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ABSTRACT OF THE DISSERTATION  

 
Using Directed Evolution to Increase Solubility of Recombinant Membrane Proteins and 

Shear Stress-Mediated Investigation of Protein Folding 
 

By 
 

Joshua Noble Smith 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2017 
 

Professor Gregory A. Weiss, Chair 
 

Proteins serve a wide array of biological functions ranging from facilitating cell-to-

cell interactions to modulating signal transduction pathways.  Due to misregulation or 

folding errors, proteins are associated with a wide number of disease states.  

Understanding the functional roles and structural folding of proteins is a key step towards 

investigating their functions in diseases. Advances in high-yielding recombinant protein 

overexpression expedited the exploration into their structural, functional, and therapeutic 

capabilities.  However, certain proteins such as membrane proteins are difficult to 

overexpress efficiently as they are hydrophobic and aggregation-prone. Eukaryotic 

overexpression systems, such as mammalian or insect cell-based systems, are most 

commonly used to overexpress membrane proteins.  Although effective, these methods 

are cost and time inefficient; thus, overexpression in E. coli is preferred. 

 Previous work in our laboratory featured the directed evolution and selection of a 

human caveolin-1 variant genetically fused with maltose binding protein (MBP) capable 

of overexpressing in E. coli. This variant was soluble only when genetically fused with 

maltose binding protein (MBP).  However, the presence of the very large MBP as a 

genetic tag greatly limited the ability to characterize the biophysical properties of the 
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caveolin-1 variant.  This dissertation details the strategy to alleviate this problem; 

engineering a new library of caveolin variants using phage display. We report the 

selection of a new caveolin-1 variant that remains soluble without the presence of MBP, 

termed cavsol.  The work described here details the first time that detailed in vitro 

biophysical characterization for full-length caveolin-1 is accomplished due to the 

production of cavsol.  Additionally, cavsol provided the key tool necessary to display the 

oligomeric-disrupting ability of a high affinity caveolin-specific peptide with further 

therapeutic implications.  Importantly, this solubilization technique establishes a general 

approach for other membrane proteins.  

 Recombinant protein overexpression can result in the generation of insoluble 

protein-aggregates isolated in inclusion bodies.  Isolating these proteins is often difficult, 

requiring chemical denaturation and refolding.  Conventional refolding techniques are 

time consuming and require high amounts of buffer solution.  We demonstrate a novel 

method for refolding proteins in minutes with minimal reagent volumes, using 

mechanically-induced shear-stress.  This method not only successfully refolded proteins 

to their native conformation, but can investigate partially folded protein states as well.  

Overall, we provide a generalizable method for improving the overexpression of difficult-

to-express membrane proteins and offer an alternative approach for rapid refolding of 

denatured proteins. 
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Chapter 1: Techniques for Protein Production and Optimization 

1.1 Abstract 

The structural and functional capabilities of proteins provide essential contributions to all 

biological systems. Disruption of a protein’s function (i.e. through improper folding or 

misregulation of expression levels) can lead to a disease state.  Furthermore,  an increase in the 

development of protein drugs and biological targets is occurring in both academic and industrial 

settings.  This increase has been led by the ability to recombinantly produce large amounts of 

proteins to serve as the drug or drug target.  Several platforms for recombinant protein 

overexpression exist with yeast, mammalian, insect, and bacterial cell overexpression, serving as 

the most common platforms.  Although each platform has its own set of strengths and 

weaknesses, optimization is often required to produce the highest levels of overexpression.  

Generally, optimization consists of altering growth temperature, concentration of chemical 

additive for induction of protein synthesis, and duration of induction.  When these methods fail, 

genetic manipulation and directed evolution approaches can be used to produce a protein variant 

with higher rates of overexpression.  However, optimizing expression does not always result in 

obtaining viable protein; recombinant proteins are often prone to misfolding and aggregation. 

Protein refolding methods are a topic of constant research, with success dependent on the 

individual protein and particular conditions for its isolation.  The production and optimization of 

proteins is reviewed in detail here. 
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1.2 Introduction 

Proteins are one of the four major categories of macromolecules essential for living 

organisms.  Their functions are almost limitless, and can be found throughout the biological world.  

For example, proteins can have a cellular function, such as cell motility1 and structure2; 3.  Proteins 

can also be secreted for signaling other cells4, or assisting in cellular adhesion5.  Proteins also 

have a distinct biochemical function.  A classic example of this function rests with enzymes, such 

as those responsible for the citric acid cycle.  These enzymes catalyze chemical reactions driving 

aerobic metabolism in animal tissues6.  Lastly, the overall role a protein plays with regards to a 

complete organism makes up its phenotypic function7.  This function is generally observed 

experimentally in mutation or gene knockout studies7; 8.  Understanding how a protein functions 

at each of these levels continues to comprise a large portion of scientific research. 

Misregulation of protein expression and protein misfolding is often associated with disease 

states ranging from cancer9; 10; 11 to neurodegenerative diseases12; 13.  Often, these diseases can 

be associated with changes in a single protein.  There are approximately 50 diseases that are 

confirmed to be associated with misfolded fibril formation of specific proteins alone14; 15.  

Additionally, mutations can lead to general misfolding of proteins causing subsequent disease 

states.  For example, mutations in the peripheral myelin protein-22 (PMP22) gene account for 

over 50% of all cases of inherited peripheral neuropathies16.  Generally, these diseases result 

from either a loss of physiological function of the protein in question (i.e., in cystic fibrosis)17; 18, or 

gain of toxic effect (i.e., in sickle cell anemia)13.  Changes in expression levels of proteins at both 

the transcriptional and translational levels are also associated with disease states.  For example, 

overexpression of aldolase B is associated with increased metastasis of colorectal cancer9.  It 

can be unclear whether the misregulated protein leads to the disease state, or if the disease state 

causes protein loss of function in these diseases.   

The slew of protein-associated diseases has led to a heavy focus on proteins in 

biopharmaceutical research.  The global market for protein therapeutics is expected to reach 
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approximately $250 billion by the year 202019.  Proteins are used as drug targets, general 

therapeutics, and vaccines19; 20.  Small molecules are commonly developed as therapeutics to 

target and treat protein-associated diseases21; 22.  For example, small molecules, such as 

Pazopanib inhibit tyrosine kinase function in certain cancers, leading to a decrease in cancer cell 

metabolism23; 24; 25.   In other instances, the protein is the therapeutic agent rather than the target, 

such as the use of insulin to treat diabetes.  Insulin was the first commercially available 

recombinant protein therapeutic approved by the US FDA26; 27.  There are now over 95 

recombinant proteins approved for therapeutic use by the US FDA.   

The large academic and industrial market for proteins highlights their importance.  Protein 

drug design and research can be difficult and expensive, requiring large quantities of the protein 

in question.  Recombinant protein overexpression revolutionized the protein therapeutic market, 

negating many of the difficulties associated with protein production.  Even so, recombinant 

overexpression is not a perfect art, and often requires optimization.  Protein recombination 

techniques and their optimization are discussed in this chapter. 

 

1.3 Recombinant Protein Overexpression 

Recombinant protein overexpression is essential to any protein-focused academic lab and is 

a multi-billion dollar industry28.  Prior to recombinant protein overexpression, researchers were 

limited to methods such as protein extraction from homogenized tissue.  This process is costly, 

time consuming, and yields fairly low amounts of protein29.  The proteins obtained from this 

method lack any affinity tag, and therefore can be difficult to purify.  The ability to produce large 

quantities of protein is essential for elucidating the protein’s structure and using the protein as a 

therapeutic target or agent30.  Recombinant protein overexpression offers a more efficient and 

lower cost method for producing large quantities of proteins.  Generally, this process involves 

inserting the gene encoding for a protein of interest into a DNA vector optimized for protein 

overexpression31.  This vector is then transformed or transfected into a cell and chemically 
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induced to undergo transcription and translation of the protein.  The cells can then be lysed, and 

the protein of interest can be extracted and purified31.   

Although protein overexpression can be a fairly general process, overexpression of some difficult-

to-express proteins can require adjusting several variables. The numerous ways to optimize 

overexpression on a protein-specific basis is perhaps the strongest aspect of this technique.  

Optimizing variables such as overexpression platform (eukaryotic vs. prokaryotic)31, 

overexpression vector30; 31, cell line32, and protein induction conditions32 (e.g. temperature and 

concentration of chemical inducer) offer the opportunity to troubleshoot overexpression until the 

desired results are obtained.  Additionally, molecular tags such as glutathione or Maltose Binding 

Protein (MBP) may be added to the N or C terminus of the protein to offer efficient and specific 

purification or increased solubility of the over-expressed protein33; 34.  The first step in protein 

expression is choosing the overexpression system to use. Each system has its own unique set of 

advantages and drawbacks (Table 1-1).     The most common overexpression systems are 

reviewed in detail here. 

 

1.3.1 Insect Cell Overexpression System 

Protein overexpression using insect cells was first described in 1983 using baculovirus as a 

vector35. Baculoviruses are enveloped DNA viruses generally 30-60nm in diameter and 300 nm 

Table 1-1: Protein Overexpression Systems 
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in length36.This expression system features a two-step process; growth of insect cells followed by 

infection with baculovirus36.  The baculovirus contains the genetic information encoding the 

protein to be overexpressed and then takes control of the host’s protein production machinery to 

express the target protein36.  Examples of proteins reproducibly overexpressed using this system 

include human beta interferon35, tissue plasminogen activator protein37, and human alpha-3/4-

fucosyltransferase III38. The baculovirus, Autographa californica multiple nucleopolyhedrovirus 

(AcMNPV), is particularly infectious to insect cells, and is thus the most widely used baculovirus 

vector for insect cell protein overexpression39; 40. 

Protein overexpression using the baculovirus vector takes advantage of the virus’ ability to 

produce occlusion bodies, protective protein lattices that coat and protect newly budded viruses41.  

These occlusion bodies are composed of several copies of polyhedron and p10 envelope proteins 

but are not required for production of budded virus.  The promoters regulating transcription of 

these proteins, however, are highly active, and are typically chosen to drive production of the 

desired protein36.  A drawback to the use of these promoters is that they are only strongly active 

during the late stages of the viral replication cycle and therefore only produce the desired protein 

in late stages of infection36.  

Over 400 different insect cell lines have been used for overexpression in this system36; 42.  

Typically, Lepidoptera insect cells, specifically Sf9 and High Five cell lines, are the most 

commonly used cells for protein production due, in part, to their high susceptibility to baculovirus 

infection42. Typically, insect cell growth is optimal at 28 °C in phosphate buffer.  Cell division 

usually occurs after 18 - 20 hours of incubation32; 42These cell types have been optimized not only 

for production of large amounts of protein, but for growing plaques for the isolation and purification 

of the recombinant baculoviral DNA42.   
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A major advantage in using eukaryotic cell types for protein overexpression is the ability of 

these cells to include post-translational modifications, such as glycosylation, on the 

overexpressed protein36; 43.  This feature encourages the overexpression of glycoproteins, a feat 

not available to prokaryotic expression systems.  However, insect cells can only add simple oligo-

mannose sugar chains to proteins, as opposed to N-linked glycans36.  This can be problematic, 

as N-linked glycosylation is often required for certain glycoproteins to function properly.  

Additionally, many mammalian glycoproteins contain terminal sialic acids capping the 

glycosylated chain, and insect cells are inherently incapable of producing this modification.  

However, certain insect cell lines have been engineered to include the genes required for 

producing mammalian glycosylation patterns, alleviating some of the issues associated with 

insect cell glycosylation44; 45. Further optimization of protein expression in the system is limited to 

bioengineering of the cells or virus themselves. 

1.3.2 Mammalian Cell Overexpression System 

Mammalian cells are often selected as the expression system for overexpression of difficult 

proteins, such as membrane-fused and secreted proteins. A major issue for the overexpression 

of complex mammalian proteins is ensuring that they are properly folded and functional46.  This 

is generally due to the lack of complex post-translational modifications in other protein 

overexpression systems.  Mammalian cell overexpression allows the proper post-translational 

modifications, such as glycosylation, to be made during protein synthesis, resulting in a higher 

folding success rate47; 48.  Additionally, the non-mammalian cell overexpression systems lack the 

proper membrane composition to accommodate mammalian membrane proteins49; mammalian 

cells offer the native membrane composition required for stabilization of overexpressed 

mammalian membrane proteins. 
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Mammalian cell overexpression offers slightly more variety in vector type as compared to the 

insect cell system.  Unlike insect cell expression, mammalian cells use plasmid-based vectors for 

inserting genes.  These plasmids are circular pieces of DNA and generally contain promoters 

common to mammalian viruses, such as the cytomegalovirus (CMV) or simian viruses 40 (SV40) 

promoter50; 51.  The gene of interest is genetically inserted into the plasmid, downstream to the 

promoter, and the plasmid is then transfected into a mammalian cell line, the overexpression 

host51.  The different methods for mammalian cell transfection include viral infection, or chemical-

based transfection52. The most common of these methods are lipid-based and cationic polymer-

based transfection, such as lipofectamine 2000 and polyethylenimine (PEI) respectively52; 53; 54.  

Generally, the lipid or polymer and plasmid are co-incubated, allowing the formation of a 

transfecting agent-plasmid complex52.  This complex is then introduced to the mammalian cell, 

where the lipid fuses to the mammalian cell membrane or the polymer binds to anionic portions 

of the cell surface, depositing the plasmid inside the cell52; 54; 55.  Additionally, cells can either be 

transfected freshly every time expression is desired, or stable cell lines can be produced.  Stable 

cell lines are generated when positively transfected cells are selected using a specific marker, 

such as antibiotic tolerance, to separate them from non-transfected cells56.  

Numerous cell lines are successfully used in the mammalian overexpression system; each 

has its own unique advantages and disadvantages.  The most common cell lines used in this 

system are human embryonic kidney (HEK) 293 cells and Chinese hamster ovary (CHO) cells51. 

Their preference is a result of their high plasmid transfection efficiency. For example, HEK 293 

cells transfected with the green fluorescent protein (GFP) gene exhibit 50-80% transfection when 

using PEI51.  Both cells lines are suspension-adapted cell lines and can be grown at industrial 

scale using specialized fermentation equipment49.  Cell line choice can be dependent on the 

desired use of the protein, as well.  CHO and mouse myeloma cells (such as NS0 and Sp2/0) are 

more commonly used to express therapeutic proteins such as monoclonal antibodies (mAbs)51; 
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57.  These cell lines produce higher yields and better therapeutically useful protein with less 

immunogenic glycosylation patterns towards humans51; 57.  For example, CHO cells continually 

outperform HEK 293 cells in terms of protein yield and sialylation efficiency, though only HEK 293 

cells produce human glycosylation patterns57. 

As with insect cell overexpression, cost and time are two major disadvantages to the 

mammalian cell system58.  The doubling period of mammalian cells is generally 24 hours (at 37 

°C and 5% CO2) and yields are limited to approximately 10 mg of protein per liter of cells.  Physical 

(e.g. cell growth temperature), chemical (e.g. pH of the media, osmolality, and percentage of 

CO2), and biological characteristics (e.g.. cell amount and viability) can play a large role in protein 

yield, purity, and post-translation modifications58. The vector can be genetically modified to 

enhance protein production. For example, ubiquitous chromatin opening elements can be 

engineered into vectors to allow better access to and activation of the gene of interest59; 60. 

Moreover, genetic manipulation of the host cell can also optimize protein production.  In 2006, 

Crea et. al. developed a stable CHO cell line with the addition of human telomerase reverse 

transcriptase, to promote apoptotic resistance of the cell, enhancing cell survivability during 

protein overexpression61. 

1.3.3 Yeast Cell Overexpression System 

The high amount of time and cost of production for both insect and mammalian cell 

overexpression systems are significant drawbacks.  Yeast cells offer the functionality of eukaryotic 

overexpression systems (such as post-translational modifications) and the efficiency of unicellular 

systems28; 62.  Yeast cells can add mannan (linear polymer of mannose) but are unable to add 

more complex glycosylation profiles typically associated with mammalian protein 

overexpression58. Similar to insect and mammalian cell overexpression systems, a signal peptide 

is usually included with the gene of the protein of interest to facilitate protein secretion after 
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overexpression62.  However, cytoplasmic overexpression of proteins using the yeast system can 

yield much higher amounts of protein compared to other systems62. 

A significant number of different yeasts have been used to recombinantly overexpress 

proteins.  Typically, these yeasts are divided into two groups: methylotrophic (utilize methanol as 

carbon source) and non-methylotrophic yeast28; 63.  The most common yeast used for protein 

overexpression is Saccharomyces cerevisiae, a non-methylotrophic yeast, first used for the 

expression of interferon in the early 1980s28.  This particular yeast produces low protein yields, 

and results in hyper-glycosylated proteins with difficult-to-purify degradation products64; 65.  

However, S. cerevisiae is still commonly used since much is known about its genetic makeup. 

Generally, methylotrophic yeasts, for example the commonly used Komagataella pastoris, are 

more successful hosts for protein overexpression.  Their dependency on methanol-oxidizing 

enzymes gives them a set of very strong promoters which are utilized for promotion of the gene 

of interest.28; 63  

Moreover, preparation of a yeast plasmid is very similar to any other protein expression 

system.  The gene of interest is genetically cloned downstream of a strong promoter dependent 

on the specific yeast being used28; 65.  These promoters can be designed to be constitutively turned 

on, or chemically induced28; 62.  Once the promoter is designed, it is transformed into the yeast 

cell, typically in one of three ways: through conversion to spheroplasts66, use of lithium acetate67, 

or electroporation68.  Transforming a yeast cell with the spheroplast technique involves almost 

completely removing the cell wall of the yeast.    The plasmid, in the presence of polyethylene 

glycol, is then absorbed by the cell66.  The lithium acetate method uses small amounts of a lithium 

acetate solution to permeabilize the cell wall of the yeast.  The plasmid, again in the presence of 

polyethylene glycol, is absorbed by the cell67.  The electroporation method also involves 

incubating the plasmid with lithium acetate to permeabilize the cell wall68. Next, small pulses of 



10 
 

electricity permeabilize the cell membrane, allowing for the uptake of the plasmid. Electroporation 

results in the most efficient transformation68.  

Comparable to mammalian cell overexpression, optimization of yeast cell overexpression 

often involves careful manipulation of characteristics such as cell growth temperature, media pH, 

media composition, and induction strategy62.  It is often difficult to generalize a certain set of 

overexpression conditions, as they vary depending on the yeast used.  Most commonly however, 

cell growth temperature is optimized at 30 °C and doubling periods range from 1-3 hours58.  

Protein production typically ranges from 0.1 mg to 1 g per liter of culture, significantly higher than 

insect or mammalian expression58.  The general cost is significantly lower than insect and 

mammalian overexpression systems due to their efficient growth rate and increased yield58.  

Yeast are unicellular, and therefore easily genetically manipulated.  For example, S. cerevisiae is 

commonly engineered to secrete overexpressed proteins with a higher efficiency28; 69.  However, 

yeast overexpression is handicapped by the limitation to the glycosylation pattern yeasts can 

produce.   

1.3.4 Escherichia coli Overexpression System 

The Escherichia coli (E. coli) overexpression system is usually the first choice for production 

of large amounts of recombinant proteins, which are generally smaller than 150 kDa58.  

Prokaryotic host cells for protein overexpression such as E. coli are highly desirable in research 

settings.  Such cells can be easily genetically manipulated, low cost, time efficient, easily 

cultivated, and do not require specialty equipment for handling58.  However, E. coli lack the 

enzymes necessary to perform most post-translational modifications such as glycosylation58.  

Most recombinant proteins overexpressed in E. coli are synthesized in the cell cytoplasm, which 

is largely chemically reducing in nature58; 70.  Therefore, this system is unsuitable for many types 



11 
 

of proteins that require the formation of complex disulfide bonds or post-translational modifications 

for proper folding and function70. 

Similarly to the mammalian and insect cell platforms, gene insertion into E. coli is based upon 

delivery of a plasmid into the cell.  The abundant genetic information available for E. coli has 

resulted in a highly customizable system.  A wide range of different vector and promoter systems 

available for plasmid design, each with their own strengths and weaknesses70.  The most common 

E. coli expression vectors (such as the pET series) are based on the T7 bacteriophage cassette 

and the T7 promoter58; 71.  The T7 promoter is a strong promoter that controls the expression of 

T7 RNA Polymerase in bacteriophage T7.  In these vectors, the gene for T7 RNA polymerase is 

removed, and the gene of interest is genetically inserted in its place, downstream of the 

promoter58; 71.   

Other vector systems are generally designed for more specialized circumstances.  For 

example, pCold is a vector system designed to increase soluble protein production by induction 

at cold temperatures72; 73.  The gene of interest is cloned downstream of the cold shock protein 

CspA promoter.  As the bacteria are quickly cooled to 15 °C, the protein of interest is produced in 

conjunction with proteins associated with the cell’s normal response to cold shock58; 72; 73.  These 

proteins act as chaperones, assisting in folding and solubilizing the protein of interest72.  These 

vectors are commonly transformed into the cellular host by electroporation or heat shock-induced 

exposure to calcium chloride74; 75.  Calcium chloride encourages the plasmid to bind to 

lipopolysaccharide on the cell surface and a short exposure to heat (42 °C) temporarily 

permeabilizes the cell membrane, allowing insertion of the plasmid75.  

The number of available E. coli cell lines for protein expression further reinforces the high 

customizability of this overexpression platform.  The DE3 cell lines are among the most 

successful70.  This cell line has been engineered with a T7 cassette similarly to the pET expression 
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vector system.  However, in this cassette, the gene for T7 RNA polymerase remains intact under 

the lac operon.  Chemical induction by isopropyl β-D-1-thiogalactopyranoside (IPTG) suppresses 

the lac repressor, allowing the expression of T7 RNA polymerase70. The polymerase then initiates 

transcription of the gene of interest for genes under T7 promotion (by the design of the vector)70. 

