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 Correctly folded proteins are essential for biochemical pharmaceuticals. Using E-coli and yeast, 

new pharmaceuticals can be produced and refined in-vitro. The advantage of using E-coli and yeast is 

that a large amounts of proteins can be produce quickly and cheaply. The main disadvantage of this 

method is that a significant amount of misfolded proteins accrue, which leads to inclusionary bodies. For 

experimental production of new pharmaceuticals these inclusionary bodies need to be removed from 

the desired proteins before studies on structure or effectiveness of the protein can be evaluated. For 

the mass production of a desired protein the inclusionary bodies must also be removed to ensure the 

purity of the desired protein.  

There are four main processes that can be used for the purification of inclusionary bodies. The 

processes are dialysis, dilution, chromatographic refolding and high hydrostatic pressure technology. 

Dialysis consists of passive diffusion through a semi permeable membrane. Dialysis allows for the 

removal of impurities from the protein solution and facilitates the refolding of inclusionary bodies into 

the correctly fold form of the desired protein. Dilution is used to adjust the equilibrium of a protein 

solution to favor greater formation of the desired conformation of a protein. An example of a dilution 

technique is large batch reactor. Chromatographic refolding takes advantage of using molecular charge 

to separate the protein. By adjusting the mobile and stationary phases the proteins can be successive 

separated which prevents protein-protein inaction that would lead to inclusionary bodies. High 

hydrostatic pressure technology uses pressure to increase the solubility of inclusionary bodies. This 

allows for the correctly folded protein to dominate the equilibrium of the solution. 

 Light scattering can be used to monitor solution environments. The data then can be used to 

maximize refolding yields through optimization.1 When optimizing protein yields, two major factors have 

to be taken into consideration: the protein concentration of the solution and the chemical environment 



that is created by the buffer solution that is used.  Protein concentration can be adjusted using 

techniques such as dialysis, dilution, chromatographic refolding and high hydrostatic pressure 

technology. These techniques allow for the adjustment of protein concentration to adjust equilibrium to 

favor the desired protein conformation. The equilibrium is adjusted by removing inclusionary bodies. 

These inclusionary bodies are products of the reaction and therefore cause a shift of the equilibrium to 

favor the products. The chemical environment of the buffer solution has to be adjusted for both the 

protein being synthesized as well as for the technique that is being utilized to optimize the protein 

concentration. Light scattering can be used to monitor the environment of a protein solution. Static light 

scattering values, calculated  using the integral of potential mean force between two molecules, can be 

used to give information about protein behavior in a given environment as well as some limited 

structural detail of the protein being observed. The use of two light scattering techniques, Static light 

scattering and dynamic light scattering is used to observe the net protein-protein interactions. Static 

light scattering were used to observe the inner-particle interactions of the solution. This is achieved by 

calculating light scattering values of a solution. If the calculated value for the light-scattering optical 

constant is positive interaction between the protein and solvent is greater than that of the protein-

protein interaction. If the calculated light-scattering optical constant is negative protein-protein 

interactions are favored. While dynamic light scattering is used to observe the hydrodynamic interaction 

of the solution. Hydrodynamic inaction are created by the movement of molecules. This movement of 

molecules creates a solvent flow. This solvent flow causes attractive and repulsive force to be felt 

between proteins in the same solvent flow field. The calculated value for this interaction force, known 

as the mutual diffusion coefficient, is shown to be dependent of protein concentration. By utilizing the 

two light scattering methods, values can be determined experimentally for the optimal conditions for a 

given protein. These values can then be used with the different protein refolding techniques to optimize 

the formation of a desired protein. Furthermore a data base of values for both buffer solutions and 



proteins can be built. This allows for quicker optimization in future experiments as well a starting points 

for similar structured proteins. 

