations of 120 nm and 1100 nm in 0 M urea. 

6.4.3 TEM 

One of the essential features of keratin protein materials is their intrinsic capacity for self-

assembly. Retaining this important biological feature provides the ability for generation of 

materials such as films40, hydrogels38, and sponges45. Self-assembly of keratin IFs is a well-

studied process.28, 69 During IF assembly a dimer composed of one type I (acidic) and one type II 

(basic) keratin is formed. Following dimer formation, tetramers form through antiparallel 

alignment of two heterodimers to create a staggered conformation. Subsequent parallel head to 

tail stacking of tetramers results in protofilaments, which further assemble to form 10 nm IFs.28, 

70  

In order for recombinant keratin proteins to be viable for use in biomaterials, they too 

must possess the ability to self-assemble into fibers after expression and purification. Results 

from solution characterization point to the formation of higher order structures in both the 

recombinant and extracted samples.  

Extracted and recombinant keratins were prepared using the dialysis protocol described 

in materials and methods. Samples, in buffer without urea and with a mild reducing agent, 5 mM 

DTT, were prepared for TEM analysis at a concentration of 5 mg/mL. Figures 6.4 A and 6.4 B 

are representative TEM images of rhK31/K81 nanostructures. The recombinant proteins do self-

assemble into standard 10 nm keratin IFs, and further form large bundles through additional IF 

interactions. These structures are several µm long and an average of 150 nm wide. Figures 6.4 C 

and 6.4 D are representative TEM images of the extracted keratin nanostructures. At a 5 mg/mL 
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concentration, the extracted materials readily formed films on the TEM grid (Figure S2). These 

films appeared featureless and individual fibers or fiber bundles were not observed. Therefore, 

the extracted samples were diluted to 0.5 mg/mL. This sample concentration resulted in fibers 

observable by TEM, but the overall number of fibers, in comparison to recombinant sample, was 

low. Moreover, these fibers do not have the typical IF morphology. The width of fibers was 

estimated to be between 70 and 100 nm, with lengths of a few µm (Figure 6.4 C and 6.4 D). 

However, similar to the recombinant sample, some bundling of fibers is apparent (Figure 6.4 C). 

In conclusion, the recombinant heteropolymer retains the ability to self-assemble into 

characteristic IF. Additionally, under the described solution conditions extracted keratins have 

the propensity to self-assemble although the fibers observed differ in morphology from standard 

keratin IF.  

 
 

Figure 6.4. TEM images of recombinant (a-b) and extracted (c-d) keratin proteins. Scale bars are 

(a) 500 nm and (b-d) 300 nm. All images are stained with 2% uranyl acetate. 
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6.5 Conclusions 

 Keratin-based biomaterials have been successfully used as scaffolds in 

regenerative medicine and tissue engineering.41, 53, 71-72 However, structure-property studies were 

impeded by the lack of homogenuous and consistent samples. We have shown here that 

trychocytic keratins, K31 and K81, can be produced recombinantly, resulting in samples of 

increased homogeneity. Not surprisingly, the composition of extracted versus recombinant 

materials is shifted towards higher molecular weight oligomers. The distribution of oligomers 

and their sizes are dependent on the efficiency with which the extensive network of 

intermolecular disulfide bonds is disrupted in hair fibers, further contributing to the sample 

heterogeneity.  

The recombinant heteropolymer forms standard IF that further associate to create large 

bundled structures, while extracted keratins fiber did not appear to have the typical IF 

morphology. Nonetheless, extracted keratins have a remarkable propensity for self-assembly in 

films that was not observed for recombinant samples under the same conditions. This further 

reinforces the notion that recombinant and extracted samples have different composition. There 

are two different scenarios that could justify this observation. Perhaps oligomerization 

equilibrium in the extracted samples is shifted towards fiber formation that further leads to more 

efficient entanglement and film formation. Alternatively, it is possible that there is an additional 

biomolecule in the extracted sample that is facilitating fiber interaction and film formation. The 

latter observation would be consistent with the small molecular weight species observed in the 

SDS-PAGE shown in Figure 1B. With recombinant keratin technology in hand, we are now in 

the position to continue investigations of trichocityc keratin self-assembly.  

Design flexibility afforded by recombinant technology will result in multifunctional, 

dynamic keratin materials. Tailoring of the function, composition, and nanostructure can now be 
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achieved at the amino acid sequence level. Both extracted and recombinant keratin biopolymers 

provide a promising tool for engineering novel biomaterials with controlled chemical and 

physical properties, and future work into the fabrication and characterization of these materials 

will allow for new advances in regenerative medicine and tissue engineering. 

6.6 Supplemental Information 

Wool fiber schematic; Extracted keratin film from TEM  
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6.9 Supplemental Figures 

 

 

Figure S1. Wool fiber schematic. Copyright CSIRO Australia 1996. Reproduced with 

permission from The Lennox Legacy (Rivett DE, Ward SW, Belkin LM, Ramshaw JAM and 

Wilshire JFK). Published by CSIRO PUBLISHING, Melbourne Australia 

 

 

Figure S2. Extracted KTN film (left) formed on TEM grid (right). 
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Chapter 7. Conclusions and Future Work 

 

7.1 Overall Project Conclusions 
 

 Protein engineering offers a powerful tool for designing specific and functional 

biomedical materials. The two projects described in this dissertation exemplify the utility of 

recombinant DNA technology combined with various protein design strategies for development 

of molecular recognition motifs and biomaterials. Our work has demonstrated how natural 

proteins can be used as the starting point for designing functional materials through further 

enhancement and tuning of chemical and physical properties to create specific and tailored 

scaffolds through the use of protein engineering. 