Several genetically engineered E. coli cell lines focus on decreasing cellular degradation, or 

introducing other capabilities, such as increased protein solubility and folding58; 76.  For example, 

the B strain of E. coli (i.e. BL21) has been engineered without Lon (cytoplasmic) and OmpT (outer 

membrane) proteases70; 76.  The omission of these proteases reduces proteolysis of the 

overexpressed protein of interest.  Other cell lines (e.g. Rosetta) are engineered to contain tRNAs 

for multiple rare codons used by eukaryotes but typically not found in high concentration in 

bacteria77.  This cell line helps alleviate poor protein production due to codon bias between 

organisms.  The variety of E. coli cells lines adds to ease of use for this expression system.  

Overall, the ease of use and high efficiency of the E. coli protein overexpression system 

makes this system the first choice for recombinant overexpression.  The total production time for 

high yields (up to 1 g per liter of cells) of soluble and purified protein is within a week58.  The high 

genetic variability of E. coli has also made optimization opportunities seemingly limitless.  

However, some drawbacks of this method include its inability to provide post-translational 

modifications and limitations in protein folding by these cells58; 70.  Complex proteins, such as 

mammalian membrane proteins often fail to overexpress in this system or cannot properly fold, 

aggregating into inclusion bodies78.  More complex overexpression systems are usually required 

when encountering these limitations. 

1.4 Genetic Optimization of Protein Expression 

Many of the conditions to optimize protein overexpression apply universally to each of the 

platforms described above.  Changing the concentration of chemical inducer, growth temperature, 
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cell density, growth media components, agitation speed, vector, and cell type can each result in 

significant improvements to protein overexpression.  In certain cases, a protein can fail to 

overexpress or remain at low yields despite these optimizations.  In such cases, genetic 

manipulation can help increase overexpression.  For example, codon optimization is the process 

of ensuring that the codons in a gene of interest match the highest codon usage of the organism 

acting as the expression host.  A mammalian protein overexpressed in E. coli may not inherently 

use codons optimized for E. coli tRNA.  Adjusting the codons accordingly can greatly increase 

overexpression levels79; 80.  The addition of genetic tags can also increase solubility and 

overexpression levels33.  Fusion to MBP, glutathione S-transferase (GST), and HaloTag have 

demonstrated remarkable solubilizing abilities over multiple overexpression systems33; 58.  

Another approach to increase protein overexpression or solubility is directed evolution. This 

strategy uses genetic diversification techniques to generate single or libraries of genetic variants 

of a protein of interest or a cell strain81.  A selective pressure is then applied to this library to 

encourage selection of a specific trait, such as protein overexpression.  After this selection, the 

library is amplified and subjected to the selective pressure again with higher stringencies.  This 

process can continue for multiple rounds before determining if any remaining library members 

possess the desired application82; 83 (Fig. 1-1).  For example, in 2009 Bowie et. al. selected for E. 

Fig 1-1. Schematic diagram showing the processes used in directed evolution of proteins.  

Genetic diversification of the protein of interest is followed by the selection of variants 

containing the desired trait.  These variants are amplified and the selection process is 

repeated until the desired application is achieved. 
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coli strains that were able to overexpress a rhomboid family membrane protein (Rv1337)82.  They 

fused an antibiotic resistance marker to the cytoplasmic C-terminus of the protein, allowing for 

selection of E. coli variants that could survive exposure to the antibiotic and overexpress their 

protein of interest.  Results from this study improved overexpression 90-fold82.  Our laboratory 

has previously demonstrated the ability to use a phage-displayed library of human caveolin-1 (a 

membrane protein that fails to overexpress in E. coli) variants to select for an overexpressing 

variant that is soluble when fused to MBP34.  A second generation variant which is soluble 

independent from MBP after refolding will be discussed in Chapter 2.  In this system, the directed 

evolution of the membrane domain led to the selection of soluble, overexpressing variants34. 

1.5 Protein Refolding Techniques 

Recombinant protein overexpression does not necessarily result in a fully functional, folded 

protein.  Often times, the protein of interest is misfolded, causing aggregation in inclusion bodies 

within the cell cytoplasm of mammalian, insect, yeast, and bacterial cells84.  Proteins can be 

recovered from inclusion bodies upon denaturation of the protein with a chemical denaturant such 

as urea, guanidinium hydrochloride, and strong detergents (i.e. N-lauroylsarcosine) and then 

refolded into their proper confirmations85.  Multiple methods allow in vitro refolding of proteins.  

The most common methods involve removal of the denaturant using dialysis or rapid dilution of 

the denatured protein into a physiologically relevant refolding buffer.  Refolding proteins using 

dialysis generally uses one of two methods: the denaturant is rapidly dialyzed in a single step, or 

slowly dialyzed by removing the denaturant step-wise85; 86.  Rapid dilution involves adding 

concentrated protein directly into a refolding buffer to remove the denaturant.  This technique also 

drastically lowers the protein concentration, lessening the likelihood for aggregation85.  The 

addition of small stabilizing molecules such as arginine, glycerol, and polyethylene glycol during 

these refolding processes has been shown to improve refolding efficiency87; 88; 89. 
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Other protein refolding techniques use mechanical energy to drive protein folding.  

Specifically, recovery of folded proteins from inclusion bodies and insoluble aggregates has been 

observed after subjecting the protein to high pressure; approximately 2 kbar90; 91.  In one such 

study, enhanced green fluorescent protein (eGFP) aggregates dissociated at 2.4 kbar, but 

fluorescence was not recovered91.  The protein was refolded after first dissociating the aggregates 

at 2.4 kbar, followed by slowly reducing the pressure from 1.38 kbar to atmospheric levels.  The 

slow removal of pressure allowed the protein time to properly fold91.  Our laboratory has 

demonstrated the ability to refold proteins using mechanically-induced shear stress driven by the 

formation of standing waves using a vortex fluidic device (VFD)92.  These experiments will be 

detailed in chapters 4 and 5. 
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Chapter 2: Directed Evolution and Biophysical Characterization of a 

Full-length, Soluble, Human Caveolin-1 Variant 

 

2.1 Abstract 

Protein engineering by directed evolution can alter proteins’ structures, properties, and 

functions.  However, membrane proteins (MPs), despite their importance to living organisms, 

remain relatively unexplored as targets for protein engineering and directed evolution.  This gap 

in capabilities likely results from the tendency of membrane proteins to aggregate and fail to 

overexpress in bacteria cells.  For example, the membrane protein caveolin-1 (cav) has been 

implicated in many cell signaling pathways and diseases, yet the full-length protein is too 

aggregation-prone for detailed mutagenesis, directed evolution, and biophysical characterization.  

Using a phage-displayed library of full-length caveolin-1 variants, directed evolution with 

alternating subtractive and functional selections isolated a full-length, soluble variant, termed cav-

sol, for expression in E. coli.  Cavsol folds correctly and binds to its known ligands HIV gp41, the 

catalytic domain of cAMP-dependent protein kinase A and the protein, polymerase I and transcript 

release factor (PTRF).  As expected, cavsol does not bind off-target proteins.  Cellular studies 

show that cavsol retains the parent protein’s ability to localize at the cellular membrane.  Unlike 

truncated versions of caveolin, cavsol forms large, oligomeric complexes consisting of 

approximately 24 monomeric units without requiring additional cellular components.  Cavsol’s 

secondary structure is a mixture of α-helices and β-strands.  Isothermal titration calorimetry (ITC) 

experiments reveal that cavsol binds to gp41 and PKA with low micromolar binding affinity (KD).  In 

addition to the insights into caveolin structure and function, the approach applied here could be 

generalized to other membrane proteins. 
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2.2 Introduction 

Approximately 30% of the human genome encodes membrane proteins (MPs).  Essential 

roles fulfilled by MPs include ion transportation, energy generation, and signal transduction across 

the membrane1.  Additionally, 60% of approved therapeutics target MPs, which illustrates the 

importance of MPs in medicine2.  The hydrophobicity of transmembrane domains of MPs causes 

their aggregation upon removal from the membrane; this precipitation from solution complicates 

structural and biophysical characterization1; 3.  MPs thus represent only a fraction of the protein 

structures solved to date4.  The field could benefit from new approaches to the solubilization and 

biophysical characterization of MPs interacting with their partners, as demonstrated here. 

Caveolin-1 (cav) is a highly conserved 22 kDa monotopic MP with both N- and C- termini 

protruding into the cytoplasm5; 6.  Frequently found in endothelial cells and adipocytes, cav 

oligomerizes in vivo to force the cell membrane into 50-100 nm invaginations, termed caveolae6; 

7.  At these caveolae-localized hubs, cav binds, inhibits and spatially localizes a number of cell 

signaling proteins7; 8; 9.  Cav can also regulate cholesterol homeostasis by trafficking cholesterol 

to the cell membrane6; 10; 11.  Cav can direct a clathrin-independent route to endocytosis through 

the caveolae.  By this route, cav oligomers coat the caveolae, and cause its lipid membrane to 

pinch off during endocytosis6; 11.  Small molecules, soluble proteins and cell surface receptors can 

also enter the cell via caveolae.  For example, caveolae endocytose the cholera toxin and the 

insulin-bound, activated insulin receptor12; 13.     

In 2004, Yelick and co-workers demonstrated cav’s importance to early development.  

Cav-knockout zebrafish embryos had phenotypic deficiencies within 12 h post knockout and failed 

to fully develop14.  Phosphorylation of a specific cav residue (Y14) was shown to be a requirement 

for early development.  Recent studies have demonstrated that cav knockout mice can survive, 

but have significantly reduced lifespans compared to control mice15.  In summary, abundant 

evidence demonstrates the essential biological roles played by cav.  Despite this importance, cav 
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remains incompletely characterized biophysically and structurally due to its insolubility preventing 

recombinant overexpression of the full-length protein. 

Cav is also implicated in a myriad of diseases including diabetes, heart disease, 

Alzheimer’s disease, HIV infection, and cancer7; 11; 16; 17; 18; 19.  However, the mechanism through 

which cav contributes to these diseases often seems contradictory.  For example, cav promotes 

tumor metastasis in certain cancers, and in others cav suppresses genes promoting tumor 

development and growth20; 21; 22.  Furthermore, cav can be either over- or under-expressed in 

different tumor types22; 23; 24.  Additionally, a dominant negative cav mutation, P132L, has been 

identified in breast cancer25; 26.  To resolve these issues, a need exists for tools to characterize 

cav binding and function. 

The structure of cav dictates its multivariate and complex function.  However, structural 

details of cav have remained elusive.  To date, cav secondary structure analysis has applied 

truncated versions of the protein27; 28; 29.  For example, the secondary structure of the caveolin 

scaffolding domain (CSD, residues 81-102) was mostly helical (63-75%) based on CD and NMR 

analysis of peptides representative of this domain (amino acid residues 81-101 and 81-109)27; 30.  

However, the percentages of helical content varied between these two different constructs, 

suggesting that the length of the peptide could alter secondary structure.  Analysis of a longer 

peptide (residues 81-132) revealed that the CSD includes β- strand character, while the IMD 

retains its helicity28.  Recent NMR analysis of a longer truncated cav construct (residues 62-178) 

suggests that the CSD is mostly helical, as is the IMD and C-terminal domain29.  Thus, 

understanding of cav structure evolves with the increasing length of the construct analyzed.  

In addition to the length of the peptide examined, the environment surrounding the 

construct also plays a key role in its secondary structure.  For example, the CSD appears α-helical 

when observed in the presence of dodecylphosphocholine micelles, which are commonly used 

as a generic membrane mimetic.27 In contrast, the CSD contains β- strand character in the 

presence of cholesterol rich lipid bilayers; the latter environment is designed to more closely 
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resemble the native lipid composition of caveolae28.  Thus, previous studies lacking a full-length 

construct showed that the secondary structure of cav is dependent on both the length of the 

examined construct and its environment. 

As a scaffold or hub protein, cav organizes binding complexes with several different 

intracellular binding partners.  For example, Polymerase I and Transcript Release Factor (PTRF 

or cavin)31, endothelial Nitric Oxide Synthase (eNOS)32, adenylyl cyclase33, the catalytic subunit 

of cAMP-dependent protein kinase A (PKA)30; 34, and the HIV glycoprotein 41 (gp41)35 bind, and 

are enzymatically inhibited by cav.  PTRF has been shown to be required for caveolae formation 

through a direct interaction with cav at the cellular membrane31; 36.  Additionally, Nassoy and 

coworkers show that cells can respond to mechanical stress by quickly disassembling caveolae 

through disruption of the PTRF-cav interaction, providing extra stretchability for the lipid 

membrane37. Cav regulates eNOS, adenylyl cyclase, and PKA by inhibiting their catalysis32; 33; 34.  

Cav has been shown to inhibit HIV envelope-induced bystander apoptosis of SupT1 cells and 

CD4+ T lymphocytes through its interaction with gp4138.  We have previously reported that cav 

binds very weakly to the anti-HIV drug T20 (trade name Fuzeon); ligands derived from the drug, 

however, bound with 7,500-fold higher affinity39; 40.  T20 was derived from the gp41 region thought 

to bind to cav, and therefore could bind in a similar way.  

A widely applied protein engineering technique, phage display genetically fuses a peptide 

or protein of interest to a coat protein of the M13 bacteriophage. First described by Smith and 

coworkers in 198541, phage display was initially limited to display of peptides, but has since been 

extended to the display of several polypeptides, including antibodies42; 43, protein scaffolds44; 45; 46, 

and hormones47.  Upon successful display of the protein of interest on the phage surface, 

mutagenesis by either targeted or random substitutions can diversify the phage-encapsulated 

DNA.  Growth in the presence of helper phage can then provide the resultant protein libraries47.  

Selections can isolate members of the library with a desired trait, such as thermal stability48, 

solubility36, binding affinity, or function44; 45.    
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Our laboratory has reported a new type of helper phage, termed M13-KO7+, which allows 

the display of MPs, such as cav, on the surface of filamentous bacteriophage49; 50.  In previous 

experiments, selections with phage-displayed cav variants identified cav variants (e.g., gen-1a 

through gen-1e) capable of overexpression as fusion proteins in E. coli; as described above, wild-

type (WT) cav fails to overexpress in E. coli.  However, one cav variant from this first generation 

library (cav-11) could be overexpressed upon fusion to maltose binding protein (MBP).  

Subsequent attempts at biophysical and structural characterization were dominated by the large 

size of MBP (approximately two times the MW of cav)36.  Attempts to remove the MBP through 

proteolysis failed consistently.  Here, we report a full-length, soluble and functional variant of cav, 

which does not require fusion to a solubilization domain.  This variant allows biophysical 

characterization, including cavsol’s secondary structure, oligomerization, and binding to its known 

binding partners.  

 

2.3 Materials and Methods 

 

2.3.1 Library construction and phage-based selections 

A phage-displayed library of caveolin-1 variants was constructed as previously described36 

with oligonucleotides encoding the substitutions shown in Table 2-1A.  Four rounds of dual 

subtractive and functional selections were performed as previously described36.   

 

2.3.2 Subcloning for protein overexpression  

The gp41 ectodomain (residues 546 to 578 and 624 to 655) and PTRF were subcloned 

for overexpression as previously described36.  The gene for PKA (Addgene) was subcloned into 

a pET28c vector using the NcoI and BamHI restriction sites.  The caveolin variants isolated after 

four rounds of selections were amplified en masse by PCR using primers designed to introduce 
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BamHI and EcoRI restriction sites at the 5’ and 3’ termini respectively.  This PCR amplicon was 

then subcloned into the pET28c vector using its BamHI and EcoRI restriction sites. 

 

2.3.3 Protein overexpression and purification 

Protein overexpression was performed in E. coli BL21 (DE3) cells.  Cells containing DNA 

encoding either gp41, PKA, or PTRF were grown from seed cultures (10 mL seed/1L culture) to 

an OD600 of 0.6 (37 °C).  The cells were then induced for protein overexpression by addition of 50 

mM IPTG and allowed to grow overnight at 22 °C (≈12 h).  The cell pellets for gp41, PKA, or PTRF 



 

27 
 

were collected, dissolved in lysis buffer (50 mM NaH2PO4 and 300 mM NaCl, PH 8.0, 10 mM 2-

mercaptoethanol), and lysed via sonication.  The crude cell lysates were incubated with IMAC 

resin (Ni2+-NTA agarose) for 10-12 h at 4 °C.  The resin-bound protein was washed with lysis 

buffer supplemented with 20, 30, or 40 mM imidazole (10 mL each).  The protein was then eluted 

with 250 mM imidazole (50 mL).  The eluted gp41, PKA, or PTRF were then incubated with TEV 

protease to remove the His6 tag and analyzed for purity by SDS-PAGE (15%). 

Cells transformed with pET28c vector encoding cavsol were incubated at 37 °C until 

reaching an OD600 of 0.8, and induced by addition of 50 mM IPTG for 3 h at 37 °C before collection.  

The cavsol cell pellets were resuspended in lysis buffer A (50 mM tris-HCl, 10 mM NaCl, 5 mM 

EDTA, pH 8.0), and lysed via sonication.  The lysate was then centrifuged (30,996 x g, 45 min), 

and the resulting pellet was washed with wash buffer B (20 mM Na2HPO4, 20 mM NaCl, 5 mM 

EDTA, 25% w/v sucrose, pH 7.2) to further isolate the cavsol present in the inclusion bodies.  This 

solution was centrifuged again (30996 x g, 45 min), and the resulting pellet was allowed to 

dissolve in denaturing buffer (8 M urea, 50 mM tris HCl, 50 mM NaCl, pH 8.0) at 4 °C overnight 

with gentle shaking (≈150 rpm).  The soluble, denatured protein was incubated with Ni2+-charged 

IMAC resin for 10-12 h at 4 °C.  This flow through was collected, and the resin-bound protein was 

washed with denaturing buffer at pH 8.0 and pH 5.5 (20 mL each), before elution in denaturing 

buffer at pH 4.0 (50 mL).  The eluted protein was dialyzed for four days in refolding buffer (50 mM 

Tris-HCl, pH 8.0) to yield soluble, refolded protein.  Protein purity was analyzed by 15% SDS-

PAGE (Fig. 2-1).  The protein was then concentrated and purified further using size exclusion 

chromatography as described below. 

 

2.3.4 ELISAs 

ELISAs were used to assess protein-protein binding interactions as previously 

described36. Target proteins were coated on a 96-well microtiter plate at a concentration of 10 

µg/mL.  The plates were blocked with 0.2% nonfat milk (NFM), bovine serum albumin (BSA), 
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ovalbumin, or casein, and the indicated concentrations of cavsol in PBS supplemented with 0.2% 

nonfat milk and 0.05% Tween-20 were added.  A mouse anti-His6 epitope primary antibody 

(Sigma) and an anti-mouse horseradish peroxidase (HRP) conjugated secondary antibody 

(Sigma) were added to detect the presence of bound protein.   

 

2.3.5 Circular Dichroism (CD) 

The circular dichroism spectrum of cavsol was obtained using a Jasco J-810 

Spectropolarimeter.  Cavsol was dialyzed into PBS and diluted to 4 µM for CD analysis at 20 °C.  

Six continuous wavelength scans from 195 to 255 nm were averaged with a data pitch of 1 nm, a 

2.0 s response time, a 0.1 cm pathlength, and a 5 nm/min scanning speed. For the cavsol-DPC 

CD experiment, a sample of 4 µM cavsol was examined (Fig 2-2).  After this CD scan, 50 mM DPC 

was added to the same sample, which was again analyzed by CD.  Conditions remained the same 

for this experiment with the exception of the number of scans, which was reduced to 2. A Sovitzky-

Golay smoothing filter was applied to smooth the baseline.  An online CD analysis program, 

Dichroweb51, was used to determine percentages of secondary structure. 
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2.3.6 Dynamic Light Scattering (DLS) 

The Dynamic Light Scattering spectrum of cavsol was acquired on a Malvern Zetasizer 

Nano ZS instrument.  Cavsol was dialyzed into PBS and diluted from a concentration of ≈300 µM 

to 8 µM for DLS analysis.  The spectrum was obtained from the backscatter, applying the general 

purpose analysis method with “protein” as the material and “water” as the dispersant at 20 °C.   

 

 

 

2.3.7 Size Exclusion Chromatography 



 

30 
 

The size exclusion chromatography spectrum of cavsol was acquired using a Bio-Rad 

BioLogic DuoFlow Chromatography system equipped with a GE HiLoad 16/60 Superdex 200 PG 

gel filtration column.  The gel filtration standard (Bio-Rad) was dissolved in 50 mM tris-HCl pH 

8.0, and used for column calibration.  Cavsol was refolded via dialysis into refolding buffer as 

described above, and could be applied to the column at a high protein concentration. 

 

2.3.8 Isothermal Titration Calorimetry 

ITC experiments were performed on a Malvern Microcal VP-ITC instrument.  Nine 

injections of 5 µL followed by thirty-six injections of 7 µL of 300 µM cavsol were added via a 

microsyringe in 400 s intervals to a solution of 62.5 µM gp41 with stirring at 307 rpm in 50 mM 

tris-HCl, 5 mM 2-mercaptoethanol, pH 8.0 at 20 °C.  Five injections of 5 µL followed by thirty-three 

injections of 7 µL of 300 µM cavsol were added via a microsyringe in 400 s intervals to a solution 

of 73.5 µM PKA with stirring at 307 rpm in 50 mM tris-HCl, 5 mM 2-mercaptoethanol, pH 8.0 at 

20 °C.  The experimental data were obtained from fitting the titration curve using the Origin 

software provided with the instrument. 

 

2.3.9 Cell Culture and Transfection 

The genes for WT cav and cavsol were cloned into a pBMN322 vector containing a 

mCherry tag (Addgene) flanked by EcoRI and BamHI restriction sites.  The constructs were 

independently cloned into HEK 293 cells (ATCC) using 500 ng of DNA and lipofectamine 2000 

reagent (Invitrogen).  HEK 293 cells were cultured in DMEM Media (Life Technologies) 

supplemented with antibiotics, sodium pyruvate, and 10% v/v fetal bovine serum.  Cells were 

grown for 72 h post-transfection at 37 °C and 5% CO2 before being supplemented with media 

containing geneticin (500 µg/mL, Life Technologies) to select for successfully transfected cells.  