 Optimization of protein environments can require understanding the structure of the protein 

being evaluated. To facilitate the understanding of the structure of an unknown protein, high-force 

magnetic tweezers can be used.2 As new drugs are developed in-vitro, the structures of the protein that 

these drugs use to interact with the target location are not always known. High-force magnetic tweezers 

can be used to stretch and refold proteins from 1-100 pN. Once the structure and refolding properties of 

the unknown protein are observed they can be utilized to optimize the environment for protein 

refolding to the desired conformation. Experimental data of filamin A immunoglobulin domains 1–8 

(IgFLNa 1-8) was gathered. The reason that IgFLNa 1-8 was chosen was that it is important to the 

cytoskeleton.3 IgFLNa 1-8 was labled with an Avi-tag, a protein biotinylation tag for purification, 

immobilization or sensitive protein detection, at the C-terminus by ligating a biotin to the tag and a His-

tag at N-Terminus. The Avi-tag was attached to the bead used in the stretching process while the His-tag 

end was adhered to a Nickle-nitrilotriacetic-acid coated glass surface. Force was increased by 3 pN until 

unfolding events occurred. Unfolding events were monitored by a sudden extension fluctuation, a quick 

change in measured distance without the application of addition force. After the unfolding events 

occurred, the force was released and refolding was studied. Six unfolding events, each followed by a 

refolding event, were observed in the given time widow of the experiment. Each of these six events 

represented a different confirmation. There were two unobserved events. The two unobserved 

unfolding events were most likely those of very stable domains that required more force then that of 

what was available using the magnetic tweezers. The first five events occurred within 6 seconds of the 

application of force. While the sixth event took over 100 seconds after the force was applied to occur.  

This suggests that activation energy barriers had to be overcome to allow for protein unfolding. Two 

refolding events occurred, one at 6.2 pN and the second at 4.8. pN. In previous experiments at less than 



10 pN no unfolding events occurred. This suggests that there was a refolding of the protein, between 

the refolding events at 6.2 pN and 4.8 pN, to a native structure. These measurements used expansion 

and contraction of distance that exceeded the deviation of distance from the force applied. The protein 

was folded. This followed by an unfolding of the protein. The protein then was folded by a final refolding 

event. This suggests that an unstable intermediate was observed. The intermediate was formed at 6.2 

pN but unfolded shortly after to refold into the stable native conformation of the protein at 4.8 pN. To 

confirm the validity and accuracy of the proposed method well-known DNA overstretch transition at 65 

pN was utilized. The DNA unfolded as was expected, as observed through another study. DNA was used 

as a substitute as the specific force for the DNA was known.  

 To increase the yield of correctly folded proteins high pressure protein refolding can be utilized.4 

The advantages of using high pressure protein refolding are twofold. The first promotes refolding of 

inclusionary bodies into the desired native conformation. The second is the minimization of re-

aggregation. To study the effectiveness of this process at high pressures, T4 lysozyme was used as a 

model. T4 lysozyme solution containing tris-HCl was put into a custom built quartz cuvette at constant 

temperature.  The  solution’s  optical  density  was  monitored  at  400nm  as  a  function  of  pressure.  The  

optical density measurements were used to monitor high pressure turbidity. T4 lysozyme solution 

containing tris-HCl with varying concentrations of Guanidine Hydrochloride (GdnHCl) was used to 

denature the proteins. The values of the high pressure turbidity, from the varying concentrations, were 

used to construct unfolding curves. The curves were constructed by measuring percent folded protein vs 

pressure. Measurements were taken using fluorescence by monitoring tryptophan emissions form 300-

400 nm. The change in fluorescence showed that the conformation changed giving a shift in intensity at 

300-400 nm. Identical solutions were monitored while varying experiment atmospheric pressure from 1 

to 3000 bars. At above 1000 bar inclusionary bodies are less likely to form due to reduced hydrophobic 



effect at moderate levels of GdnHCl. These hydrophobic effects are incorrect hydrogen bonding that can 

lead to miss folding. This is due to the hydration of exposed hydrophobic groups at increased pressures. 