7.1.1 Leucine-rich Repeat Proteins for Molecular Recognition 

 In the first presented project, a consensus based design approach was implemented to 

engineer leucine-rich repeat (LRR) proteins based on the proposed molecular recognition domain 

of innate immunity receptors. The resultant protein, CLLR2, exhibited characteristics necessary 

for successful use as an alternative protein scaffold. First, CLLR2 demonstrated good stability 

and, as observed from the CD analysis and homology modeling, displayed secondary structure 

comparable to that of natural LRRs. These results point to the effectiveness of consensus design 

for creating stable and structurally precise proteins that retain the physical properties of proteins 

from which they are designed. Furthermore, CLRR2 showed binding affinity to muramyl 

dipeptide, a known ligand of NOD2. This finding was especially interesting as no affinity 

maturation techniques were implemented to enhance binding properties of CLRR2, suggesting 

that biochemical information as well as biophysical properties may have been retained through 

the consensus design method. In addition to CLRR2 displaying binding affinity for MDP, it also 
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exhibited selective binding and enantiomeric specificity, as it specifically recognized the 

biologically active form of MDP. Overall, the results of the design and characterization of LRRs 

provide a promising scaffold for development of highly selective molecular recognition modules. 

7.1.2 Recombinant Human Hair Keratins 

 

 Recombinant hair keratins present a promising alternative for biomaterials engineering 

that may overcome many of the challenges associated with naturally extracted keratin materials. 

In this work we use protein engineering techniques to produce recombinant human hair keratin 

31 and keratin 81. Characterization of their solution phase behavior and self-assembly 

mechanism, as well as comparisons to extracted keratin proteins, offered favorable results as to 

the advantages of recombinant keratins. The work described in chapters five and six provide a 

foundation for the development of recombinant keratin-based scaffolds that will enable specific 

design and tailoring of chemical and mechanical materials properties. 

 Through the use of recombinant DNA technology we produced synthetic keratin proteins 

that were isolated with excellent purity and with no unwanted sequence alterations. Each full 

length keratin, 31 and 81, can be produced individually, opening up many possibilities for 

independent modulation of their sequences. As previously noted, extracted materials can only be 

obtained in their heterooligomeric form, and thus only the properties of this structure can be 

modified. Additionally, the recombinant keratins retained their inherent self-assembly properties 

following heterologous expression, purification, and reassembly through dialysis. Interestingly, 

we determined the ability of K31 to homopolymerize, presenting the possibility for constructing 

novel materials from only one keratin polymer. Through the characterization and assessment of 

recombinant and extracted keratin proteins, we conclude that recombinant keratin proteins 

preserve structural and functional properties necessary for generation of biomaterials. 
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7.2 Importance of Presented Research and Proposed Future Work 
 

 We have described the first functional design of an LRR protein, as well as one of the 

first reports of LRR binding to a biologically relevant target. Thus, this work has many exciting 

implications for future research. Previous efforts from other research groups have failed to 

develop a functional alternative scaffold based on the LRR protein. Additionally, there is a lack 

of information regarding the mechanisms governing interaction of the natural Nod-like receptors 

with their targets. As LRRs are the putative binding domain of these proteins, our developed 

CLLR2 can potentially serve as a model system to further study the role of LRRs in pathogen 

recognition. Determination of the ligand binding mode of CLRR2 to MDP, as well as other 

relevant biological targets would offer insight into how LRRs recognize their ligands in nature. 

This study would also provide useful information for future rational and tailored design of 

recombinant LRRs for recognition of new targets.  

 Additionally, there is a great need for molecular recognition agents that can specifically 

and selectively recognize whole cell pathogens for use in point of care diagnostics, field tests, 

and clinical applications requiring rapid results. LRRs present an excellent candidate for 

biosensors due to their inherent function, and we have demonstrated that recombinant LRRs have 

the potential to be specific and selective molecular recognition agents. Our work lays the 

foundation for future engineering of CLLR2 towards medically relevant ligands allowing for 

design of biosensors and diagnostic tools for whole cell pathogen sensing. 

 In the second research project presented, we described the homopolymerization of K31. 

This phenomena has not been previously reported, and presents an interesting finding from a 

fundamental and materials design point of view. These results open up many exciting 
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possibilities for mechanistic studies of keratin homopolymer self-assembly, as well as expands 

the breadth of possible scaffolds for biomaterials design through homopolymer-based materials. 

Additionally, keratin biomaterials hold great promise for clinical applications, and the work 

described demonstrates the potential for recombinant keratins to overcome the current challenges 

of keratin materials and improve their properties for desired clinical applications. Consequently, 

future work will enable the tailored design of materials using recombinant keratin proteins. 

Engineering of the sequences to incorporate functional cell binding motifs will aid in cellular 

attachment and addition of degradation sites will facilitate controlled degradation of the material. 

Each of the research projects described provide the ground work for future fundamental studies 

and the use of each respective material in biomedical applications.  

 
 

  

 

 

 

 

 

 

 