Cells were selected with geneticin for two weeks before being analyzed by confocal microscopy. 
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2.3.10 Confocal Microscopy 

Transfected cells were grown on treated microscope slides (Thermo Fisher) for 3 days 

before fixation with 3.75% glutaraldehyde solution for 10 min.  The cells were stained with 

CellMask Green (Thermo Fisher) for 10 min, and then with DAPI before being sealed with a 

coverslip and analyzed for the fluorescence.  Fluorescent images were obtained using a Zeiss 

LSM 700 confocal microscope under a 60x objective with oil immersion.  Images were analyzed 

using Velocity cell imaging software.   

 

2.4 Results 

2.4.1 Phage-displayed selection of a soluble human cav variant 

Previously reported attempts to solubilize cav include isolation of cav-1136 (termed gen-

1a here), which guided the design of a new library of cav variants, termed gen-2 (Table 2-1).   

 

Mutations targeted large, nonpolar, hydrophobic residues of the cav variant’s intramembrane 

domain (IMD).  Such residues were altered through changes to their DNA to include charged, 

polar, and, when accessible with a maximum of four substitutions per codon, the WT amino acid.  

Codons encoding aromatic residues, for example, were replaced with a mixture of codons 

designating aspartic acid, glutamic acid, arginine, or histidine substitutions.  Due to the 

degeneracy of the genetic code, some unavoidable amino acid substitutions were also included. 
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For example, the library was designed to substitute M111 with either a Lys or Glu residue or 

remain Met.  However, by making these mutations, a Val substitution was also encoded in the 

library.  The library’s actual diversity (7.0 X 108), as measured by titers following electroporation 

to form the library, exceeded its theoretical diversity of 5.3 X 108 variants.  

Dual positive and negative selections isolated members of the library retaining both 

functionality and solubility, respectively (Fig 2-3A).  The negative or subtractive selections 

removed hydrophobic variants adhering to hydrophobic interaction chromatography resin (i.e., 

binding to butyl sepharose).  The subsequent positive or functional selections collected library 

members capable of folding through binding to gp41.  Each round of selections increased the 

stringency of both selection conditions.  Increasing the ionic strength of the buffer, for example, 

strengthened the hydrophobic interactions during the subtractive selections for insolubility. 
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Increasing the number of washes during the functional selections identified more stable, better 

binding, and potentially better-folded cav variants (Fig. 2-3B).  After four rounds of selections for 

functionality and solubility, genes encoding the selected variants were amplified by PCR and sub-

cloned for protein overexpression in E. coli (Fig. 2-4).  Several variants expressed to high levels 

Fig. 2-3. Selections for soluble and functional cav variants.  (A) Schematic diagram 
detailing the selection and screening process. (i.) Negative selections removed 
hydrophobic, aggregation-prone variants. In the same round, (ii.) a positive 
selection tested binding to gp41. (iii.) After four rounds of selections, the DNA from 
remaining variants was transformed into E. coli and (iv.) screened for protein 
overexpression. This schematic diagram is not drawn to scale. (B) Conditions used 
for increasing stringency in each round of selection. Higher ionic strength buffer 
and additional washes increased the stringency of selection conditions for each 
round. To discourage nonspecific and off-target binding, the blocking agent was 
varied in every round of selections.  
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in E. coli (Fig. 2-5).  Sequence analysis of these variants identified the IMD substitutions 

responsible for increasing cav solubility (Table 2-2). 
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2.4.2 Expression, folding, and functional characterization of cavsol 

 The cav variants identified through the selection process overexpress readily in E. coli 

inclusion bodies for subsequent protein folding.  Unlike the gen-1 selectants, no fusion to MBP 

was required.  The variant exhibiting the highest levels of protein overexpression (Fig 2-5), termed 

cavsol, was chosen for biophysical analysis (Table 2-2, gen 2d).  After dissolving the inclusion 

bodies in urea and slowly removing the urea by multi-step dialysis, cavsol remained in solution.  

Purification by FPLC using immobilized metal affinity and size exclusion chromatography (Fig. 2-

1) yielded approximately 10 mg cavsol per liter of culture with an estimated homogeneity of 95% 

by Image J analysis (Fig 2-1)52.  
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To compare cavsol’s functionality with WT cav, we examined the variant’s ability to interact 

with cav’s known binding partners, including gp41, PKA, and PTRF.  Cavsol bound to all three 

binding partners in a dose-dependent manner by ELISA (Fig. 2-6A, B, and C).  To investigate 

whether this binding was specific, cavsol’s binding to a variety of additional, off-target proteins was 

examined.  Cavsol only binds to the known cav binding partners, and fails to bind any of the other 

off-target proteins tested (Fig. 2-6D).  Taken together, the data strongly supports the hypothesis 

that cavsol forms the correct folding conformation expected for WT caveolin.  

 

2.4.3 Biophysical analysis of cavsol  

Fig. 2-6. Protein-based ELISAs investigating specific binding of cavsol with its binding 
partners. Dose-dependent binding between cavsol and (A) PTRF (red), (B) gp41 
(green), or (C) PKA (purple) is observed. Cavsol binds with moderate affinity and high 
specificity.  (D) Notably, cavsol does not bind nonspecifically to off-target proteins.  All 
error bars report standard deviation from the mean. 
 

 



 

38 
 

Two spectroscopic techniques measured cavsol’s secondary structure and putative 

oligomeric states.  Although cavsol appears unstable in pure, deionized water, the protein remains 

stable in buffer (e.g., 20 mM Tris-HCl, pH 8.0) for many weeks at 4 °C.  Circular Dichroism (CD) 

was used to verify protein folding states. As shown by CD, cavsol appears well-folded (Fig. 2-7A).  

Using Dichroweb, a tool for analyzing CD spectra51, cavsol was shown to include both α-helices 

and β-strands,  The results are consistent with reported measurements with truncated cav 

variants27; 28; 29.   

 Fig. 2-7. Biophysical 

characterization of cavsol.  (A) CD 

spectrum of cavsol. The CD 

spectrum of cavsol reveals a highly 

helical secondary structure with 

some disordered regions and β-

strands.  (B) Particle size of cavsol at 

varying concentrations. Analysis by 

DLS shows a large particle size 

which increases proportionally with 

concentration. This suggests that 

cavsol exists in an oligomeric form.  

Error bars denote standard 

deviation. (C) SEC chromatogram 

of cavsol.  Comparing the cavsol 

retention times to protein standards 

with known molecular weights 

(MWs) suggests cavsol is a highly 

oligomeric protein comprised of 

approximately 24 monomeric units. 

An additional peak at 331.9 Da is 

from E. coli debris removed during 

this SEC purification 



 

39 
 

 Next we investigated perhaps the most defining characteristic of cav, its oligomerization 

to form caveolae6; 7; 11.  To investigate cavsol’s oligomeric state, we examined the particle size of 

cavsol at multiple increasing concentrations using dynamic light scattering (DLS).  The DLS results 

show that cavsol increases in particle size proportionally with an increase in concentration (Fig. 2-

7B).  Even at the lowest concentrations, cavsol is approximately 35 nm in diameter, ranging to 

approximately 90 nm at the highest concentration tested. This size indicates that cavsol forms 

large concentration-dependent oligomeric complexes.  To further estimate the actual MW of this 

cavsol oligomer, the protein (3000 μM) was subjected to size exclusion chromatography, and its 

retention time was compared with protein MW standards (Fig. 2-7C).  Consistent with the DLS 

data, cavsol forms oligomers with a MW of ≈600 kDa.  This MW suggests that cavsol forms 

oligomers composed of ≈24 monomeric units; the theoretical MW of 24-mer oligomers is also 

≈600 kDa.  In summary, two independent measurements demonstrate cavsol forms large 

oligomeric complexes with an estimated copy number of 24 cavsol units. 
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2.4.3 Thermodynamic binding parameters between cavsol and binding partners  

Cavsol allows direct observation of cav’s interactions with its binding partners.  ITC was 

used to determine thermodynamic parameters between cavsol’s association with either gp41 or 

PKA.  The titrations resulted in sigmoidal binding curves consistent with dose-dependent binding 

(Fig. 2-8).  The fit for these curves follows a one-site binding model as determined through 

minimizing chi-squared for the fit to the curve (Fig. 2-8).  Analysis of the ITC data reveals that 

Fig. 2-8. Measuring binding between cavsol and either (A) gp41 or (B) PKA by ITC.  The 
upper panel depicts the calorimetric output from the cavsol interaction with either gp41 or 
PKA.  The lower panel depicts integration of the calorimetric output, where the x-axis 
indicates the molar ratio of gp41 or PKA to cavsol. The least squares fit is shown by the solid 
line.  (C) ITC-derived thermodynamic binding parameters for interactions with cavsol.  Error 
indicates standard error.   
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cavsol binds with modest affinity to both gp41 (KD = 0.844 µM) and PKA (KD = 0.670 µM).  The 

stoichiometry of binding is three molecules of cavsol per one gp41 or PKA molecule.  Both binding 

events are exothermic and driven by enthalpic forces, rather than entropic considerations, as 

shown by the large, negative ΔH values (Fig. 2-8b). 

 

2.4.4 The similar sub-cellular localization of both WT cav and cavsol in cultured mammalian 

cells 

To investigate whether or not cavsol could still bind to the lipid membrane, we observed 

the localization pattern of the variant in human mammalian cells.  Cavsol and WT cav were fused 

with mCherry and transfected into HEK 293 cells.  This cell line was chosen for its lack of caveolae 

resulting from low endogenous cav expression levels53.  Confocal microscopy was then used to 

compare sub-cellular localization patterns of the two proteins (Fig. 2-9).  This data suggests that 

cavsol is still targeted to the membrane, and could function similarly to WT cav. 
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Fig. 2-9. Localization of WT cav or cavsol (fused to mCherry) in HEK 293 cells.   HEK 293 
cells transfected with either (A) WT cav-mCherry, (B) cavsol-mCherry, or (C) 
nontransfected cells were observed using confocal microscopy.  Cells were tested for 
mCherry fluorescence to identify the mCherry-fused cav, cellmask green fluorescence to 
identify the cell membrane, DAPI to identify single-stranded DNA (cell nucleus), or with 
the darkfield setting to identify the cell outline.  White arrows represent either WT cav or 
cavsol fluorescence. 
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2.5. Discussion  

Selections for cav solubility reveal preferred amino acid substitutions, and suggest 

strategies for the solubilization of other membrane proteins.  The selections reported here identify 

caveolin variants capable of overexpression in E. coli; as noted earlier; WT cav cannot be 

overexpressed in bacterial cells.  An important caveat is that these selections require binding to 

a target ligand, here gp41.  Conceivably, the selected variant merely binds more tightly to gp41, 

than WT cav.  However, experiments described below validate the hypothesis for selection on the 

basis of increased protein solubility, stability, and expression yields.  Presumably, binding to gp41 

and other binding partners remains unaffected, as residues in the CSD were not targeted by the 

library.  The reported strategy should be applicable to any protein capable of display on the phage 

surface and separately a known, overexpressed binding target.  As shown previously, MP phage 

display can include monotopic proteins like cav, but also transmembrane proteins, including β-

barrel MPs49. 

Comparing the sequences of several overexpressing cav variants isolated from the fourth 

round of gen-2 selections reveals important trends required for MP solubilization (Table 2-2).  

Overall, the vast majority of IMD substitutions found in these selectants encoded for polar amino 

acids, which validates the library design and solubilization strategy.  However, several variants 

strongly selected nonpolar residues (e.g., valine) in specific IMD positions.  For example, residues 

I117 and L122 were replaced with valine in the gen-2 selectants; far less preference for this non-

polar residue was observed in the first generation of selections.  The retention of nonpolar amino 

acids in these positions illustrates their importance to cav function and possibly structure in spite 

of strong selection for solubilizing amino acid sidechains.  Thus, including the possibility for 

selecting wild-type residues appears critical to successful library-based MP solubilization. 

Cav selectants for solubility from both gen-1 and gen-2 libraries strongly preferred charged 

amino acids at positions 106, 107, 115, 118, and 128 to replace hydrophobic sidechains.  The 

addition of charged amino acids at these positions can increase protein solubility, while retaining 
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cav function.  Compared to gen-1a, cavsol from gen-2 includes three additional charged amino 

acids at positions 124, 130, and 131.  Glu and Asp were substituted interchangeably amongst the 

selected variants; therefore, the selection identified charge, not structure. Aromatic amino acids 

at positions 107, 115, 118, and 128 were replaced with an Asp, Glu, Arg, or His residue in 89% 

of the sequences selected.  Interestingly, both Phe residues (positions 119 and 124) were 

replaced with a charged residue only 50% of the time.  The remaining 50% retained the aromatic 

residue, or replaced it with a Val residue.  The increased charge of gen-2 selectants could explain 

their greater solubility.  

Cav functions as a protein scaffold, and mediates diverse cellular processes ranging from 

signal transduction to membrane trafficking7. Significantly, cavsol retains the WT protein’s ability 

to bind to gp41 and PKA as required for cav function.  Furthermore, cavsol’s binding to gp41 

illustrates an unusual function of cav for preventing membrane hemifusion during viral assembly38.  

The direct cav-PTRF interaction remains little-explored, but is clearly supported through assays 

reported here with cavsol and in other studies31; 36.  Caveolae spontaneously disassemble upon 

loss of PTRF.  These results support a model where cav localizes several binding partners near 

the cell membrane, where it can interact directly with PTRF to help form caveolae.  

Cavsol’s binding thermodynamics with gp41 and PKA were directly measured by ITC (Fig. 

2-8).  Both gp41 and PKA bind cavsol with low micromolar KD.  Determining the stoichiometry of 

an interaction by ITC requires knowledge about the oligomerization state of the interacting 

species.  For example, gp41 predominantly forms a dimer during bacterial overexpression (Fig. 

2-10), and PKA remains monomeric.  For both data sets, a single site binding model fit the ITC 

data best to minimize Chi2/DoF (Fig 2-8B).  The data also supports a model in which three cavsol 

molecules bind to each molecule of either dimeric gp41 or monomeric PKA.  Thus, the data 

suggests each oligomer of 24 cavsol binds up to eight ligands; the similar apparent affinities for 

gp41 and PKA measured here result in an equal molar distribution, assuming equal 

concentrations of each protein, of complexes with approximately four of each protein binding to 
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cavsol.  Notably, analogous studies with peptides derived from T20 ligand to a truncated cav 

(residues 1-104) had similar stoichiometry measured by ITC39. 

Cavsol uniquely allows analysis of the secondary structure for a full-length cav construct in 

the presence of different environments.  The addition of dodecyl phosphatidylcholine micelles 

causes negligible difference in the CD spectra of cavsol (Fig. 2-2).  Thus, cavsol retains its 

secondary structure in the presence of a plasma membrane mimicking environment; the protein 

folds independently of the presence of a membrane mimic.  This conclusion is further supported 

by cavsol’s high solubility without requiring the addition of detergent.  Additional CD analysis 

reveals a high percentage of α-helical secondary structure (36%)  in cavsol as shown by both the 
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Dichroweb analysis and in characteristic depressions of the CD spectrum at approximately 215 

and 207 nm51 (Figure 2-7A).  This secondary structure analysis also suggests the presence of a 

moderate degree of β-strands (18%); similar results were obtained from analysis of a portion of 

the CSD by van der Wel and colleagues28. The disorder (21%) observed in the CD spectra of 

cavsol suggests that some regions of the protein could be flexible and dynamic, a known property 

of its N-terminal domain54.  In summary, this data provides the first direct measurement of the 

secondary structure of a full-length variant of cav, and finds support for a hybrid of the many 

models proposed for this protein.  

Cav is widely recognized to form homoligomers inside the cell at the plasma membrane. 

Estimates of cav monomers per complex vary widely depending upon cell type, cellular location, 

and analytical technique used (Table 2-3).  

 

 Early characterization of cav oligomers applied gradient centrifugation; the observed complexes 

consisted of 200, 400, or 600 kDa, which corresponds with approximately 9, 18, and 27 cav 

monomers respectively55.  Furthermore, complexes comprised of cav monomers have been 

observed in mouse fibroblasts56.  Cavsol oligomerizes spontaneously upon refolding at modest 

concentrations (10-15 µM).  At the highest concentration observed, the resultant cavsol complexes 

include ≈24 cav monomers, as shown by DLS and size exclusion chromatography (Fig. 2-7B, and 

C).  These oligomers are very stable, and remain intact for weeks after formation despite 1000-
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fold dilution of the protein.  Moreover, a broad range of oligomers form, as shown by the variation 

in particle size at increasing concentrations (Figure 2-7B).  Interestingly, the particle size of the 

most concentrated oligomer measured by DLS (88 nm) is consistent with the approximate size 

observed for caveolae (50 – 100 nm)6; 7. 

We investigated cavsol and WT cav localization in HEK 293 cells.  The two proteins appear 

to localize to the same spots in the cell, predominantly the cellular membrane (Fig. 2-9, white 

arrows).  Cav is known to have both N-terminal and C-terminal membrane binding domains that 

are required for internalization of the IMD.  A construct containing only the IMD and not the 

membrane binding domains failed to internalize into the membrane57.  The ability of cavsol to 

localize at the cellular membrane despite the substitutions to the IMD supports this data, since 

the membrane binding domains were undisturbed.  In summary, this data demonstrates that 

substitutions to the cav IMD did not affect cavsol’s ability to localize to the cell membrane. 

In conclusion, we report the selection of the first known full-length cav variant able to 

overexpress highly in E. coli and remain soluble in vitro upon refolding.  The variant, cavsol, was 

shown by ELISA and ITC to interact with known binding partners, gp41, PKA, and PTRF, and 

exhibits the expected secondary structural characteristics evident in its CD spectrum.  Cavsol 

oligomerizes in a concentration-dependent manner into large complexes of 24 monomers 

approximately 88 nm in diameter as observed by SEC and DLS respectively at high 

concentrations.  Despite substitutions to the IMD, cavsol retains the localization associated with 

WT cav, including the cellular membrane.  We have recently reported a small peptide capable of 

binding to cavsol and disrupting its oligomerization40; this demonstrates that cavsol provides a 

potential therapeutic target for drug development.   Overall, cavsol provides a powerful new tool 

for investigating the properties of cav structure and function. 
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Chapter 3: Affinity-Guided Design of Caveolin-1 Ligands for 

Deoligomerization 

 

A note about my contributions to the work described in this chapter: 

I overexpressed all of the caveolin ΔTM and cavsol (referred to as full-length caveolin variant in 

this chapter) used throughout this chapter.  I also synthesized the batch of WL47 that was used 

for the oligomerization disruption studies and performed the oligomerization disruption 

experiment (Fig. 3-8). 

 
3.1 Abstract:  

Caveolin-1 is a target for academic and pharmaceutical research due to its many 

cellular roles and associated diseases. The ligand WL47 reported here is small, high-affinity, 

selective, and displays unique activity as a disruptor of cavolin-1 oligomers. Developed and 

optimized though screening and analysis of synthetic peptide libraries, WL47 has 7500-fold 

improved affinity compared to its T20 parent ligand, and an 80% decrease in sequence length. 

WL47 will permit targeted study of caveolin-1 function.  
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3.2 Introduction:  

The family of caveolin membrane proteins contribute to the cell’s structural, signaling, 

and transportation processes. With such diverse roles, caveolins are also associated with 

myriad diseases, including cancer, cardiovascular disease, muscular dystrophies, 

atherosclerosis, diabetes, Alzheimer’s disease, and HIV.1–5 Although the caveolins represent 

excellent candidate targets for drug discovery, progress has been hampered by a lack of 

techniques available to probe and control caveolin structure and functions with specificity and 

precision. Caveolins are typically studied in cells and organisms through ablation via knock-

outs, mutagenesis, deletions, or nonspecific cholesterol depletion using compounds such as 

nystatin or filipin.6–11 Here we report a molecular tool to disrupt oligomerization of the most 

widely distributed and commonly studied caveolin, caveolin-1. This caveolin ligand could 

facilitate future research by providing a mechanism for perturbing caveolin function, and 

provides a potential lead compound for a new class of therapeutics. 

Caveolin-1 (hereafter referred to as “caveolin”), a 22 kDa protein, penetrates only one 

leaflet of the lipid bilayer, and both the N- and C-termini remain on the cytoplasmic side.12 

Multiple copies of the protein oligomerize to form high molecular weight complexes that bend 

the membrane inward to form invaginations, termed “caveolae,” of 50-100 nm in diameter.13,14 

The cholesterol- and sphingolipid-rich membrane of these caveolae regions are a sub-type of 

lipid raft.15 While these invaginations can mediate endocytosis in a manner similar to clathrin-

coated pits, current research emphasizes their role in signaling pathways. Caveolin’s binding 

partners include cAMP-dependent protein kinase A (PKA), endothelial nitric oxide synthase 

(eNOS), insulin receptors, and the HIV coat protein gp41.16,17 Caveolin modulates signaling 

pathways by binding, and thus sequestering, both enzymes and receptors engaged in cell 

signaling. The complex with oligomeric caveolin can stabilize such targets in either their active 

or inactive conformations. Caveolin also mediates cholesterol trafficking by binding and 
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transporting cholesterol to the cell membrane. The oligomeric state of caveolin also influences 

early cellular response to mechanical stress.18,19 

Previous research in the Weiss laboratory used the known interaction between 

caveolin and gp41 as a starting point for generating a ligand for caveolin.20 The FDA-approved 

drug T20 (Fuzeon), a 36 amino acid peptide derived from gp41, blocks HIV viral fusion with 

CD4+ T-cells.21,22  

3.3 Phage-displayed Peptide Library 

The T20 sequence was mutated extensively in a phage-displayed library for screening 

and selections targeting caveolin residues (1-104). From this library, 36-mer sequences were 

isolated with dissociation constants (KD) for caveolin of 155 nM or better. This phage-based, 

molecular evolution represented a 1000-fold improvement in KD relative to the original T20 

ligand.20  

We have undertaken further design refinement of this T20-derived caveolin ligand, called 

“ligand 4” in a previous publication20 but here referred to as ligand 1. Iterative cycles of synthesis 

and assay guided the design to yield an 80% reduction in length with 7.5-fold higher affinity (Fig 

3-1). By synthesizing and screening carefully designed peptide library arrays, we also identified 

key residues, minimized ligand size, and optimized the sequence (Fig 3-2, 3-3, 3-4). We 

demonstrate that this ligand, WL47, has selectivity and high affinity for its target (Fig 3-5), and 

can disrupt caveolin oligomers (Fig 3-6). 