 An alternative to large batch reactor protein refolding is utility of simple tubular reactors for 

protein refolding.5 Refolding of inclusionary bodies is important for industrial protein manufacturing for 

protein based drug development and production. Large scale batch refolding is the most used method 

currently. Tubular reactors of different configurations, for different proteins and refolding methods, 

were developed and implemented. The refolding methods used were refolding, pulse refolding and 

temperature leap refolding. Refolding uses equilibria with non-changing protein concentration as the 

driving force for the protein refolding. Proteins will continue to fold until an equilibrium of products and 

reactants is reached. Pulse refolding uses equilibria with increasing protein concentration as time 

increases as the driving force for the protein refolding. Temperature leap refolding varies the 

temperature to keep the pathway for the desired protein to be the most likely path taken. Large scale 

batch protein refolding data was used for the same proteins and refolding methods that were used for 

tubular reactor refolding. The difference between the large scale batch protein and tubular reactor 

experiments was the vessel used for the reaction.  In large scale batch protein refolding a single large 

reactive vessel was used. While in tubular reactors the protein refolding accurse throughout the full 

length of the reactor. Tubular reactors can give better kinetic control over that of large scale batch 

protein folding. To measure the protein folding kinetics throughout the tubular reactor process samples 

were collected from different tubing sections. To verify these results, samples of intermediates were 

analyzed using fluorescence by comparing intensities values of those section to those of completed 

batch reactor runs found in literature. . SDS-PAGE analysis was used to analyze the cleavage yields of 

EDDIE-pep6His. Cleavage yields were used as they give a quantitative value of the correctly folded 

proteins, by comparing ratio of cleaved proteins to non-cleaved proteins, and can be compared between 

batch reactor yields and tubular reactor yields. The reason the cleavage yields were used were that they 



were easy to measure using uv-vis spectroscopy. The advantages of tubular reactors include easy 

modification of tube width and length for kinetic consideration of a wide variety of proteins. The 

modular design of tubular reactors increase the efficiency of desired pathways. Tubular reactors offer 

ease of cleaning and sterilization through the use of cheap disposable tubing. 

 Ion-exchange refolding (IExR) has two big advantages.6 IExR quantitatively analyzes the use of a 

urea gradient to control the special gradient and chemical composition of protein refolding. This allows 

for a method to enhance the yield of correctly folded proteins by adjusting only a urea gradient. To 

verify this advantage, two experiments were used. They were anion-exchange refolding and cation-

exchange refolding. The anion-exchange refolding experiment was used to determine the slope of the 

denaturant gradient and the effect that the load of denaturant and reduced protein had on the final 

yield of product. This was accomplished by using buffer B1a comprised of urea, tris, NaHCO3 and EDTA to 

bring a Hitrap SPFF column to equilibrium. Denatured and reduced proteins were injected into the 

column. Buffer B1a was then used to wash the column. The urea concentration was lowered by injecting 

buffer A11 which was the same composition as B1a except with a lower concentration of urea. Protein 

was then eluted using a NaCl gradient consisting of a solution buffer B2 which was identical to buffer 

A11 but with the inclusion of NaCl. The column was washed with milli-Q water. Results were quantified 

with percent yield of the correctly folded proteins be assessed. Percent yield was calculated by dividing 

the mass of protein recovered in the elution by the total protein injected, followed by multiplying the 

ration by 100. For the cation-exchange, buffer A13 comprised of urea and tris to bring the column to 

equilibrium was used. Denatured and reduced proteins were injected into the column. The proteins 

were reduced by adding DTT. Buffer A13 was then used to wash the column. Protein was then eluted 

using a NaCl gradient consisting of a solution buffer B1b which was identical to buffer A13 but with the 

inclusion of NaCl. The column was washed with milli-Q water. The Langmuir model and Fowler model to 

analyze the effect of the denatured and reduced protein on the final yield.  The data collected, 



denatured and reduced protein vs native protein, then could be compared and optimized. The Langmuir 

model is used to model for absorption data. While the Fowler model is used to make corrections in the 

first order derivation of the Langmuir model to give a better exponential growth fit to the experimental 

data.  Mass recovery for anion-exchange refolding was measured by dividing the total protein recovered 

by the total protein injected and multiplying by 100. 

 By combing the methods presented, the total yield of correctly folded protein can be increased. 

By using light scattering to monitor solution environments the environments can be adjusted as needed 

while still being processed. If this is combined with ether tubular reactors or high pressure protein 

refolding the overall yields may be able to be increased even further. If the protein being synthesized is 

new, and the structure is not yet understood, magnetic stretching can be utilized to better understand 

optimal conditions for large scale production.  
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