3.4 Development of Peptide Ligands 

Development of ligand WL47 proceeded in three stages (Fig 3-1). First, regions of the 

starting ligand 1 contributing to the recognition of caveolin were identified. Second, this functional 

region was trimmed though mutagenesis and screening to eliminate non-essential residues. 

Third, the remaining key residues were shuffled to identify the most promising arrangement.  
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First, truncation libraries identified key regions of the starting T20-derived parent ligand, 1 

(Fig 3-2). Such information could reduce the length of the ligand required for binding to caveolin. 

All 22 possible 15-mer sequences within the 36-mer peptide were synthesized and screened as 

C-terminal adducts to cellulose. This technique, termed SPOT synthesis, allows rapid synthesis 

and screening of peptides on a positionally addressable array.23 Analogous to varying display 

levels in a phage-based library, the concentration of peptide in each SPOT can vary due to 

differences in amino acid coupling efficiency during synthesis. Nonetheless, the method can 

provide reliable comparisons of binding affinity between peptides on the same array.24, 25  

SPOT synthesis provided a dependable method to guide the development of WL47. 

Caveolin (1-104) bearing a fluorescent rhodamine tag was incubated with the peptide array and 

the degree of fluorescence measured for each library member revealed its relative apparent 

binding affinity. This experiment identified the C-terminal region of ligand 1 as contributing at least 

98% of the observed binding to caveolin. Furthermore, eliminating the non-essential region at the 

ligand N-terminus reduced ligand size from a 36- to a 15-mer peptide.  
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Additional trimming and mutagenesis next honed the caveolin ligand. With the 15-mer 

peptide ligand 2 as a template, a subsequent library featured similar and dissimilar substitutions 

at each position. This approach defines sidechain contributions, if any, to binding. Screening every 

member of a chemically synthesized library circumvents the problem of survivorship bias, which 

is inherent to molecular evolution approaches: only the most successful library members are 

analyzed following selections. By including every library member in the data set, the results from 

those members with poor apparent binding affinity can still contribute to a deeper understanding 

of the functionalities that control caveolin ligand affinity.  
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This substitution library uncovered peptides with clear preferences for amino acid 

sidechains in specific positions. Library members with Lys or His substituted for Arg7 retained 

apparent binding affinity to caveolin (1-104), but substitution with the neutral sidechains of Gln or 

Ala at this site generated a peptide with reduced apparent affinity for caveolin. Substitution for 

Lys13 had similar but more drastic changes, with Arg substitution retaining complete binding 

activity and His, Gln, or Ala substitution abolishing binding. Taken together, this data demonstrates 

the importance of the two positively charged Lys and Arg sidechains (Fig 3-3A). 

Furthermore, the three negatively charged Glu residues clustered at the N-terminus of 

ligand 2 adversely affected binding. Ala substitution at Glu1, Glu4, or Glu6 resulted in peptides 

A) B)

C)

Fig 3-3. Identification of key residues, and removal of detrimental amino acids. a) In the library of similar and

dissimilar substitutions of amino acids in ligand 2, ligand binding was retained for Lys and His substituents but
was abolished by neutral Gln or Ala substituents. At Lys13, ligand binding was eliminated for all substituents

except Arg. We conclude that both these residues contribute to binding primarily via positive charge. b) For Glu1,

ligand binding was retained for negatively charged Asp and neutral Gln, and was slightly elevated for Ala. For
Glu4 and Glu6, ligand binding increased moderately for neutral Gln and Ala. Ligand binding was reduced by

substitution with negatively charged Asp, and all Lys substitutions at these three sites increased ligand binding.
These trends suggest that these Glu are hindering ligand binding. c) Truncation of the six N-terminal residues,

which included all three Glu, without removing any of the positively charged residues, yielded a peptide

(indicated by asterisk) designated ligand 3 that became the template for subsequent library design. All libraries
include a scrambled ligand 2 sequence as a negative control.



 

58 

with an unexpected increase in apparent binding affinity (Fig 3-3B). Removing six residues at the 

N-terminus, including these three negatively charged Glu, produced a 9-mer peptide with an 

approximately 3-fold increase in apparent binding affinity. Other truncations were less successful. 

For example, further truncation of the N-terminus eliminated the positively charged Arg7, and 

produced a sharp reduction in binding (Fig 3-3C). This result reemphasizes the importance of the 

positively charged sidechains. In summary, this SPOT-synthesized library truncated six residues 

to yield a 9-mer peptide, ligand 3, with increased apparent affinity for caveolin.  

Reduced ligand length made it feasible to synthesize a library with more substitutions. 

Each position of ligand 3 was systematically varied to further examine tolerance to substitution 

and sidechain requirements for binding. A library was synthesized by SPOT synthesis to include 

19 amino acid substitutions for each of the nine individual sites remaining of ligand 3, yielding 171 

unique sequences each bearing a single substitution, along with unsubstituted ligand 3 as a 

positive control. Sequences anchored to the cellulose solid support can benefit from their close 

proximity, and this may lead scaffold-bound monomeric peptides to bind the target with higher 

apparent affinity than monomeric peptides in solution. 

The initial library data also identified residues not contributing significantly to ligand 

function. Such information guided trimming of the ligand to its minimum length. Until this point, 

unnecessary amino acids were easily removed by simple truncation. For example, Phe 15 could 

be clipped from the N-terminus and leave essential residues untouched. For example, substitution 

of Phe15 with Ala failed to alter the ligand’s apparent ligand binding ability, making Phe15 a 

candidate for elimination (Fig 3-4B). The removal of Phe was especially desirable for this small 

peptide in which every side chain is likely surface-exposed; aromatic sidechains can contribute to 

nonspecific binding to other targets26. Similarly and unexpectedly, mutation of Gly9 to Ala or Phe 

results in no observed reduction in binding affinity (Fig 3-4B). However, direct removal of an 

internal residue such as Gly 9 could disrupt the spacing of amino acids in the ligand. Gly cannot 
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contribute to ligand binding through sidechain contacts, but often allows greater flexibility for a 

ligand. Here, replacement of Gly9 with the slightly less flexible Ala showed no reduction in ligand 

binding. Replacement of Gly9 with the bulky and significantly less flexible Phe also showed no 

reduction, only a minor, perhaps nonspecific, increase in apparent binding affinity. This data 

confirms that the flexibility of Gly is superfluous and the residue can be removed.  

The most striking data from this library was the dramatic drop in apparent binding affinity 

for nearly all substitutions at the C-terminal Cys residue (Fig 3-4A). This observation strongly 

suggested that ligand binding to caveolin requires dimerization by a disulfide bond mediated by 

the Cys sidechain SPOT-synthesized peptides assayed under reducing conditions later confirmed 
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this observation; total apparent binding was diminished by 63% compared to non-reducing 

conditions (data not shown) 

Furthermore, the evolution and library screening to this point identified key sidechain 

functionalities. With this in mind, a library was synthesized wherein Gly and Phe were removed 

and the remaining residues shuffled using the GenScript Scrambled Library Peptide Library 

Design Tool.27 A total of 17 shuffled sequences were randomly chosen for synthesis and screening 

(Fig 3-5). As expected, simple removal of Gly and Phe without otherwise altering the sequence 

resulted in a roughly 25% reduction in apparent binding affinity relative to ligand 3. However, a 

sequence seven residues in length and with 2.6-fold increased apparent binding affinity relative 

to ligand 3 was isolated from this library (Table 3-1). This sequence, referred to as WL47, was 

chosen as the lead compound for further analysis. 

A parallel SPOT screening assay next examined the specificity of WL47 for caveolin and 

other potential binding partners. In this assay, rhodamine labeled caveolin (1-104) and three other 
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rhodamine-labeled proteins chosen for their solubility, ubiquity, and known nonspecific binding 

properties were each incubated with identical SPOT arrays on which ligand 2, ligand 3, and WL47 

had been synthesized along with blank SPOTs bearing only the dual β-Ala linker. These sheets 

were washed, blocked, and their fluorescence quantified as described above. WL47 bound 

caveolin (1-104) with significantly stronger binding than 

the other proteins. Furthermore, ligand 3 shows an 

increase in caveolin (1-104) binding relative to ligand 2, 

and WL47 has increased binding relative to ligand 3, 

confirming that the iterative process used to develop WL47 

is effective at creating ligands with enhanced target 

binding. Conversely, little change in binding to control 

proteins is seen across the three ligand generations, 

affirming that specific rather than nonspecific binding has 

been enhanced during ligand evolution (Fig 3-6).  

3.5 Peptide Characterization and Analysis 

The KD of the binding interaction between caveolin (1-104) and WL47 was determined 

using the measured increase in fluorescence anisotropy of Mantyl-WL47 upon binding to its 

target. Slightly smaller than Phe, the N-Methylanthranilyl “Mantyl” fluorophore offers minimal bulk 

to reduce potential binding disruption.28 This fluorophore was installed to create Mantyl-WL47. 

Varying concentrations of caveolin (1-104) ranging from 0 to 586 nM  were incubated with 12 nM 

Mantyl-WL47 dimers. Data were fit to the following equation: 

 (1) 
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Where [L] is the total concentration of Mantyl-WL47 dimer, [R] is the total concentration of 

caveolin (1-104), and [LR] is the concentration of Mantyl-WL47 dimer bound to caveolin (1-104). 

While considerably 

more complex than 

other common binding 

equations, equation 1 

does not ignore binding 

site depletion, which is 

crucial for obtaining an 

accurate model when 

the ligand 

concentration is within 

an order of magnitude 

of the final KD value.29 By this method, a KD of roughly 23 nM was determined; with a binding 

affinity range from 44 to 3 nM with 95% confidence (Fig 3-7). A Hill plot of the same data set yields 

a Hill coefficient (nH) of 2. This coefficient indicates complete positive cooperativity in a two-site 

binding model; binding of one WL47 sequence (first half of dimer) to the first binding site 

precipitates the immediate binding of a second WL47 sequence (second half of dimer) to the 

second site.30 In essence, both binding sites become occupied simultaneously. This 

phenomenon supports our decision to perform KD calculations with dimerized WL47 considered 

a single ligand (Fig 3-7).  

Demonstrating WL47 activity requires in vitro caveolin oligomers and a method for 

measuring the degree of oligomerization. A full-length, soluble variant of caveolin that 

spontaneously oligomerizes to form caveolin nanoparticles with diameters consistent with those 

seen for caveolae in vivo was used to examine deoligomerization by WL47. WL47 effectively 
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disrupts these nanoparticles. In the presence of a reducing agent, incubation of the caveolin 

variant with WL47 does not disrupt oligomerization, which is consistent with our original data 

showing WL47 function depends on 

dimerization by disulfide (Fig 3-8). 

Oligomerization and deoligomerization 

are a well-known aspect of caveolin 

activity and caveolae formation.18,19 

The overlapping nature of the 

oligomerization and scaffolding 

domains suggests the regulatory 

function of caveolin relies upon its 

oligomeric state, as shown previously 

through oligomer complementation.31 

Analysis of WL47 as a 

dimerized ligand has allowed for more 

critical analysis of previous work, and suggests that both sites of a two-site system must be filled 

in order for deoligomerization of caveolin to occur. For example, ITC data from Majumdar et. al. 

suggested a two-site binding model through negative cooperativity between the ligand and 

caveolin.20 For dimerized WL47, one half of the dimer interacting with the first binding site could 

bring the second half of the ligand close enough to the second binding site to force binding via 

increased effective concentration, overcoming the previously observed negative coopertivity. 

Based on the large positive ∆S2, Majumdar et. al. also observed that binding to the second site 

must be entropically driven, likely by the “disruption of cavolin oligomers upon binding.”20 This 

matches our observation that deoligomerization only occurs when WL47 is dimerized such that 
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the second binding site is filled. Thus data from the dimerized WL47 ligand reinforces and clarifies 

the conclusions drawn from previous research on ligand 1.  

As the first validated synthetic ligand for caveolin, WL47 contributes to the ongoing debate 

over the existence and identity of a specific caveolin binding motif that mediates the interaction 

between caveolin and its many binding partners. Research in 1997 by Couet et. al. proposed that 

this binding motif consisted of a characteristic spacing of multiple aromatic amino acids as 

determined by examining the sequencing results of multiple phage display libraries that had been 

subject to selections against caveolin (1-101).32 In subsequent research, many (but not all) 

caveolin binding proteins were found to contain similar sequences.1 However, a 2012 paper by 

Byrne et. al. used statistical methods to investigate the incidence of such characteristic aromatic 

spacing in caveolin binding proteins and in the proteome at large and found no statistical 

enrichment of these aromatic sequences in caveolin binding proteins.33 The WL47 sequence does 

not have multiple aromatic residues and thus does not conform to the aromatic richness and 

spacing of the canonical caveolin binding motif, suggesting that whether this motif mediates 

caveolin binding for some proteins or not, it is clearly not the only way in which caveolin may be 

targeted. Since caveolin has many binding partners, the interaction between caveolin binding 

motifs and the caveolin scaffolding domain likely evolved as a panoply of low affinity interactions 

such that caveolin could maintain its multiple partners.34 As a high affinity ligand, WL47 would not 

be expected to conform to this pre-existing pattern. Notably, the initial phage display process 

produced a higher affinity binder with fewer aromatic residues, and subsequent optimization 

resulted in the removal of an additional aromatic residue. 

3.6 Materials and Methods  

3.6.1 Materials 
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Fmoc-protected amino acids for peptide synthesis were obtained from multiple suppliers, 

including NovaBiochem, ChemImpex, Anaspec, and Aroz Tech. All other reagents and materials 

were obtained through Sigma Aldrich or Fisher Scientific unless otherwise noted. 

3.6.2 Protein expression and purification 

Caveolin (1-104) and full-length, soluble caveolin variant proteins were expressed and 

purified as described previously.20 

3.6.3 Synthesis and screening of SPOT arrays 

Peptides were synthesized as C-terminal adducts to cellulose as described in Hilpert et. 

al.37 All sequences were synthesized and screened in duplicate. Purified caveolin (1-104) was 

fluorescently labeled by adding a 15-molar excess of NHS-rhodamine to protein in phosphate 

buffered saline (PBS, 137 

mM NaCl, 10 mM 

Phosphate, 2.7 mM KCl, 

pH 7.4). The mixture was 

allowed to react 2 h, 

protected from light. 

Excess unreacted NHS-

rhodamine was either 

removed by overnight 

dialysis using 3.5 kDa 

molecular weight cut-off Slide-a-Lyzer mini dialysis cups in PBS at 4 °C, or was removed using 

desalting column according to standard procedures. The completed peptide array was blocked 

with 0.2% bovine serum albumin fraction V (BSA) in PBS. The sheet was then washed five times 

with PBS containing 0.05% Tween20 detergent (PBST), then incubated with 0.2% BSA in PBS 

containing the dialyzed fluorescently-labeled caveolin (1-104) for at least 2 h. After incubation, the 
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sheet was washed four times with PBST and once with PBS containing no detergent. Sheets were 

dried flat overnight prior to fluorescence imaging. 

Fluorescent imaging was performed using a GE Typhoon imager with the following 

fluorescence settings: Green (533 nm) excitation frequency, 580 nm BP 30 emission frequency 

window, normal sensitivity, 200 microns/px at 300 V laser strength. The resulting image files were 

analyzed by ImageQuantTL (.gel format) or ImageJ (.tiff format) to obtain quantitative data. 

The methodology for selectivity screening was identical except rhodamine tagging was 

performed separately for caveolin (1-104), bovine serum albumin, casein, and hen egg white 

lysozyme. These reactions were performed using the same NHS-rhodamine stock solution and 

treated identically. Replicate SPOT sheets carrying synthesized ligand 2, ligand 3, and WL47 and 

blanks containing only the dual β-Ala linker were each treated with one of the four labeled proteins 

and quantified as described above. The fluorescence signal for the linker-only blanks for each 

protein screen were subtracted from the corresponding ligand 2, ligand 3, and WL47 signals 

before plotting and analysis. 

3.6.4 Synthesis and purification of WL47 

The WL47 peptide was synthesized by SPPS on a 0.1 mmol scale in 5-mL disposable 

syringe-type polypropylene reaction vessels (obtained from Torviq) with 70 micron polypropylene 

frit and Luer lock tip, using procedures adapted from Kirin et. al.38 These vessels were outfitted 

with BD 16 gauge 1 inch needles for drawing up and expelling reagents. The following significant 

modifications were used: Swelling of resin and all coupling steps were performed in N-Methyl-2-

pyrrolidone (NMP). The deprotection step was performed twice per cycle. Coupling steps were 

performed using HBTU and without DIPEA. Reaction progress was monitored continuously using 

bromophenol blue (0.01% final concentration) as described in Krchnak et al., with transition of 

reaction mixture color from deep blue to yellow indicating completion of coupling.39 Coupling 

reactions were allowed to continue 10 min additional after visual monitoring of color change 
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indicated reaction completion.  After lyophilization, crude peptide product was purified by 

preparative HPLC using standard methods. Product presence was confirmed by MALDI-TOF and 

product purity confirmed by analytical HPLC. 

3.6.5 Fluorescence anisotropy binding affinity assay 

 A 15 μl volume containing a range of caveolin (1-104) concentrations was combined with 

a stock solution of Mantyl-WL47 in PBS with 0.25% sarkosyl detergent (w/v) to yield 11 samples 

containing 24 nM Mantyl-WL47 (12 nM dimerized Mantyl-WL47) and caveolin (1-104) in a range 

of 0 to 585.98 nM. Fluorescence data was collected for each of these samples on a Cary Eclipse 

Spectrofluorometer at an excitation wavelength of  340 nm and emission range of 400 to 500 nm 

with Savitzky-Golay smoothing at filter size 15.  Intensity (I) measurements were taken with four 

polarization filter conditions: vertical excitation with vertical emission (IVV), vertical excitation with 

horizontal emission (IVH), horizontal  excitation with vertical emission (IHV), and horizontal 

excitation with horizontal emission (IHH). Anisotropy (r) was calculated by the following standard 

anisotropy equations:40 

    (2) 

and 

               (3) 

The emission range in conjunction with the indicated smoothing yielded 87 distinct subsets 

of anisotropy data from 407-493 nm. The greatest magnitude of anisotropy was observed at 

wavelength 417 nm. This data set was converted to fractional ligand saturation by first calculating 

the percent change in binding by dividing each value in the subset by the minimum value for the 

same subset and subtracting 1, then converting these values to fractional saturation by dividing 

each percent change value by the maximum percent change value for each subset. This data set 

was fit to equation 1 using a weighted method of least squares that more heavily weights those 

data points with smaller variance. R2 for the fit equation was 0.94. The KD was calculated to be 
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23 nM, within a potential range of 44 to 3 nM with 95% confidence. A Hill plot was constructed 

using the same data set, with log(Y/(1-Y)) on the vertical axis and log(X) on the horizontal axis, 

where Y is the fractional saturation and X is the concentration in nM of caveolin (1-104). The slope 

of the curve at log(Y/(1-Y)) = 0 provides the Hill coefficient, nH. This coefficient is an indicator of 

binding cooperativity for binding at multiple sites, with values < 1 indicating negative cooperativity 

and values > 1 indicating positive coopertivity up to a limit of nH = z where z is the number of 

binding sites. The nH for this binding interaction is 2 with two binding sites, indicating complete 

cooperativity. In this case, binding of two molecules of WL47 happens simultaneously as a single 

binding event, and so we can assume that dimerized WL47 functions essentially as a single 

ligand.  

3.6.6 Deoligomerization shown by Dynamic Light Scattering 

A Malvern Zetasizer ZS Nano DLS instrument was used in backscatter mode to determine 

particle size of oligomers composed of full-length, soluble caveolin variant. Readings were 

obtained for oligomers in PBS with or without WL47 under both reducing (5 mM TCEP) and non-

reducing conditions. The General Purpose (non-negative least squares analysis) distribution 

analysis algorithm provided with the Zetasizer software was used to automatically calculate 

particle sizes and distribution. Average diameters for each condition were plotted along with the 

average plus or minus half the calculated polydispersity width in order to represent the distribution 

of observed diameters. 

3.7 Conclusion 

The caveolin ligand WL47 is 80% smaller in length and boasts 7500-fold greater affinity 

than the original T20 parent sequence, while also demonstrating selectivity and 

deoligomerization activity. The ligand was developed through a generalizable peptide ligand 

optimization process involving iterative library design, synthesis, and screening. WL47 
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provides a new tool for research that will allow investigators to probe the functions of caveolin 

with unprecedented selectivity, and its application to live cell assays is currently underway.  

Beyond providing a new tool, the development of WL47 demonstrates the ways in which 

small molecule medicinal chemistry principles can be successfully applied to the creation of 

peptide ligands. Recent novel peptide ligands have been derived exclusively from direct mimicry 

of existing sequences from known proteins.35,36 Conversely, the creation of novel small molecule 

drugs has involved greater experimentation and rational design. The application of these varied 

strategies ultimately allowed us to progress from our lead compound T20, which had an 

interaction with caveolin too weak to be successfully measured by ITC, to a ligand sequence that 

binds caveolin with a KD of 23 nM as measured by fluorescence anisotropy experiments. 
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Chapter 4: Shear Stress-Mediated Refolding of Proteins from Aggregates and 

Inclusion Bodies 

 

A note about my contributions to the work described in this chapter: 

I overexpressed all of the caveolin ΔTM used throughout this chapter.  I performed the caveolin 

ΔTM refolding experiment, directly contributing to Fig. 4-4. 

 

4.1 Abstract 

Recombinant protein overexpression of large proteins in bacteria typically results in 

insoluble and misfolded proteins directed to inclusion bodies. We report the application of shear 

stress in micrometer-wide, thin fluid films to mimic two chaperonin mechanisms – forced unfolding 

of the substrate protein and segregation away from misfolded intermediates. Shear stress 

successfully refolded boiled hen egg white lysozyme, recombinant hen egg white lysozyme, and 

recombinant caveolin-1. Furthermore, site-specific shear stress allowed refolding of the much 

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

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

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

associated with protein expression for a wide-range of industrial and research applications. 
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4.2 Introduction 

Overexpressed recombinant proteins for industrial, pharmaceutical, environmental and 

agricultural applications annually represent a >$160 billion biotechnology world market.1 Protein 

expression in yeast or Escherichia coli is highly preferred due to the organisms’ rapid growth, low 

consumable costs, and high yields2,3. However, large proteins overexpressed in bacteria typically 

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

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

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

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

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

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

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

challenging for large-scale industrial processes. One method to solve this problem applies very 

high hydrostatic pressures (400 bar) to refold recombinant proteins from inclusion bodies13,14. New 

methods capable of broadening the utility of bacterial over-expression could transform industrial 

and research production of proteins.  

 

4.3 Strategies for Protein Refolding 

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

folding. One class of these machines, chaperonins (e.g., GroEL-GroES in E. coli), can reverse 

small protein aggregates, and refold proteins (Fig 4-1A)15–20. This assistance is required by 

essentially all proteins >100 residues in length produced in cells21. After binding to the substrate 

protein, ATP hydrolysis by GroEL triggers unfolding of the misfolded protein19; during this step, 

the chaperonin undergoes a conformational rearrangement to unfold the protein. Then, ATP-

dependent binding of the GroES complex allows the protein to refold in ≈10 s while enclosed in a 

hydrophilic, cage-like interior of the chaperonin17,20,22. Thus, the GroEL-GroES chaperonin system 
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embodies two important refolding concepts – mechanical unfolding and shielding of partially 

folded intermediates. Inspired by the chaperonin’s mechanism, we demonstrate in vitro 

renaturation of denatured proteins by mechanically driven unfolding and separation from other 

intermediates during refolding. 

 

4.4 Characterizing Shear Forces in the Vortex Fluidic Device 

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

of protein folding and isolation of intermediates during protein folding. In this method, a glass 

cylinder (10 mm by 16 cm) is spun rapidly (5 krpm) at a 45° angle. At high rotational speeds, the 

solution within the sample tube forms micrometer-thick, thin fluid films, which flow with the same 

speed and direction as the wall of the glass tube. The rotating glass tube generates a velocity 

gradient within the thin fluid film, which introduces shear stress into the solution (Fig 4-1B). 

Application and optimization of a similar vortex fluidic device was first demonstrated for exfoliating 

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

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

polymorphs25. 

 

4.5 Modeling Fluid Dynamics in Thin Fluid Films 

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

by proteins folding at various rotational speeds. Our analysis applies the solution for cylindrical 

Couette flow26,27. The velocity of the solution, v , is a function of the radius, r (Fig 4-1B). The 

boundary conditions for the liquid film interfaces are defined as follows. The inner air-liquid 

interface at 1Rr   slips due to discontinuity in viscosity, and results in vanishingly low shear 

stress ( 0
dr

dv ). At the outer liquid-glass interface, the no-slip boundary dictates that the velocity 
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of the liquid at 2Rr  matches that of the inner wall of the glass tube (  2Rv ), where 
 
is 

the angular velocity of the tube. The resulting velocity profile is a nonlinear function of the form 
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From this velocity profile, shear stress can be calculated as 
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where   is the viscosity of water at 20 °C. At a speed of 5 krpm, the calculated shear stress 

ranges from 0.53 to 0.56 Pa (Fig 4-1C). These values of shear stress are similar to the 

requirements previously reported for protein unfolding28.  
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4.6 Refolding Denatured Hen Egg White Lysozyme from Egg Whites 

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

refold denatured hen egg white lysozyme (HEWL) in complex environments. The separated 

whites were diluted in PBS, and heat-treated at 90 °C for 20 min. The resultant hard-boiled egg 

white was dissolved in 8 M urea, rapidly diluted and then VFD processed at the indicated rotational 

speeds and times (Fig 4-3). Total protein concentration as determined by bicinchoninic acid assay 
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was 44 μg/ml. Recovery of HEWL activity was then demonstrated by a lysozyme activity assay 

(Fig 4-2). Refolding HEWL within the egg white at 5 krpm recovers activity even after a short 2.5 

min spin, but continued shear forces unfolds the protein. VFD processing for 5 minutes at 5 krpm 

results in optimal HEWL refolding (Fig 4-3A). This experiment establishes parameters for protein 

refolding by VFD. 
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4.7 Refolding Recombinant HEWL from Inclusion Bodies 

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

reconstitued in lysis buffer containing 2-mercaptoethanol, purified, urea-denatured and rapidly 

diluted into PBS (1:100, see Table 4-1). Second, the diluted protein (1 ml, 44 μg/ml) was 

immediately transferred to the VFD sample tube and spun at 22 °C and 5 krpm for 5 min. Circular 

dichroism (CD) spectra of the VFD-refolded, recombinant HEWL demonstrates restoration of 

secondary structure from proteins isolated from inclusion bodies. After VFD processing, the CD 

spectra of identical HEWL samples demonstrates partial recovery of secondary structure 

compared to the native lysozyme (Fig 4-3B). Yields determined by protein activity assay are 

provided in Fig 4-3D. 



 

79 

 

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

sample through an inlet at the cylinder base. The sample (50 ml), added at a flow-rate of 0.1 

ml/min, demonstrates significant recovery of HEWL activity for scalable, high volume applications 

(Fig 4-3C). The recombinant HEWL recovers >82% of its activity following VFD treatment. As 

expected, HEWL isolated from inclusion bodies without VFD processing fails to show any 

lysozyme activity (Fig 4-3D). The continuous flow approach could be scaled up for industrial 

applications. 

 

4.8 Applying Shear Stress to Refold Recombinantly Expressed Caveolin-ΔTM 

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

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

caveolin-1, as an example of a protein requiring an inordinate amount of processing time by 

conventional approaches (e.g., four days of dialysis). A caveolin variant without its 

transmembrane domain (caveolin-ΔTM) was recombinantly expressed, and the inclusion body 

was purified under denaturing conditions. Purified caveolin-ΔTM was diluted, and then given a 

short dialysis for 1 h to lower the urea concentration. The protein was then VFD-treated for 0, 10, 

or 30 min at 5 krpm at a concentration of 186 μg/ml. The CD spectra of the VFD processed 

caveolin-ΔTM shows a pronounced minima at 208 nm, which is indicative of α-helical secondary 

structure (Fig 4-4A)29. Solution turbidity also decreases sharply following VFD treatment, which 

illustrates VFD solubilization and refolding of partially aggregated proteins (Fig 4-4B). ELISA 

experiments examined binding by the refolded caveolin-ΔTM to HIV glycoprotein 41 (gp41), a 

known caveolin binding partner30,31. VFD processing significantly restores protein function, as 

shown through binding to gp41 (Fig 4-4C). 
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4.9 Recovering Kinase Activity from PKA by Attachment to IMAC Beads 

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

catalytic domain of PKA (42 kDa) is significantly bulkier than HEWL (14 kDa) and caveolin-ΔTM 

(17 kDa), and did not refold from inclusion bodies after treatment following similar protocols. To 

refold full-length PKA in vitro, we hypothesized that a closer mimic of cellular folding was required. 

In cells, the nascent polypeptide can fold as the N-terminus extrudes from the ribosome, whereas 

in vitro refolding must address the entire protein at once32. Thus, we focused shear stress on the 

N-terminus of His-tagged PKA by immobilization on Ni2+-charged immobilized metal affinity 

chromatography (IMAC) beads. The IMAC-His-PKA complex was then subjected to shear stress 

in the VFD (1 ml, 0.2 – 1 mg/ml). Following VFD treatment, His-PKA separated from the IMAC 

resin, and recovered 69% of its kinase activity (Fig 4-5A). Negative control experiments with 

identical conditions, but with uncharged IMAC resin, lower charged resin volumes, or 500 mM 

imidazole to block the Ni2+-His6 tag interaction, showed only low levels of kinase activity (Fig 4-

5A). Interestingly, the remaining His-PKA eluted from the IMAC resin by elution with imidazole 

yielded far less active protein (Fig 4-5B). 
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As reported here, protein refolding by VFD requires optimization for each protein. Buffers, 

protein concentration, and processing time were optimized for HEWL, caveolin-ΔTM, and PKA. 

The refolding of HEWL from the complex mixture of boiled egg whites appears less efficient than 

recovery of the folded protein from inclusion bodies. In egg whites, the mechanical energy of the 

VFD could be misdirected to the other >96% of proteins present.  
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The paradigm introduced here, applying shear force to drive rapid equilibration of protein 

folding has not been explored in biochemistry, yet is extensively applied in the cell by chaperonins. 

Another principle of chaperonin function, avoiding reaggregation by cage-like isolation during 

refolding, also applies to the VFD, which relies upon shear forces to maintain protein 

separation18,33 . 

 

4.10 Discussion  

This report offers significant advantages over conventional approaches to protein 

refolding. First, VFD-mediated refolding requires much smaller solution volumes (approximately 

1% of the volumes required for conventional dialysis). Second, this key step in protein production 

occurs >100-times faster than overnight dialysis with >1000-fold improvements for proteins such 

as a caveolin. Notably, introducing high shear in thin fluid films is a low energy, inexpensive 

process.  

The advantages of VFD refolding open new possibilities for increasing protein yields in 

simple cell lines. The VFD can untangle complex mixtures, aggregates and insoluble inclusion 

bodies. Illustrating this advantage, high concentrations of a chemical inducer like IPTG could drive 

overexpressed proteins into insoluble inclusion bodies. Most processes would avoid inclusion 

bodies by optimization of growth conditions and special cell lines at the expense of higher yields 

and purer protein. Furthermore, the continuous flow mode of the VFD readily allows scale-up to 

accommodate much larger solution volumes, and the approach could drastically lower the time 

and financial costs required to refold inactive proteins at an industrial scale. The VFD sample tube 

itself can also be modified to amplify or otherwise direct the intensity of shear forces applied; for 

example, modified surfaces with high contact angle and/or with textured features could enhance 

the turbulent flow, altering the applied shear stress. Harnessing shear forces to achieve rapid 

equilibration of protein folding could be expanded to a wide-range of applications for research and 

manufacturing.  
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4.11 Materials and Methods 

All buffers are listed in Tables 4-1 and 4-2.  

 

Table 4-1. Expression Conditions of Recombinantly Expressed Proteins. 

 Expression 
time (h) 

Expression 
temp. (°C) 

[IPTG] 
(M) Lysis buffer Protein 

Hen egg white 
lysozyme 

4 37 1 

50 mM NaH2PO4, 500 mM NaCl, 
10 mM imidazole, 1 mM HALT 
protease inhibitor (Pierce), 10 mM 
2-mercaptoethanol, pH 8.0 

Caveolin-ΔTM 3 37 0.5 
50 mM Tris-HCl, 10 mM NaCl, 5 
mM EDTA, 100 mM PMSF, pH 8.0 

HIV gp41 8 22 0.5 
50 mM NaH2PO4, 300 mM NaCl, 
10 mM 2-mercaptoethanol, 1 mM 
HALT protease inhibitor, pH 8.0 

His-PKA 5 37 1 

50 mM NaH2PO4, 500 mM NaCl, 
10 mM imidazole, 1 mM HALT 
protease inhibitor, 10 mM 2-
mercaptoethanol, pH 8.0 

 

 

 

 

Table 4-2. Purification Conditions of Recombinantly Expressed Proteins. The protein target used 

for ELISA binding studies, HIV gp41, was purified with non-denaturing conditions. 
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Protein Resin Denaturing buffer Binding/wash buffer Elution buffer 

HEWL 
UNOsphere 
S (Bio-Rad) 

20 mM Tris, 10 
mM NaCl, 8 M 
urea, pH 7.8 

20 mM Tris, 10 mM NaCl, 
8M urea, pH 7.8 

Wash buffer, 
400 mM NaCl 

Caveolin-
ΔTM 

Ni-NTA 
(Bio-Rad) 

50 mM Tris, 50 
mM NaCl, 8 M 
urea, pH 8.0 

50 mM Tris-HCl, 300 mM 
NaCl, 10 mM imidazole, 
0.2% Na azide, 8M urea, 

pH 8.0 

Wash buffer, 
pH 4.0 

HIV gp41 Ni-NTA - 

50 mM NaH2PO4, 300 mM 
NaCl, 10 mM 2-

mercaptoethanol, 20 mM 
imdazole, pH 8.0 

Wash buffer, 
250 mM 

imidazole 

His-PKA Ni-NTA 

20 mM NaH2PO4, 
500 mM NaCl, 6 M 
guanidine-HCl, pH 

7.0 

50 mM NaH2PO4, 300 mM 
NaCl, 1 mM imdazole, pH 

7.0 

Wash buffer, 
500 mM 

imidazole 

 

 

4.12 Expression and Purification of HEWL, Caveolin-ΔTM, and HIV gp41 

Hen egg white lysozyme (HEWL), caveolin-ΔTM, and HIV gp41 were overexpressed in 

BL21 E. coli by induction with isopropyl β-D-1-thiogalactopyranoside (IPTG, 1 mM). The 1 l culture 

volume was centrifuged at 6000 rpm to collect the bacterial pellet. The pellet was reconstituted in 

lysis buffer and sonicated in 30 s continuous bursts with 1 min cooling on ice for eight cycles (20 

watts).  HEWL and caveolin-ΔTM, were purified under denaturing conditions, and HIV gp41 was 

purified under non-denaturing conditions. For specific expression and purification conditions, see 

Table 4-1 and 4-2, respectively. The egg whites were obtained from chicken eggs, and diluted 

2:3 in PBS, heat-treated at 90 °C for 20 min, and dissolved in 8 M urea overnight at 4 °C. The 

His6 tag was cleaved from HIV gp41 with Tobacco Etch Virus protease, which was then removed 

by IMAC. All protein concentrations were determined by bicinchoninic acid assay kit (Pierce). 

4.13 Protein Refolding and Determination of Native State Confirmation 

Commercial, lyophilized HEWL protein (Sigma) was reconstituted in PBS as ‘active’ 

HEWL sample. Recombinantly expressed HEWL was pre-treated by 1:100 rapid dilution in PBS, 

and then refolded by VFD treatment. All samples were treated at 22 °C within a 16 cm long, 10 
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mm diameter glass test tube. When operated in confined mode, the VFD was set to a 45° tilt angle 

and 1 ml was spun at 5 krpm, unless otherwise noted. The continuous mode experiment was 

conducted by flowing the rapidly diluted protein through the inlet port to the base of the sample at 

a flow rate of 0.1 ml/min. Caveolin-ΔTM VFD refolding was performed in confined mode (1 ml, 5 

krpm, 22 °C). For comparison, caveolin-ΔTM was also refolded using conventional dialysis over 

4 days (1:500, 50 mM Tris-HCl, 1 mM EDTA, 4 °C, pH 8.5). 

Circular dichroism spectra of HEWL were collected immediately following VFD refolding 

in PBS (20 nm/min, 4 accumulations), and caveolin-ΔTM  were collected in 10 mM sodium 

phosphate, pH 7.5 (10 nm/min, 8 accumulations). All lysozyme activity assays used the EnzChek 

kit (Invitrogen) after rapid dilution from denatured protein solution into PBS (1:100) according to 

manufacture instructions, except for decreasing the 37 °C incubation time from 30 to 10 min. 

Lysozyme activity was interpolated by least-square regressions fit of lysozyme standards to a 

Michaelis-Menten curve (𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
+ 𝑐) with Prism 6 software (GraphPad, Fig 4-2). After 1:100 

rapid dilution into PBS, protein solution contains 80 mM urea, 0.2 mM Tris and 4 mM NaCl. 

Lysozyme activity with various levels of urea, Tris, and NaCl was determined to verify that the 

assay was not affected (Fig 4-2). Purified caveolin-ΔTM from the inclusion body were diluted 1:5 

in 10 mM sodium phosphate, pH 7.5 and then briefly dialyzed prior to VFD treatment (1:100 

volume, 1 h, 4 °C) for circular dichroism spectra. 

 

 

 

4.14 ELISA Binding Assays 

The dose-dependent ELISA was conducted by coating HIV gp41 (100 μL of 10 μg/mL in 

50 mM sodium carbonate pH 9.6 for 4 h at 4 °C) on a Nunc Maxisorp 96-well microtiter plate. 

After removing the coating solution, a blocking solution of 0.2% non-fat milk in PBS was applied. 
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Caveolin-ΔTM, anti-His mouse monoclonal antibody (Sigma, H1029), and anti-mouse HRP-

conjugated polyclonal antibody (1:2000, Sigma, A5906) were diluted in 100 μl PT buffer (1:1000, 

PBS, 0.05% Tween-20) and incubated for 1 h  at 4 °C with four wash steps using PT buffer (200 

μL). The ELISA was developed by the addition of 1% w/v o-phenylenediamine dihydrocholoride 

in citric acid buffer (0.02% w/v H2O2, 50 mM citric acid, 50 mM Na2HPO4, pH 5.0), and the 

absorbance of the solution was measured at 450 nm using a microtiter plate reader.  

 

4.15 Shear Stress-Mediated Refolding of His-PKA Bound IMAC Resin 

The catalytic subunit of PKA was overexpressed in BL21 E. coli with an N-terminal His6 

tag by induction with IPTG (1 mM). This experiment applied the residual pellet from a 12 L culture, 

a waste product more typically discarded. After dissolution in lysis buffer, sonication was applied 

as described above. His-PKA was then denatured in 6 M guanidine-HCl, 20 mM sodium 

phosphate, 500 mM NaCl and incubated with Ni2+-charged Profinity IMAC resin (Bio-Rad) for 2 h 

at room temperature (1 ml of a 1.72 mg/mL His-PKA to 50 μL or 250 μL bed volume IMAC). A 

control experiment used uncharged IMAC resin instead. The IMAC-His-PKA solution was then 

diluted to 1 M guanidine-HCl with binding buffer containing 1 mM imidazole, or with the elution 

buffer containing 500 mM imidazole as a control. This diluted solution was immediately treated in 

the VFD (1 ml, 5 krpm, 20 min). After transferring to a 1.5 ml eppendorf tube, the resin was washed 

by aliquoting 1 ml wash buffer, inverting the tube three times, and centrifuging the tube at 2000 

× 𝑔 for 2 min to separate the beads from the supernatant. This process was repeated two 

additional times before elution with elution buffer containing 500 mM imidazole. For protein 

quantification only, samples containing 500 mM imidazole were diluted 1:100 in wash buffer to 

prevent residual imidazole from interfering with the BCA assay. PKA activity was determined by 

monitoring substrate depletion in an NADH enzyme-linked assay at 340 nm (300 μl assay volume, 

10 mM ATP, 0.5 mM NADH, 1 mM phosphoenolpyruvate, 0.0153 U/μl lactate dehydrogenase, 

0.0269 U/μl pyruvate kinase, 0.67 mM kemptide, 100 mM MOPS, 9 mM MgCl2, pH 7.0). Kemptide 
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was synthesized by solid-phase peptide synthesis. All other reagents were purchased from 

Sigma-Aldrich.  
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Chapter 5: Protein Folding Using a Vortex Fluidic Device 

5.1 Abstract 

Essentially all biochemistry and most molecular biology experiments require 

recombinant proteins. However, large, hydrophobic proteins typically aggregate into insoluble 

and misfolded species, and are directed into inclusion bodies. Current techniques to fold 

proteins recovered from inclusion bodies rely on denaturation followed by dialysis or rapid 

dilution. Such approaches can be time consuming, wasteful, and inefficient. Here, we describe 

rapid protein folding using a vortex fluidic device. This process uses mechanical energy 

introduced into thin films to rapidly and efficiently fold proteins. With the VFD in continuous 

flow mode, liters of protein solution can be processed per day with 100-fold reductions in both 

folding times and buffer volumes. 
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5.2 Introduction 

Protein overexpression provides important tools for a wide range of applications 

ranging from therapeutics to laboratory reagents1-3. Bacterial protein overexpression 

capitalizes upon the low cost, high growth rate, and versatility of Escherichia coli4, 5. Although 

many proteins correctly fold during overexpression in E. coli, larger or very hydrophobic 

proteins often generate misfolded and insoluble aggregates, which are directed into inclusion 

bodies6-8. Recovering such aggregated proteins often involves chemical denaturation of the 

inclusion bodies, then multi-day dialysis to remove the denaturant9, 10. An alternative method 

applies high pressure to drive proteins into their folded states11. Illustrative of the wasteful 

inefficiency of conventional protein folding, liters of buffer are typically used to refold small 

quantities (mg) of protein12, 13. To address this issue, we have developed an approach to 

harness mechanical energy supplied by a vortex fluid device (VFD) to rapidly fold proteins in 

vitro under standard conditions. 

The VFD, a commercially available benchtop device, can drive a range of chemical 

transformations in its thin films14-19. Rapid rotation of a solution in a glass sample tube creates 

a dynamic thin film with ≈230 μm thickness16. Within this film, reagents experience 

micromixing, shear stress, and vibrational effects19-24. At specific rotational speeds, the sample 

tube enters a harmonic vibration that generates Faraday or pressure waves in the fluid, which 

can accelerate protein folding25, 26.  

The method described here is demonstrated with the folding of recombinant hen egg 

white lysozyme (HEWL) overexpressed in E. coli. The insoluble, misfolded protein results from 

overinduction, and a correctly folded form can be obtained with short VFD processing times. 

Though folding HEWL is illustrated here, the approach is generalizable to include other 

proteins, as demonstrated for cAMP dependent protein kinase A (PKA) and a truncated form 

of the membrane protein caveolin-127.   
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5.3 Materials 

5.3.1 Buffers 

All buffers are prepared at 1 L scale with double-distilled H2O (ddH2O) purified to a resistivity 

of 18 MΩ and filtered through a 0.22 μm filter.  Buffers are autoclaved, and then stored at 

room temperature unless otherwise indicated.  All reagents should be at least reagent grade 

and ACS-certified.   

1. Buffer 1: 50 mM NaH2PO4 and 500 mM NaCl, pH 8.0.  To a 1 L Erlenmeyer flask, add 

6.00 g of NaH2PO4 and 29.22 g of NaCl.  Add approximately 600 mL ddH2O, and 

dissolve by magnetic stirring.  Adjust the pH to 8.0 using 6.0 M NaOH, and transfer the 

solution to a graduated cylinder before bringing the volume to 1 L with ddH2O (see 

Note 1). 

2. Buffer 2 (Denaturing buffer): 20 mM Tris-HCl, 10 mM NaCl and 8.0 M urea, pH 8.0.  To 

a 1 L Erlenmeyer flask, add 3.15 g of Tris-HCl, 0.58 g of NaCl, and 480.48 g of urea.  

Add approximately 300 mL of ddH2O and dissolve the powders into solution using 

magnetic stirring.  Adjust the pH of the solution to 8.0 using 6.0 M NaOH, and transfer 

to a graduated cylinder before bringing the final volume to 1 L with ddH2O (see Note 

2). 

3. Buffer 3 (Elution buffer): 20 mM Tris-HCl, 400 mM NaCl and 8M urea, pH 7.8. To a 1 

L Erlenmeyer flask, add 3.15 g of Tris-HCl, 23.38 g NaCl, and 480.48 g of urea. Add 

approximately 600 mL of ddH2O and dissolve the powders in solution using magnetic 

stirring.  Adjust the pH of the solution to 8.0 using 6.0 M NaOH, and transfer to a 

graduated cylinder before bringing the final volume to 1 L with ddH2O (see Note 3). 

4. Buffer 4 (Phosphate-buffered saline): 10 mM Na2HPO4, 2.0 mM KH2PO4, 2.7 mM KCl 

and 137 mM NaCl,  pH 7.2.  To a 1 L Erlenmeyer flask add 1.42 g of Na2HPO4, 0.27 g 

of KH2PO4, 0.20 g of KCl, and 8.0 g of NaCl. Add approximately 600 mL of ddH2O and 

dissolve the powders into solution using magnetic stirring.  Adjust the pH of the solution 
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to 7.2 using 6.0 M NaOH, and transfer to a graduated cylinder before bringing the final 

volume to 1 L with ddH2O. 

5.3.2 VFD Components and Equipment 

1. The VFD, sample tube (20 mm diameter) and delivery jet feeds are purchased from 

Vortex Fluidic Technologies (www.vortexfluidictechnologies.com). 

2. A laboratory syringe pump with the appropriate tubing (e.g., WPI model AL-1000). 

3. VFD-sample tube caps: B19 Suba-Seals® (Sigma).  

4. Nachi 6005NR open bearings (Nachi-Fujikoshi) (see Note 4). 

5. VFD sample tube lubricant (Dow Corning 976V High Vacuum Grease). 

6. All purpose machine oil (Singer). 

5.4 Protein Overexpression, Purification, and Analysis 

All reagents for protein overexpression should be molecular biology grade and the appropriate 

measures taken to maintain sterile working conditions. 

1. Super optimal broth with catabolite repression (SOC):  2% (w/v) tryptone, 0.5% (w/v) 

yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4. 20 mM glucose.  

To a 1 L autoclavable bottle, add 20 g of tryptone, 5 g of yeast extract, 0.584 g of NaCl, 

0.186 g of KCl, 0.952 g of MgCl2 and 2.467 g of MgSO4·7H2O. Bring the solution to ≈1 

L with ddH2O and swirl to dissolve the solid contents.  Autoclave the solution at 121 

°C for 20 min.  Allow the solution to cool to room temperature, add 3.60 g of glucose, 

and invert the bottle to mix the contents before use.  

2. Lysogeny Broth (LB): 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl.  To 

a 1 L autoclavable bottle, add 10 g tryptone, 5 g yeast extract, and 10 g NaCl.  Bring 

the final volume to ≈1 L with ddH2O and autoclave at 121 °C for 20 min.  Allow the 
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solution to cool to room temperature, and invert the bottle to mix the contents before 

use. 

3. 40 mg/mL Kanamycin Sulfate: To a 50 mL plastic conical, dissolve 1.60 g of 

Kanamycin sulfate in approximately 35 mL of ddH2O.  Bring the total volume to ≈40 

mL with ddH2O.  Pass the solution through a 0.22 µm syringe filter, and divide this into 

several 1 mL aliquots in 1.5 mL centrifuge tubes. Store the aliquots at -20 °C. 

4. Sterile petri dish (Fisher). 

5. LB/Kanamycin agar plate: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, 

1.5% (w/v) agar.  To a 1 L autoclavable bottle, add 10 g tryptone, 5 g yeast extract, 10 

g NaCl, and 15 g agar.  Bring the final volume to ≈1 L with ddH2O and autoclave at 

121 °C for 20 min.  Allow the solution to cool to approximately 55 °C and add 1 mL of 

the 40 mg/mL kanamycin sulfate from above (final concentration of 40 µg/mL) and 

swirl to mix.  Add 20 mL of the mixed solution to a petri dish. 1 L of solution covers 50 

petri dishes.  Allow the dishes to cool until congealed (approximately 1 h) and store at 

4 °C. 

6. 1 M isopropyl β-D-1-thiogalactopyranoside (IPTG): To a 50 mL plastic conical, dissolve 

5 g of IPTG in 15 mL of ddH2O.  Bring the total volume to 20.98 mL with ddH2O.  Pass 

the solution through a 0.22 µm syringe filter, and divide this into several 1 mL aliquots 

in 1.5 mL centrifuge tubes. Store the aliquots at -20 °C. 

7. The gene encoding for HEWL was purchased from Addgene, and was cloned into a 

pET28c vector (GE Healthcare). 

8. UNOSphere S cation exchange media (Bio-Rad).  

9. Kimble-Chase Kontes FlexColumn (Fisher). 

10. Pierce™ BCA Protein Assay Kit (ThermoFisher). 

11. Circular Dichroism quartz cuvette (Hellma) 

12. EnzChek® Lysozyme Assay Kit (ThermoFisher). 
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5.5 Method 

5.5.1 Overexpression of HEWL in E. coli 

All procedures are performed at room temperature under sterile conditions unless otherwise 

indicated.  

1. Transform a plasmid encoding HEWL into CaCl2 competent E. coli BL21(DE3) cells as 

follows:  Add 2 µL of HEWL DNA to 75 µL of competent BL21(DE3) cells.  Incubate 

the mixture on ice for 30 min.  Heat shock the mixture at 42 °C for 45 s, and then 

incubate on ice for two min.  To rescue the cells, add 250 µL of SOC media to the 

mixture, and incubate in an incubator shaker at 37 °C and 225 rpm for one h.  Remove 

from the shaker, and plate cells (150 µL) on an LB/Kanamycin agar plate.  Incubate 

the plate for 10-12 h in an incubator at 37 °C. 

2. Pick a single colony of the transformed cells containing the HEWL vector into 10 mL 

of LB containing 10 µL of 40 mg/mL kanamycin sulfate (final concentration of 40 

µg/mL). Incubate this mixture for 10-12 h in an incubator shaker at 37 °C and 225 rpm.  

3. Transfer this 10 mL solution into a 2 L baffled flask containing 1 L of LB and 1 mL of 

40 mg/mL kanamycin sulfate (final concentration of 40 µg/mL).  Grow the culture in an 

incubator shaker at 37 °C and 225 rpm until the cells reach an optical density with 

OD600 of 0.8 (≈2.5 h).  Then, add 1 mL of the 1 M IPTG (final concentration of 1 mM) 

and incubate for another 6 h at 30 °C and 225 rpm. 

4. Centrifuge the culture at 5524 g for 20 min at 4 °C.  Remove the supernatant and 

discard into 10% bleach.  Re-suspend the pellet in Buffer 1 (20 mL) by mixing or 

pipetting the solution over the pellet, but do not vortex the pellet (see Note 5). 

5. Lyse the re-suspended cells using probe sonication.  For this process, incubate the 

cells on ice, and use eight cycles of 30 s pulses (20 Watt) with 1 min of cooling (without 

sonication) between cycles (see Note 6). 
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6. Centrifuge the viscous solution at 4 °C for 50 min at 30,996 g with a floor model 

centrifuge (eg. Beckman Avanti™ J-25) with a rotor suitable for 50 mL centrifuge tubes 

(eg. Beckman JA-17).  

7. Discard the supernatant and retain the pellet, which contains HEWL in inclusion bodies 

(see Note 7). Add 30 mL of Buffer 2 to the pellet, and incubate at 4 °C with shaking 

overnight to fully dissolve, denature, and solubilize any remaining protein (see Note 

8). 

8. Centrifuge the dissolved pellet at 33,264 g for 1 h.  Retain the supernatant and discard 

any remaining pelleted cell debris.  The supernatant should now contain denatured 

HEWL. 

9. HEWL may then be purified using UNOSphere S-Cation exchange media in a column 

by hand. For this procedure, add 3 mL of the resin to a Kontes FlexColumn, and rinse 

several times with water (1.0 mL/min) and then 3-4 column volumes of Buffer 2 (1.0 

mL/min).  Incubate the denatured HEWL with the resin for 2 h at 4 °C, and then wash 

the resin-adhered protein with 50 mL of Buffer 2 (1.0 mL/min).  Then elute the purified 

protein from the column using 50 mL of Buffer 3 (1.0 mL/min).  SDS-PAGE can be 

used to determine the purity of the eluted HEWL (see Note 9). 

10. Protein concentration in the eluted solution is then measured by measuring the 

absorbance at 280 nm (molar extinction coefficient for HEWL of 37970 M-1 cm-1) or by 

using a BCA assay kit.  The solution is then either concentrated or diluted (Buffer 3) to 

≈4.4 mg/mL using a 10 kDa concentrator. This protein solution can next be folded.  

5.6 Refolding HEWL using the VFD  

The VFD should be set at an angle of 45° relative to the horizontal position and the bearings 

should be well oiled (see Note 10). 

5.6.1 Small Scale Folding of HEWL by confined mode VFD processing (<3 mL)   

1. To lower the concentration of urea from the HEWL solution in Buffer 3, disperse 10 μL 

of the solution in 990 μL of Buffer 4, and mix with a 1 mL pipette. 



 

97 

 

2. Add the diluted solution (≈44 μg/mL) to a 20 mm external diameter glass sample tube, 

and seal the sample tube with a Suba-Seal® septum. 

3. Insert the sample tube into the VFD. To do this, first apply a thin layer of lubricant 

around the sample tube. Then, insert the sample tube gently through the upper 

housing unit, until it is firmly mounted in the housing unit of the lower bearing. 

4. Place the safety shield on the device, and rotate the sample tube at a 5 krpm rotational 

speed for 5 min (see Note 11). 

5. Remove the contents of the tube, and transfer into a 2 mL centrifuge tube containing 

100 µL of 100% glycerol.  Quickly mix, and flash freeze the sample in liquid nitrogen 

or a mixture of dry ice and ethanol.  Store the sample at -80 °C until analysis (see Note 

12). 

5.6.2 Large Scale Folding of HEWL by Continuous Flow VFD processing 

1. The solution of HEWL, currently in Buffer 3 is rapidly diluted into Buffer 4.   Disperse 1 

mL of the HEWL solution in Buffer 3 in 99 mL of Buffer 4 contained in a 250 mL beaker 

or flask.  Mix this solution rapidly by swirling. 

2. As shown in Fig 5-2, the VFD can be configured for continuous flow operation.  

 Process the solution by flowing through the VFD at a rate of 0.1 mL/min.  Collect  the 

solution of folded protein in a beaker or flask on ice.  
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5.7 Analysis of Refolded HEWL 

5.7.1 Circular Dichroism 

1. Circular Dichroism (CD) is used to determine the secondary structure of the refolded 

HEWL samples.  The sample (200 or 300 μL) is added directly to a CD cuvette.  The 

spectrum is obtained using a spectropolarimeter such as the Jasco J-810 

spectropolarimeter scanning 20 nm/min over four accumulations.  Based on previous 

published results and crystal structures, the expected secondary structure of HEWL is 

largely α-helical28 (see Note 13). 

 5.7.2 HEWL Activity Assay 

2. To verify the protein folding efficacy of the sample, perform a HEWL activity assay.  

The experiment uses the commercially available Enzcheck Lysozyme Assay Kit.  

Follow the manufacturer instructions to determine the activity of the refolded samples. 

A non-VFD-processed sample provides a direct comparison.  

5.8 Notes 

1. NaH2PO4 can be difficult to dissolve and requires thorough mixing. We recommend 

using a stir plate, and optionally gentle heating. 

2. Add all components of the buffer, apart from the urea, to 300 mL of ddH2O as this 

large amount of urea will greatly increase the solution volume. The reaction is 

endothermic and will require gentle heating and stirring to completely dissolve the 

salts. The pH of this buffer is temperature dependent; thus, allow the solution to 

equilibrate at room temperature before adjusting the pH as detailed above. 

3. As with Buffer 2, Buffer 3 requires heating with stirring. The pH should again be 

adjusted after allowing the solution to reach room temperature. 

4. The bearings in the VFD need to be replaced every ≈3000 hours. See Fig. 5-1 for 

bearing location during replacement. 
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5. At this point, the re-suspended solution can be stored at -80 °C after addition of 

10% glycerol.  

6. Other methods of lysing cells such as using a French press are also acceptable.  

7. A layer of cell debris can often be observed on the outside of the pellet. This layer 

can be removed and discarded along with removal of the supernatant. 

8. We find it easier to dissolve the pellet in urea by breaking up the pellet into smaller 

pieces using a sterile spatula. We then transfer the solution into a plastic conical 

tube to dissolve overnight. 

9. If purity is poor after this step, wash steps can be added. Slowly increase the 

concentration of NaCl in the binding buffer from 0 mM to 50 mM in 10 mM 

increments. Additionally, size exclusion chromatography can be performed to 

further purify the protein. 

10. As shown in several publications25, 16, any deviation from the 45° tilt angle may 

drastically reduce the efficiency of the VFD. Additionally, the vibrations responsible 

for driving protein folding are produced by vibrations inherent to the VFD. Such 

vibrations can be sensitive to small changes in operational parameters, such as tilt 

angle, rotational speed, sample tube size, and wear on housing unit and bearings. 

Therefore, device maintenance is critical. For example, the addition of oil (e.g. 

machine oil, Singer) to the bearings before each use can increase reproducibility.  

11. Several factors contribute to the optimal rotational speed for protein refolding, 

including quality and wear of both bearings and the housing unit. If refolding is not 

observed, vary the speed in 50 rpm increments around 5 krpm to optimize folding 

conditions. Additionally, the housing unit and bearings can be replaced easily. The 

link below contains a 3D printing file for the housing unit 

(https://grabcad.com/library/vfd-collar-1, Fig. 5-1); high density ABS plastic is 

sufficient for production of this part. 

12. Rapid dilution is commonly used to fold proteins. For this comparison between VFD 

and non-VFD processed conditions, samples are flash frozen after processing to 
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prevent further conformational changes. For the non-VFD control, identical 

treatments include dilution of the sample and incubation at room temperature for 

the same time period as VFD processing (5 min); therefore, a direct comparison 

can be made with the VFD-processed solution. 

13. Use the Dichroweb program to analyze the CD spectrum of the proteins, and 

assign its secondary structure29.  

14. The jet feeds must be held firmly in the housing unit lid. If they are not held firmly, 

then vibration of the jet feeds against the rotating sample tube will cause the glass 

sample tube to shatter. 
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Chapter 6: Probing the Protein Folding Landscape Using a Vortex 

Fluidic Device 

6.1 Abstract 

A protein’s function is dictated by its ability to correctly form its preferred three-dimensional 

structure.  The misfolding of a protein often results in aggregation, fibrillization, and consequent 

loss of function.  Protein misfolding has been implicated in diseases ranging from Alzheimer’s 

disease to cystic fibrosis.  Despite the biological importance of protein folding, the detailed 

process remains a topic of debate partially due to inconsistent data regarding different protein 

folding states.  The vortex fluidic device (VFD) uses mechanical rotational energy to drive certain 

chemical and biological processes such as enzymatically driven reactions and protein folding.  

This study investigates the VFD’s ability to force hen egg-white lysozyme (HEWL), enhanced 

green fluorescent protein (eGFP), and cavsol into different folding states.  Protein samples were 

treated with the VFD at various revolutions per minute (rpm), generally every 50 rpm.  These 

landscapes revealed several different molten globule states of the proteins confirmed by 1-anilino-

8-naphthalene sulfonate (ANS) and sypro-orange fluorescence.  Notably, these states remained 

stable long enough to be characterized.  Furthermore, varying VFD rotational speeds revealed 

different molten globule-like aggregates with distinct particle sizes measured by dynamic light 

scattering (DLS).   Additionally, the VFD displayed limited success in driving oligomerization of 

refolded cavsol, but not fibril formation of HEWL.  Taken together, this data suggests that the VFD 

is a useful tool for investigating the dynamic landscape of protein folding.  Creating a more 

accurate map of protein folding states can lead to an increased understanding of the roles these 

conformational states have in protein misfolding diseases. 
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6.2 Introduction 

A protein’s three-dimensional structure is crucial to its functionality.  However, the 

mechanism by which a protein folds to form its final structure is still under debate1.  The Anfinsen 

experiment showed that denatured proteins are able to refold rapidly upon removal of the 

denaturant2.  This led to the theory that proteins must fold through a set of intermediate states 

along a well-defined pathway1; 3.  In this proposed pathway, each folding intermediate is more 

thermodynamically stable and lower in energy than its predecessor1; 4.  Additionally, the protein’s 

completely denatured state is significantly higher in energy than the native folded state1; 4.  

Alternate models suggest that proteins fold through an energy funnel. The lowest energy state of 

the funnel represents a protein’s native structure, where the protein performs its normal 

physiological function.5; 6; 7; 8.  In this theory, multiple seemingly random protein intermediate states 

exist, and these can direct the protein towards its energetic minimum, typically its native state1; 4.  

However, this model is generally outdated as aggregate and amyloid states are generally as low 

or lower in energy than the native state. 

Advances in technology, particularly through HX Pulse-Labeling experiments have 

allowed observation of protein folding in real-time9; 10; 11.  In a typical pulse-labeling experiment, 

amino acids are labeled with deuterium and exchanged for hydrogen.  The rate of this exchange 

can reveal real-time formation and dissolution of different folding states. These studies have 

identified folding intermediates, or foldons, that partially resemble the native protein state10; 11.  

Foldons are kinetically transient, constantly unfolding and refolding, and only exist for a short 

period of time. These foldons serve as cooperative nucleation motifs for the sequential folding of 

a protein into its native state10; 12.   

Additionally, partially folded thermodynamically transient states, molten globules, can be 

isolated under certain protein-specific conditions13; 14; 15.  Both molten globules and foldons contain 

some native-like protein structural characteristics, but generally include surface-exposed 

hydrophobic stretches and lack a defined tertiary structure, essential characteristics of correctly 
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folded proteins10.  These findings suggest a protein landscape model where multiple foldon 

nucleation states and partially folded molten globule states exist at higher energy levels than the 

native protein. Collectively, leads to a lower energy landscape consisting of the native folded 

state, oligomeric states, or even low energy aggregates such as fibrils10; 11; 12.  

The misfolding and subsequent aggregation and fibrillization of proteins has been 

attributed to a growing list of diseases ranging from neurodegenerative disorders to cataract 

formation16; 17.  These diseases generally fall into one of two categories: diseases caused by loss 

of protein function or diseases caused by gain of pathological function18.  Cystic fibrosis, an 

inherited autosomal recessive disorder, is a classic example of the former category.   In this 

disease, a mutation to the protein, cystic fibrosis transmembrane conductance regulator (CFTR), 

leads to protein misfolding.  This misfolding results in the inability of CFTR to translocate to the 

cell membrane, inevitably resulting in loss of function and onset of disease19; 20.   

Many prion-based neurodegenerative diseases such as Alzheimer’s disease result from 

protein fibril formation16; 18; 21.  In these neurodegenerative diseases, protein fibrils aggregate in 

neuronal cells, disrupting their normal function and potentially leading to the disease state18; 21.  

Research has suggested that there are intermediate folding steps leading to aggregation and fibril 

formation22. Specifically, molten globule intermediates are shown to induce aggregation leading 

to prion protein fibril formation and toxic homocysteine thiolactone metabolite production23; 24.  

Despite these recent studies, the roles of protein folding in several disease states remains unclear 

due to difficulty identifying and isolating these disease-inducing protein intermediates10.  Thus, 

this chapter focuses on attempts to deliver sufficient quantities of these conformational variants 

for biophysical and biological characterization. 

The vortex fluidic device (VFD) is a commercially available bench top device that applies 

mechanical energy to a thin film of liquid and can drive chemical processes25; 26; 27.  The device 

consists of a motor, which rotates at variable speeds an angle-adjusted glass tube containing a 

liquid sample.  As the tube rotates, the liquid forms a thin film along the surface of the tube28.  Our 
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laboratory has previously demonstrated the ability of this device to utilize shear stress to 

accelerate refolding of denatured proteins, enhance enzyme’s catalytic rates, and immobilize 

enzymes for assembly line biocatalysis29; 30; 31. This study aims to utilize the VFD to probe the 

protein folding landscape by examining its effect on hen egg-white lysozyme (HEWL), enhanced 

green fluorescent protein (eGFP), and a soluble human caveolin-1 variant (cavsol) folding.  Here, 

we provide the first evidence that the VFD can induce different molten globule states of proteins. 

 

6.3 Probing the Molten Globule State of Proteins Using a VFD 

Examining molten globule states of proteins can clarify protein folding by exposing 

intermediate states for characterization.  Molten globule states are generally characterized as 

late-folding intermediates with substantial secondary structure, little to no tertiary structure, and 

surface-exposed hydrophobic residues13; 32.  These features directly contrast with folded 

proteins33; 34.  Several proteins form molten globules when exposed to a mild denaturant or 

different pH.  Here, three proteins,  HEWL, eGFP, and cavsol, were chosen to examine the VFD’s 

capability to produce different molten globule states. HEWL34; 35 and a non-fluorescent variant of 

GFP36 have known molten globule states, and cavsol provides the unique opportunity to identify 

caveolin-1’s molten globule states for the first time.  

The three proteins were overexpressed recombinantly in the E. coli expression system.  

An excess (1.0 mM) of isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to HEWL and 

eGFP-transformed bacterial cell cultures to drive protein expression into the inclusion body. Cavsol 

expression was induced with the standard amount of IPTG (500 μM), as the protein naturally 

expresses in the inclusion body.  HEWL was subsequently purified using cation exchange 

chromatography and size exclusion chromatography (SEC); eGFP and cavsol were purified using 
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Ni2+ immobilized metal affinity (IMAC) chromatography and SEC (Fig. 6-1). Proteins examined 

here were purified to homogeneity. 

PAGE of purified proteins for 

molten globule analysis.  

15% acrylamide gels were 

used to examine the purity of 

recombinantly expressed 

(A) HEWL, (B) eGFP, and 

(C) cav
sol

. In each image, the 

left panel represents 

Pageruler Plus prestained 

protein ladder.  The right 

panels represent the purified 

proteins.  Error bars denote 

standard range of 

fluorescence 
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Fig. 6-2. ANS fluorescence of VFD-treated HEWL samples.  A VFD-treatment study of HEWL 

was examined for the presence of HEWL molten globules at the indicated rotational speeds. 

VFD-treated HEWL samples were dispersed into two 96 well plates. (A) Plate 1 displays 

samples treated between 3500-6350 rpm, while (B) plate 2 displays samples treated between 

6400 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Fig. 6-1. SDS-
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Our laboratory has previously shown that varying the rotational speed of the VFD can 

significantly alter the observed effect of mechanical energy delivered to a protein solution.29; 30.  

To determine if the VFD can force proteins to form molten globules, the denatured protein samples 

were treated in the VFD at multiple different rotational speeds.  The second generation VFD with 

20 mm tubes (internal diameter) was used for these studies unless otherwise noted.  HEWL was 

denatured in 8 M urea and diluted to 1 M urea immediately before treatment with the VFD.  

Samples of 3 mL of protein solution were then subjected to the VFD for 5 min at varying rotational 

speeds spanning the upper and lower speed limits of the device (from 3500 to 9500 rpm).  

Following VFD treatment, samples were then probed for the presence of molten globules 

using 8-anilino-1-naphthalene sulfonate (ANS) (Fig 6-2).  ANS has been well documented for its 

usefulness as a molecular marker for molten globules, binding to hydrophobic stretches of 

proteins.37; 38 An increase in fluorescence is associated with a higher amount of surface 

hydrophobicity, a characteristic of molten globules.  As expected, denatured (8.0 M Urea, no VFD) 

and properly folded (lyophilized HEWL) HEWL exhibit low ANS fluorescence, as such samples 

are not expected to form molten globules (Fig 6-2).   

A sample of HEWL that was diluted into 1 M urea but not treated with the VFD (1.0 M 

Urea, no VFD) serves as a positive control for the molten globule state and shows a high ANS 

fluorescence as expected. The VFD-treated samples exhibit different fluorescence levels than the 

positive control, suggesting that treatment with the VFD does indeed affect the folding state of 

HEWL.  Notably, the VFD-treated samples also generally differ from each other as well. For 

example, the 3500 rpm sample has a significantly larger fluorescence than the 5300 rpm sample 

(Fig. 6-2 A), suggesting that the samples form distinct and different structures.  Another large 

difference is observed between the 7900 and 7950 rpm samples (Fig. 6-2 B).  These data suggest 

that different VFD speeds can induce different HEWL molten globule-like aggregates. 

 The structure of properly folded eGFP has been well examined39; however information 

regarding folding transition states such as molten globules has been limited.  The VFD rotational 
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landscape experiment described for HEWL was repeated for eGFP in an attempt to uncover 

similar molten globule states (Fig 6-3). ANS was once again used as the fluorescent probe.  A 

green hue indicative of the presence of folded eGFP was observed in each protein sample, 

including eGFP in 8.0 M urea.  In order to completely denature eGFP as a control, eGFP was 

incubated in 8.0 M urea at 65 °C for 30 min.  After this treatment, the green hue faded indicating 

that the eGFP protein was no longer folded properly.  
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Fig. 6-3. ANS fluorescence of VFD-treated eGFP samples.  A VFD-treatment study of eGFP 
was examined for the presence of eGFP molten globules at the indicated rotational speeds. 
VFD-treated eGFP samples were dispersed between two 96 well plates. (A) Plate 1 displays 
samples treated between 3500-6400 rpm, while (B) plate 2 displays samples treated between 
6450 and 9500 rpm.   The high fluorescence of the folded eGFP control in A) and B) masks 
the differences of fluorescence in the VFD-treated samples.  As such, plate 1 (C) and plate 2 
(D) were plotted again with the folded eGFP control removed to more easily observe 
differences between the different rotational speeds..   Samples were performed in duplicate 

using the VFD.  Error bars denote the range of fluorescence.  
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Notably, the fluorescence of the folded eGFP control was significantly higher than the 

fluorescence of any of the other samples examined (Fig. 6-3, A and B).  Thus, analysis of the 

VFD-treated samples is significantly masked by the high fluorescence of folded eGFP (Fig. 6-3, 

A and B). When the data is re-plotted without the control, differences in the fluorescence values 

of the correctly folded three dimensional structure of eGFP are clearly visible (Fig. 6-3, C and D). 

EGFP contains stretches of hydrophobic residues, usually packed into the interior of the β-barrel 

structure. However, it is likely that these residues are likely still exposed to ANS, resulting in the 

high ANS fluorescence of the folded protein.   

Similarly to the HEWL samples, the denatured protein (8.0 M urea, no VFD) displays very 

low fluorescence.  The VFD-treated samples show fluorescence that differ from each other, and 

from the positive control (1.0 M Urea, no VFD).  For example, the 5300 rpm sample shows lower 

fluorescence than the 5350 rpm sample.  Both points exhibit a lower fluorescence than the positive 

control, suggesting that all three represent different folding states from one another or mixtures 

of different folding states (Fig. 6-3 C). Similar differences in fluorescence are observed when 

comparing the samples treated at 7000 and 8050 rpm (Fig. 6-3 D).  

Structural information regarding human caveolin-1 has remained extremely limited due to 

the inability to overexpress and isolate a soluble protein.  As such, no known molten globule states 

have been previously reported.  Cavsol allows for the unique opportunity to investigate structural 

properties, such as molten globule states, of a full-length caveolin variant using the VFD.  Cavsol 

samples were prepared as previous protein samples described above. A VFD-treated experiment 

was performed at the indicated rotational speeds, using ANS to identify potential molten globule 

states (Fig 6-4).  As with eGFP, refolded cavsol showed a relatively high fluorescence.  Wild-type 

caveolin is a membrane protein, and is highly hydrophobic.  As mentioned in chapter 2, refolded 

cavsol remains highly oligomeric and hydrophobic, likely resulting in the high ANS fluorescence 

observed here.  As expected, the 
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Fig. 6-4. ANS fluorescence of VFD-treated cavsol samples.  A VFD-treatment study of cavsol 
was examined for the presence of cavsol molten globules at the indicated rotational speeds. 
VFD-treated cavsol samples were dispersed between two 96 well plates. (A) Plate 1 displays 
samples treated between 3500-6400 rpm, while (B) plate 2 displays samples treated between 
6450 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Error bars denote 
the range of fluorescence measured.  
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denatured cavsol  (8.0 M Urea, no VFD) displays negligible fluorescence while the positive control 

(1.0 M Urea, no VFD)  has a fluorescence value  consistent with a hydrophobic molten globule-

like state.  Fluorescence of VFD-treated samples vary from each other as seen with HEWL and 

eGFP. Notably, such variations are less apparent at lower VFD speeds than higher speeds. For 

example, the lower speed VFD-treated samples are similar to each other and to the positive 

control with the exception of the 5550 rpm sample (Fig. 6-4 A).  Samples treated at higher speeds 

show a larger variation in ANS fluorescence such as the difference seen between the 8050 and 

8100 rpm samples (Fig. 6-4 B).  The results suggest further that different VFD rotational speeds 

force cavsol into different molten globules states. 

Fluorescence data of VFD-treated HEWL, eGFP, and cavsol suggest that different molten 

globule-like aggregate states of these proteins are formed through mechanical enerfy input by 

different VFD speeds. To confirm these results, the VFD-treated samples were also analyzed 

using Sypro Orange fluorescence.  Sypro Orange is a fluorescent dye that has been widely used 

in protein staining and thermal denaturation experiments37; 40. Sypro Orange is hypothesized to 

function similarly to ANS by binding to hydrophobic areas of proteins, and is an ideal fluorescent 

probe to complement the ANS molten globule data40.  Similar trends were observed in Sypro 

Orange fluorescence of VFD-treated HEWL (Fig. 6-5), eGFP (Fig. 6-6), and cavsol (Fig. 6-7) 

samples compared to their ANS counterparts.   

In general, the VFD-treated samples differed in Sypro Orange fluorescence from the non 

VFD-treated positive controls, further demonstrating that different molten globule-like states could 

be formed through VFD treatment.  Sypro Orange fluorescence of denatured and properly folded 

HEWL (Fig 6-5) was relatively low compared to the VFD-treated samples and the non VFD-

treated positive control.  Notably, the Sypro Orange fluorescence of the denatured HEWL was 

higher than the properly folded HEWL (Fig 6-5).  The ANS fluorescence of these samples revealed 

the opposite trend, where the properly folded HEWL showed a higher fluorescence than the 

denatured protein.   
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Fig. 6-5. Sypro Orange fluorescence of VFD-treated HEWL samples.  A VFD-treatment study 
of HEWL was examined for the presence of HEWL molten globules at the indicated rotational 
speeds. VFD-treated HEWL samples were dispersed between two 96 well plates. (A) Plate 1 
displays samples treated between 3500-6350 rpm, while (B) plate 2 displays samples treated 
between 6400 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Error 
bars denote the range of fluorescence measured.  
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Fig. 6-6. Sypro Orange fluorescence of VFD-treated eGFP samples.  A VFD-treatment  study 
of eGFP was examined for the presence of eGFP molten globules at the indicated rotational 
speeds. VFD-treated eGFP samples were dispersed between two 96 well plates. (A) Plate 1 
displays samples treated between 3500-6400 rpm, while (B) plate 2 displays samples treated 
between 6450 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Error 

bars denote the range of fluorescence measured.  
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Fig. 6-7. Sypro Orange fluorescence of VFD-treated cav
sol

 samples.  A VFD-treatment study 

of cav
sol

 was examined for the presence of cav
sol

 molten globules at the indicated rotational 

speeds. VFD-treated cav
sol

 samples were dispersed between two 96 well plates. (A) Plate 1 

displays samples treated between 3500-6400 rpm, while (B) plate 2 displays samples treated 
between 6450 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Error 
bars denote the range of fluorescence measured.  
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Other minor discrepancies were observed between the ANS and the Sypro Orange data.  

For example, the 7950 rpm HEWL sample had a slightly higher ANS fluorescence than the 6400 

rpm sample (Fig. 6-2 B), whereas the Sypro Orange fluorescence was higher for the 6400 rpm 

sample than the 7950 rpm sample (Fig. 6-5 B).  The ANS fluorescence of properly folded eGFP 

(Fig. 6-3) was significantly higher than the fluorescence of any other samples.  Notably, the Sypro 

Orange fluorescence of this same sample is not higher than any of the other samples (Fig. 6-6).   

The ANS fluorescence of cavsol treated at 8050 rpm was significantly lower than the 8100 

and 9500 rpm samples (Fig. 6-4 B).  This again differs from the Sypro Orange fluorescence of 

these samples which are all relatively even (Fig. 6-7 B).  These minor discrepancies do not change 

the nature of the overall results, which still suggest that the VFD induces different molten globule-

like states with treatment at different speeds.  However, this data suggests that the mechanisms 

for ANS and Sypro Orange binding to these proteins are not the same. It is possible that both 

dyes bind to hydrophobic stretches of proteins, but their binding sites or specific structural 

preferences do not appear to be the same.   

As mentioned in chapter 3, several variables influence VFD optimization such as sample 

volume, rotational speed, usage of bearings, etc.  These variables present difficulty for 

determining specifically how the VFD acts upon a protein.  It has been hypothesized that the VFD 

works by introducing shear stress to separate misfolded proteins29 and uses energy from standing 

Faraday Waves to induce enzymatic enhancement30.  After the initial results of the HEWL molten 

globule data, (Fig 6-2, 6-5), additional controls were developed in an attempt to mimic shear stress 

and standing waves: a vortex-treated sample and a sonicator-treated sample, respectively41; 42.  

These samples were introduced in the eGFP (Fig. 6-3 B,D, 6-6 B) and cavsol (Fig. 6-4 B, 6-7 B) 

experiments.  To prepare these samples, eGFP and cavsol were diluted to 0.1 mg/mL in 1.0 urea 

(see Materials and Methods for a detailed description) and vortexed at maximum speed or placed 

in a sonicator water bath (non-adjustable intensity setting) for five minutes.   
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The ANS fluorescence of both the vortex and sonicator-treated eGFP samples exhibited 

fluorescence slightly above the VFD-treated samples.  The Sypro Orange fluorescence of these 

eGFP samples was similar to the fluorescence of the VFD-treated samples. This suggests that 

ANS may bind more strongly to truncated proteins since vortexing and sonicating samples can 

sometimes shear proteins.   The cavsol vortex and sonicator-treated samples had similar Sypro 

Orange fluorescence as the VFD and non-VFD treated samples as well. The ANS fluorescence 

of the sonicator-treated cavsol was slightly increased compared to the VFD-treated samples.  

Notably, the ANS fluorescence of the cavsol vortex-treated sample was significantly lower than 

any of the other samples.  This is likely due to vortex-mediated shearing of the cavsol protein.  

Molten globules often contain structural similarities to the properly folded protein.  

However, these structural similarities generally do not allow the molten globule to retain the 

protein’s native function43.  Activity assays were performed on the HEWL, eGFP, and cavsol VFD-

treated samples to determine functionality.  The HEWL VFD-treated samples were assayed (Fig. 

6-8) for activity using a commercially available fluorescence-based assay (EnzChek Lysozyme 

Assay Kit, Thermo Fisher Scientific).  This assay measures the fluorescences of a fluorophore 

that is released from HEWL-degraded peptidoglycan.  An increase in fluoroscence corresponds 

to an increase in HEWL activity.  The activity of all of the VFD-treated samples was significantly 

lower than the lyophilized HEWL positive control.  The largest recovery of activity was seen in the 

6050 rpm VFD-treated sample (≈33% activity recovered).  Notably, activity generally decreases 

as the VFD speed increases suggesting too much shear stress prevents the protein from folding 

properly.  This was also seen during the protein folding experiments shown in chapter 3, as only 

specific speeds were successful at refolding the proteins and efficiently restoring activity.  

Similar activity assays were performed for eGFP and cavsol.  For eGFP activity,  

fluorescence of the protein is measured at an excitation of 488 nm and an emission of 509 nm.  

Similarly to HEWL, the activity of the native eGFP was significantly higher than any of the VFD-

treated samples (Fig. 6-9).  As noted previously, the denatured eGFP sample required heating 
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for complete denaturation.  After heating, the fluorescence of the denatured eGFP remained 

similar to VFD-treated samples containing only a mild denaturant.  The largest recovery in activity 

was the 5350 rpm VFD-treated sample (≈28% activity recovered).  Notably, the fluorescence of 

the VFD-treated samples appears to contain some periodicity, rising and falling in a series of 

approximately every six sample speeds.  Although potentially coincidental, this could represent a 

manifestation of the resonance or wave-like energy expected at different VFD speeds.  
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Fig. 6-8. Activity of VFD-treated HEWL samples.  The activity of the HEWL samples treated 
at different VFD rotational speeds is shown. (A) Plate 1 displays the activity of samples 
treated between 3500-6350 rpm, while (B) plate 2 displays the activity of samples treated 
between 6400 and 9500 rpm.  Samples were performed in duplicate using the VFD.  Error 
bars denote the range of fluorescence measured.  
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Fig. 6-9. Activity of VFD-treated eGFP samples.  The activity of the eGFP samples treated 
in the VFD-treated study at the indicated rotational speeds is shown. (A) Plate 1 displays 
the activity of samples treated between 3500-6350 rpm, while (B) plate 2 displays the activity 
of samples treated between 6400 and 9500 rpm.  Samples were performed in duplicate 
using the VFD.  Error bars denote the range of fluorescence measured.  
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Fig. 6-10. Activity of VFD-treated cavsol samples.  The activity of the cavsol samples 
treated in the VFD-treated rotational speed experiments is shown. (A) Plate 1 
displays the activity of samples treated between 3500-6000 rpm, (B) plate 2 
displays the activity of samples treated between 6050 and 6900 rpm, and (C) plate 
3 displays the activity of samples treated between 6950 and 9500 rpm.  Activity is 
measured by binding of cavsol to gp41 (red).  Background binding is represented 
by cavsol binding to nonfat milk (NFM, blue).  Samples were performed in duplicate 

using the VFD.  Error bars denote the range of fluorescence measured.  
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One of caveolin’s, and therefore cavsol’s, defining functions is its ability to bind and regulate 

other proteins44; 45.  Therefore, the activity of the VFD-treated cavsol samples was determined by 

their ability to bind caveolin’s known binding partner, gp-41, using an ELISA as described in 

chapter 2 (Fig. 6-10). In this experiment, two qualifications are necessary for specific binding: high 

activity between cavsol and gp41, and low activity between cavsol and nonfat milk (NFM), which 

served as a negative control.  The refolded cavsol sample with no VFD treatment binds with high 

affinity and specificity to gp41 as expected. Little to no activity was observed in any of the VFD-

treated samples.  

 The highest gain in activity was observed with the 5550 and 8050 rpm samples, but 

activity revovered was only ≈ 18% for each sample.  However, in any of the samples measured, 

a slight increase in gp41 binding was accompanied with a slight increase in NFM binding as well.  

This suggests that these VFD-treated samples were binding more protein nonspecifically and not 

necessarily reflecting an increase in specific binding activity due to folding.  Overall, none of the 

molten globule-like aggregates isolated from HEWL, eGFP, cavsol are active, further 

demonstrating  that they resemble molten globule-like states. 

 Fluorescence data (Figs 6.2 – 6.7) and activity assays (Figs. 6.8 – 6.10) suggest that the 

VFD forms molten globule-like intermediates in proteins under mild denaturing conditions (1.0 M 

urea).  Differences in fluorescence levels between the VFD-treated samples hint that these molten 

globules-like states are distinct from one another at variable speeds.  To further investigate this 

property, the particle diameter of select VFD-treated samples was obtained via dynamic light 

scattering (DLS).  It would be expected that different molten globule-like states would have 

different aggregation patterns, and therefore different particle sizes.  A range of samples were 

selected for DLS analysis; samples which displayed high, low and intermediate ANS and Sypro 

Orange fluorescence.   

The DLS analysis of HEWL VFD- treated samples showed a large range of different 
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particle sizes depending on the sample (Fig. 6-11).  The diameter of natively folded HEWL (Fig. 

6-11, inset,  lyophilized HEWL) was 1.24 nm, which was expected of monomeric HEWL46.  

Notably, the non VFD-treated control in mild denaturant (1.0 M urea) had a diameter of 18 nm, 

significantly higher than the properly folded protein.   

Each VFD-treated sample aggregated to particle sizes significantly larger than the native 

protein and the non VFD-treated control (Fig. 6-11).  The largest diameter was observed for the 

sample treated at 5850 rpm (863 nm), and the smallest was observed at 3500 rpm (229 nm).  

Each VFD-treated sample had a particle diameter size distinct from one another and from the non 

VFD-treated sample. This data shows that the VFD induces molten globule-like aggregate states 

of HEWL and that these states differ based on the speed of the VFD.  

Fig. 6-11. Particle size of select VFD-treated HEWL samples.  Dynamic Light 
Scattering (DLS) was used to determine the particle size of select VFD-treated HEWL 
samples. Samples were measured in duplicate using the VFD.  Each VFD sample 
was then analyzed by DLS.  Error bars denote standard range of particle size.  
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DLS analysis of eGFP also revealed differences in particle size depending on the VFD 

speed used (Fig. 6-12).  From this experiment, properly folded eGFP had a diameter of 8.24 nm.  

The diameter of monomeric eGFP has been reported at ≈ 4 nm, suggesting that the folded eGFP 

used in this experiment is dimericas expected47; 48. This diameter is significantly smaller than the 

non VFD-treated control (1.0 M urea, 310.6 nm) and denatured eGFP (8.0 M urea, 258.4 nm) 

samples.  The non VFD-treated control showed the largest particle size of any of the samples, 

which is in contrast to the relatively small particle size of the non VFD-treated HEWL sample (Fig. 

6-11).  Additionally, the eGFP VFD-treated samples had much less variation in particle size than 

the HEWL samples; the 6000, 6250, 6550, and 7050 rpm samples were all ≈  

Fig. 6-12. Particle size of select VFD-treated eGFP samples.  DLS was used to 
determine the particle size of select VFD-treated eGFP samples. Samples were 
performed in duplicate using the VFD.  Each VFD sample was then analyzed by DLS.  
Error bars denote the range of particle size.  
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250 nm in diameter and the 5700 rpm sample was 236 nm in diameter.  However, the 3500, 5500, 

and 7900 rpm samples were 188, 175, and 182 nm in diameter respectfully, demonstrating that 

there were indeed different aggregation states resulting from the VFD-treated eGFP samples.   

 The particle size of VFD-treated cavsol samples were also analyzed to investigate whether 

or not different aggregate states were forming at different VFD speeds (Fig. 6-13.  The oligomeric 

state and particle size of refolded cavsol is highly concentration dependent as shown in Chapter 

2.  To account for this variability, the concentration of all VFD-treated cavsol samples was closely 

monitored at 0.1 mg/mL to account for any changes in particle size due to differences in protein 

concentration.  The particle sizes of refolded, denatured (8.0 M urea), and mildly denatured non 

VFD-treated (1.0 M urea)  cavsol  were 41.8, 38.3, and 34.6 nm respectively. Each selected VFD-

treated sample had a particle size larger than this, ranging from 50.0 nm (3500 rpm) to 128.7 nm 

Fig. 6-13. Particle size of select VFD-treated cavsol samples.  DLS was used to 
determine the particle size of select VFD-treated cavsol samples. Samples were 
performed in duplicate using the VFD.  Each VFD sample was then analyzed by DLS.  

Error bars denote the range of particle size.  
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(6200 rpm).  Similarly to eGFP, the cavsol VFD-treated samples have less variation in particle 

diameter size than the HEWL samples.  However, at least three particle sizes, each unique 

compared to the non VFD-treated control, can be observed: ≈ 52 nm, 61 nm, and 124 nm.   In 

summary, this DLS data corroborates the ANS and Sypro Orange data demonstrating that the 

VFD is able to generate unique molten globule states of HEWL, eGFP, and cavsol. 

 

6.4 VFD-driven Protein Oligomerization 

The VFD can induce different molten-globule like protein states as demonstrated above.  

Molten globules and other protein folding intermediates, however, make up only a portion of the 

protein folding landscape.  VFD-induced oligomerization of cavsol was investigated to determine 

if the VFD could drive other protein states along the folding pathway.  As demonstrated in chapter 

2, cavsol forms large concentration-dependent oligomers when refolded in vitro.  Cavsol was 

recombinantly overexpressed and refolded as described in chapter 2.  Throughout the expression 

and refolding process to limit initial oligomerization, cavsol was kept as dilute as possible (≈ 15 

μM). The refolded cavsol was then treated with the VFD at several different speeds and for different 

times.  These preliminary experiments were performed as single points to determine the viability 

of VFD-induced oligomerization.   The particle size of the VFD and non VFD-treated samples was 

analyzed by DLS (Fig. 6-14).   

Initially, the sample was treated at 5000 rpm for varying times (5, 10 and 30 min) to 

optimize the time of VFD treatment (Fig. 6-14 A).  Treatment for 5 min yielded the largest particle 

size.  The 10 and 30 min samples still yielded particles larger than the non VFD-treated control, 

but generally particle size decreased as VFD-treatment time increased.  Next, the effect of 

rotational speed on oligomerization was investigated (Fig. 6-14 B).  Samples were treated in the 

VFD for 10 min at 3500, 5000, 8000, and 9500 rpm, widely examining the rotation limits of the 

device.  The lowest speed induced large particles that decreased as speed increased.  The 3500, 

5000, and 8000 rpm samples each produced particles larger than the non VFD-treated control.  
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Notably, the 9500 rpm sample had a slightly smaller particle size than the control.  This data 

suggests that at lower speeds, cavsol is able to oligomerize, potentially due to micro- 

 

concentrating as the sample climbs the walls of the VFD tube.  If proteins sticks to the glass walls 

of the tube while the sample buffer decreases as it spreads throughout the tube, the effective 

protein concentration increases.  However, as speed increases, shearing also increases, 

eventually tearing the oligomers apart, returning them to their pre-VFD treated size as seen at the 

sample treated at 9500 rpm. 

VFD-induced cav
sol molten globule-like aggregates lose the ability to interact with gp41 

(Fig 6-10). Binding between refolded cav
sol and gp41 is dose-dependent (Chapter 2, Fig. 2-6, B), 

revealing that larger concentrations and oligomeric states of cav
sol retain binding to gp41. This 

activity assay was repeated for the VFD-induced cavsol oligomers.  If these samples are indeed 

oligomers rather than non-specific aggregates, binding activity to their respective partners should 

be retained.  Indeed, each of the VFD-treated refolded cavsol oligomeric samples retained the 

Fig. 6-14. Particle size of VFD-treated refolded cav
sol

 samples.  Refolded cav
sol was treated 

with the VFD to determine if the VFD could induce oligomerization. Each VFD sample was 

then analyzed by DLS to determine particle size.  (A) Particle size of cav
sol

 treated with the 

VFD at a constant speed and for varying times. (B) Particle size of cav
sol

 treated at varying 

speeds and constant time.  Samples were obtained as single points using the VFD.  
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ability to bind gp41 (Fig. 6-15).  This data suggests that these VFD-treated samples are oligomers 

rather than non-specific inactive protein aggregates or molten globules seen above. 

 

Preliminary experiments indicated that the VFD can induce different oligomeric states of 

cavsol.  However, when this experiment was repeated with data taken at closer speed intervals 

and in triplicate, little to no change in the particle size was observed (Fig 6-16 A).   Although the 

4500 and 5500 rpm samples appear to increase in size compared to the non VFD-treated control, 

the standard deviation is very high and the error bars overlap.  This experiment was subsequently 

repeated several more times without reproducing the original increases in particle size as seen in 

Fig. 6-14 (data not shown).  As mentioned above, cavsol exists at different oligomerization states 

based on its concentration.  Each VFD-induced oligomerization experiment used 15 μM cavsol to 

ensure a low oligomerization state prior to VFD treatment. To determine if initial oligomeric state 

affected VFD-induced oligomerization, a refolded sample of cavsol was concentrated to 500 μM 

Fig. 6-15. Activity of refolded cav
sol

 VFD-treated oligomers.  The activity of the 

refolded cav
sol

 samples treated by the VFD for oligomerization is shown.  Samples 

were subjected to treatment in the VFD for 10 min.  Activity is measured by binding 
of cav

sol
 to gp41 (red).  Background binding is represented by cav

sol
 binding to NFM 

(blue).  Activity of each VFD-treated sample was obtained in triplicate.  Error bars 
denote standard deviation. 
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and  treated with the VFD (Fig. 6-16 B).  This cavsol sample successfully reached a higher initial 

particle size than the more dilute sample (75 nm vs. 38 nm).  However, VFD treatment at 3500 

rpm, which induced the highest initial particle size in preliminary experiments (Fig.6-14), failed to 

increase particle size after both 5 and 10 min VFD treatments.  Taken together, this data shows 

that the VFD can potentially induce cav
sol oligomerization.  However, further optimization 

experiments are required. 

 

 

6.5 VFD-driven Protein Fibrillization 

Perhaps the most disease-associated protein state is the fibril state16; 17. Researchers 

have demonstrated fibrillization of HEWL through heating and pH changes. 49  As such, HEWL 

has become a good model system for investigating fibril formation.  The VFD’s ability to induce 

fibrillization of HEWL was briefly examined.  A HEWL stock solution (25 mg/mL) was prepared in 

Fig. 6-16. Particle size of VFD-treated refolded cav
sol

 samples.  Refolded cav
sol was 

treated with the VFD to determine if the VFD could induce oligomerization. Each VFD 

sample was then analyzed by DLS to determine particle size.  (A) Particle size of cav
sol

 

with lower oligomeric state (15 μM) treated with the VFD at varying speeds and constant 
time (10 min). (B) Particle size of cav

sol
 with higher oligomeric state (500 μM) treated 

with the VFD for 5 and 10 min at a constant speed (3500 rpm).  Samples were performed 
in triplicate using the VFD. The particle size of each triplicate VFD sample was averaged 

and plotted.  Error bars denote standard deviation (n=3). 
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PBS (pH 2.0) from commercial lyophilized HEWL (Sigma).  A solution from this stock was diluted 

to 5 mg/mL and heated at 57 °C for 48 hours to induce fibril formation as described by de Vries 

et. al. (serving as a positive control)49.  Several other samples were diluted (5 mg/mL) from the 

stock and treated at select rotational speeds in the VFD for 1 h in an attempt to induce fibril 

formation.  Both 1.3 mL and 5.0 mL volumes of diluted sample were tested in the VFD.  These 

samples were treated with Thioflavin T (ThT), a known fluorescent indicator of fibrils37, and ThT 

fluorescence was monitored (Fig. 6-17).  Thioflavin T binds fibrillar aggregates, resulting in an 

increase in fluorescence (excitation at 440 nm, emission at 482 nm)37. Notably, the fluorescence 

of all protein samples tested, including the heated HEWL positive control, were 

 

negative upon subtraction of the blank (PBS with ThT).  There was no observed difference in ThT 

fluorescence based on VFD speed with 1.3 mL (Fig. 6-17 A) or 5.0 mL (Fig. 6-17 B) sample 

volumes.  Without a successful positive control, little can be concluded about the VFD’s ability to 

induce HEWL fibrils.  The conditions for fibril formation require optimization before the experiment 

can be repeated.  Thus, the results of this experiment are inconclusive.  

Fig. 6-17. ThT fluorescence of VFD-treated HEWL samples.  Two different sample volumes of 
HEWL were treated for 1 h in the VFD at select speeds and examined for the presence of 
HEWL fibrils by monitoring ThT fluorescence. (A) 1.3 mL sample volume. (B) 5.0 mL sample 
volume.  Samples were obtained as single points using the VFD at the indicated rotational 
speeds. 
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6.6 Conclusions 

This study demonstrates that the VFD can induce molten globule-like protein folding 

intermediates in three different proteins, HEWL, eGFP, and cav
sol

.  These protein intermediates 

contain a high degree of surface hydrophobicity as illustrated by their ability to bind to the 

fluorescent probles, ANS and Sypro Orange, while lacking the native protein’s activity. Most 

strikingly, DLS analysis showed that different VFD rotational speeds can induce molten globules-

like states that are largely distinct in particle size from one another. The ability to isolate a specific 

desired folding intermediate could serve as a useful tool for investigating misfolded protein states.  

The VFD’s role in probing the folding landscape may not only be limited to molten globules.  

Preliminary studies demonstrated the potential of the VFD to induce different protein oligomeric 

states as well, although further optimization for better reproducibility is required.  Unfortunately, 

experiments illustrating the VFD’s ability to induce fibril states of HEWL were inconclusive.  In 

conclusion, this study demonstrates that the VFD is a viable tool for understanding protein folding 

and misfolding.   

6.7 Materials and Methods 

6.7.1 Materials 

 The VFD and sample tube are available commercially from Vortex Fluidic Technologies 

(www.vortexfluidictechnologies.com).  Other commercially available materials for these 

experiments include VFD-sample tube caps: B19 Suba Seals (Sigma), antibiotics (Fisher 

Scientific), cation exchange and profinity IMAC resin (Bio-Rad Laboratories), fluorescence 

suitable black 96-well plates (Corning), and 96-well Maxisorb plates (Nunc).  Lyophilized HEWL 

(Sigma) and the EnzChek Lysozyme Assay Kit (Thermo Fisher Scientific) were purchased 

commercially as well.  All other chemicals and fluorescent dyes were purchased from Sigma 

Aldrich, Fisher Scientific, EMD Millipore, or Acros Organics.  Unless otherwise noted, all reagents 

were used as received. 
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6.7.2 Protein Overexpression 

 Bacterial overexpression and purification of cavsol (chapter 2) and HEWL (chapter 3) were 

performed as previously described.  Protein overexpression of eGFP was performed in E. coli 

BL21 (DE3) cells.  Cells containing plasmid encoding eGFP were grown OD600 of 0.6 (37 °C).  

The cells were then induced for protein overexpression in the inclusion body by addition of 2 mM 

IPTG and allowed to grow for 3 h at 37 °C.  The cell pellets were collected, dissolved in lysis 

buffer (50 mM tris-HCl, 10 mM NaCl, 5 mM EDTA, pH 8.0), and lysed via sonication (6 pulses of 

30 seconds of sonication and 60 seconds of recovery on ice).  The crude cell lysate was 

centrifuged (30,996 x g, 2 h), and the resulting pellet was allowed to dissolve in denaturing buffer 

(8 M urea, 50 mM tris-HCl, 50 mM NaCl, pH 8.0) at 4 °C overnight with gentle shaking (≈150 rpm). 

The soluble denatured eGFP was incubated with IMAC resin (Ni2+-NTA) for 10-12 h at 4 °C.  The 

resin-bound protein was washed with denaturing buffer adjusted to pH 8.0 and then 5.5 (10 mL 

each).  The protein was then eluted with denaturing buffer adjusted to pH 4.0 (50 mL).  The eluted 

denatured eGFP was analyzed for purity by SDS-PAGE (15%). For the properly folded sample of 

eGFP, the supernatant from the crude cell lysate was incubated with IMAC resin (Ni2+-NTA 

agarose) for 10-12 h at 4 °C.  The resin-bound protein was washed with lysis buffer supplemented 

with 20, 30, or 40 mM imidazole (10 mL each).  The protein was then eluted with 250 mM 

imidazole (50 mL) and analyzed for purity by SDS-PAGE. 

6.7.3 VFD-treated Protein Samples. 

The procedures for all three proteins were the same for the molten globule studies.  Pure, 

denatured HEWL, eGFP, and cavsol were concentrated to 0.8 mg/mL in denaturing buffer.  The 

denaturing buffer for eGFP and cavsol consisted of 8.0 M urea, 50 mM tris-HCl, and 50 mM NaCl, 

pH 8.0.  The denaturing buffer for HEWL was composed of 8.0 M urea, 50 mM NaH2PO4, and 50 

mM NaCl, pH 7.2.  VFD-treated samples were diluted to 0.1 mg/mL and 1.0 M urea with 50 mM 

tris-HCl, pH 8.0 (eGFP and cavsol) or PBS, pH 7.2 (HEWL) immediately before VFD treatment.  
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Samples were placed in the VFD tube, capped, and treated for 5 min in the VFD at various 

speeds.  Immediately after VFD treatment, samples were transferred to Eppendorf tubes 

containing 10% glycerol, and immediately flash frozen to prevent refolding from removal of urea.  

Samples remained at -80 °C until they were assayed. 

Refolded cavsol was dialyzed into buffer containing 50 mM tris-HCl, pH 8.0 and 

concentrated to either 15 μM or 500 μM for the oligomerization experiment.  The samples were 

then treated in the VFD at specific speeds and for specific time intervals.  Samples were 

immediately removed and stored at 4 °C until DLS analysis.  

 Lyophilized HEWL was used for the fibrillization experiment. A stock solution of 25 mg/mL 

HEWL was prepared in PBS at pH 2.0.  Samples were diluted to 5 mg/mL immediately before 

VFD-treatment.  A sample of 5 mg/mL HEWL was heated at 57 °C for 48 hours as a positive 

control for fibril formation. 

6.7.4 ANS, Sypro Orange, and ThT Fluorescence 

 Protein samples were thawed immediately before assay.  ANS and ThT were added at a 

50:1 and 20:1 molar excess of dye to protein respectively. Sypro Orange was added at 1x from 

the 5000x stock.  A Gemini EM Microplate Reader (Molecular Devices) was used to measure 

fluorescence.  ANS excitation and emission were recorded at 380 nm and 480 nm respectively.  

Sypro Orange fluorescence was obtained at an excitation of 470 nm and an emission of 570 nm.  

ThT fluorescence was obtained at an excitation and emission of 440 and 482 nm respectively. 

6.7.5 Protein Activity Assays 

HEWL activity was measured using the commercially available EnzCheck Lysozyme 

Assay Kit (Thermo Fisher Scientific) and was performed according to the instructions included.  

The cavsol ELISA was performed as previously described (chapter 2).  eGFP activity was 

measured based on the protein’s natural fluorescence.  Fluorescence data was obtained on a 

Gemini EM Microplate Reader (Molecular Devices) with excitation and emission at 488 and 509 

nm respectively. 
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Chapter 7: Conclusion 

7.1 Conclusions 

Structural, functional, and therapeutic studies of proteins often require vast amounts of 

purified protein.  Thus recombinantly produced, large quantities of properly folded protein has 

revolutionized biochemical research1.  Despite advancements leading to such production, many 

limitations to protein overexpression still exist.  Overexpression using higher eukaryotic host 

cells is often expensive and time consuming2.  Simplified systems, such as E. coli, often 

struggle to overexpress more complicated proteins, such as membrane proteins or proteins 

requiring post-translational modifications2.  Successful overexpression of these more 

complicated proteins is overshadowed by their inability to properly fold, resulting in their 

aggregation into inclusion bodies3.  Several techniques, however, can increase overexpression 

and folding efficiency of recombinant proteins.  For example, the optimization of overexpression 

conditions typically focuses on host cell type, growth temperature, concentration of chemical 

inducer, etc.   

If optimization of these variables fails, then more drastic approaches, such as genetic 

manipulation and directed evolution can be implemented.  For example, in 2002 Wang et. al. 

used parallel cloning of genes into multiple overexpression vectors to perform high-throughput 

screening for optimal overexpression yields4.  In 2009, Bowie et. al. selected for an E. coli 

variant that coul drastically improve overexpression of Rv1337, a rhomboid family protein5.  Our 

laboratory previously demonstrated the isolation of a soluble variant of the membrane protein 

human caveolin-1; this protein cannot be overexpressed recombinantly6. This project required 

generation of a phage-displayed library of caveolin-1 variants with mutations designed to 

introduce charged, polar amino acid residues into caveolin’s hydrophobic intramembrane 
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domain.  The isolated variants resulted in overexpression of soluble protein only if the variant 

was fused to MBP6. 

Here, the process of isolating a soluble protein was further developed by performing 

another series of phage-based selections to provide a more soluble human caveolin-1 variant. 

The resultant protein does not require fusion to MBP (Chapter 2).  This new variant, termed 

cavsol, aggregates into the inclusion bodies of E. coli upon overexpression.  However, chemical 

denaturation of the inclusion body with urea and subsequent dialysis-based refolding yield a 

stable, soluble protein.  This novel variant allowed further exploration of caveolin’s biophysical 

characteristics, such as secondary structure, oligomeric tendencies, and biophysical 

characteristics of caveolin’s protein-protein interactions with known binding partners.  Notably, 

cavsol retains caveolin’s well-known localization to the cell membrane of HEK 293 cells.  In 

addition to providing insight into the biophysical details of caveolin, this study establishes the 

technique of phage-displayed selections to optimize the overexpression of membrane proteins. 

Caveolin’s diverse role in myriad diseases has fueled an interest in caveolin as a 

therapeutic target.  Our laboratory recently demonstrated the selection and optimization of a 

small peptide that targets caveolin with high specificity and affinity (Chapter 3)7.  This peptide, 

termed WL47, was developed based on the FDA-approved peptide drug T20 Fuzeon. A library 

of peptides based on the T20 sequence was generated to identify a variant that bound truncated 

caveolin (caveolin ΔTM) with higher affinity than the T20 parent peptide.  WL47 showed a 1000-

fold improvement in binding affinity to caveolin as compared to T20.  Strikingly, WL47 

interrupted oligomerization of the aforementioned cavsol in a concentration dependent manner.  

Together, this demonstrates the importance and usefulness of a soluble full-length caveolin 

variant as well as suggesting that WL47 specifically targets the caveolin oligomerization domain. 
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Our laboratory also developed a new and unique solution to the problem regarding protein 

refolding.  Conventional protein refolding methods such as dialysis and rapid dilution are time 

consuming and wasteful.  We recently demonstrated the shear-stress mediated refolding of 

proteins using mechanical energy supplied by a vortex fluidic device (VFD) (Chapters 4 and 5)8; 

9.  Hen egg-white lysozyme (HEWL), the catalytic subunit of protein kinase A (PKA), and 

caveolin ΔTM were intentionally overexpressed in the inclusion bodies of E. coli. After 

solubilization of the inclusion bodies using chemical denaturation, the denaturant was diluted 

and the protein was treated in the VFD.  The resulting proteins regained approximately 70% of 

their activity, on average, after VFD treatment.  Compellingly, this refolding process took only a 

matter of minutes, in contrast to the multiple days generally associated with conventional 

refolding methods8; 9.   

The VFD was additionally established as a tool for investigating partially folded protein 

states (Chapter 6).  These states, known as molten globules, are difficult to isolate and 

investigate, leading to contrasting models regarding protein folding10.  The VFD was able to 

produce distinctly different molten globule states after treatment with different rotational speeds.  

The generation of other protein folding states, such as oligomeric states and fibril states using 

the VFD were inconclusive and require further investigation.  However, this data legitimizes the 

VFD as a novel tool for investigating protein folding characteristics. 

In summary, protein overexpression and refolding remain essential for investigation of 

structural and functional characteristics of proteins.  Optimization of protein overexpression and 

folding are highly individualized from protein to protein.  The generation of cavsol provides a 

useful tool for investigating caveolin in vitro, and generalizes a powerful strategy for 

overexpressing and investigating other challenging proteins.   Successful protein 

overexpression does not always result in a functional folded protein.  The VFD offers an exciting 

new tool for refolding proteins and investigating other protein folding states.  Taken together, the 
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data reported here demonstrates new generalizable solutions for the recombinant 

overexpression and refolding of difficult proteins  
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