
Abstract 
Stabilization of proteins is of great interest for the biotechnological society, industrial as well 

as research areas. Proteins with high stability are more suitable as reagents, easier to handle, 

store, transport and use in industrial processes. One way to stabilize a protein is to introduce a 

disulfide bridge into the structure by protein engineering. In this report the formation of a 

disulfide bridge between engineered cysteines in non ideal conformations in human carbonic 

anhydrase has been investigated. The disulfide bridge is not formed when the protein is in its 

native state. It is shown that when the protein is exposed to mild concentrations of urea in the 

presence of DTTox the disulfide bridge is formed. Also upon refolding in vitro, in a non 

oxidative environment, disulfide bridges are formed. This observation is worth to notice, 

since the disulfide bridge does not form to any appreciable extent when the protein is 

expressed and folded in vivo in Escherichia coli.  
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Introduction 

1.1 Protein structure 
Proteins are made up of amino acids. The order of the different amino acids in the protein 

structure, linked together by peptide bonds, is what defines the primary structure. The primary 

structure is the identity of the protein. It holds the information on how the protein will fold, 

i.e. the primary structure decides the secondary and tertiary structure. Also determined by the 

primary structure is the chemical and biological activity of the protein. Secondary structure is 

what forms when the primary structure locally folds up into α-helices, β-sheets or different 

loops. When the different secondary structures then are packed and ordered in space, relative 

to each other, the tertiary structure is formed. This packing in space can occur in one or 

several domains. Quaternary structure is formed when two or more, different or identical, 

folded polypeptide chains with tertiary structure pack together. By forming tertiary and 

quaternary structures amino acids far apart in sequence will be close to each other in space, 

forming the functional region of the protein, known as the active site.  

1.2 Protein stability  
The stability of the native state of a protein is only favored by 5–15 kcal/mol compared to the 

unfolded state. This is equivalent to as little as three to ten hydrogen bonds in the folded 

structure [1].This might seem as a very low stability compared to the vast number of 

interactions in an average sized folded protein. But the fact that the unfolded chain also has 

many interactions with the surrounding medium must be taken into account, in addition to the 

large loss of conformational entropy upon folding. So the stability of the folded polypeptide 

chain is the difference between the free energies of the native and denatured states [2]. The 

stability of proteins is easily influenced by different environmental factors. If the temperature, 

pressure or denaturant concentration is raised above normal levels for the protein it will 

denature. The same goes for either a raise or drop in pH outside of the proteins natural pH 

range. The biological activity of a protein is dependent on the protein being in its native state, 

i.e. that the protein has to have its tertiary structure intact. Therefore, it is of great interest for 

the biotechnological society to stabilize proteins in their native folds. This to make them more 

suitable as reagents, and easier to handle, store, transport and use in industrial processes.  

 
In order to increase stability of proteins, and knowledge on the subject, biochemists have tried 

to alter and improve the naturally occurring stabilizing interactions [3–5]. Those interactions  
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are hydrophobic, van der Waals forces, hydrogen bonding , electrostatic interactions and 

covalent bonds. To stabilize a protein you can either try to destabilize the unfolded state, 

which leads to a more stable folded state, or you can try to stabilize the folded state directly.  

 
Mutating certain amino acids in a protein is necessary to explore the stability of it. Any 

mutation can be done in the primary sequence. However, for rational design of possible 

stabilizing mutations the tertiary as well as the primary structure has to be known, since in the 

tertiary structure residues from far apart in sequence come close to each other in space. 

Rational design involves site-directed mutagenesis, where a codon in the gene for the protein 

is changed into another and hence an amino acid is replaced by another amino acid. Addition 

and deletion of amino acids can also be achieved in a similar manner by addition or deletion 

of DNA segments in the gene coding for the protein.  

 
The design of proteins with enhanced stability is one of the major goals of protein 

engineering. Among the physical forces that maintain the tertiary structure of proteins, 

disulfide bonds can make a substantial contribution [6].  

1.3 Disulfide bridges 
Disulfide bridges stabilize proteins mainly by destabilizing the unfolded state through 

reduction of its conformational entropy. Often this is considered the sole effect of crosslinks, 

but evidences show that they varyingly affect the energetics of the ordered conformation as 

well. Natural disulfide bridges can contribute with up to 4 kcal/mol to the stability. 

Engineered disulfide bridges have been found to display similar gains of stability, when 

introduced with correct stereochemistry [2]. Entropic stabilization can be predicted by the 

formula:  

 
∆S = Rν[0.75(ln n´) + 2.25], (eq. 1) 

 
∆S is the entropy decrease due to introduction of crosslinks, ν is the number of crosslinks and 

n´ is the number of residues between the crosslinks. As can be understood from the formula it 

is the length of the loop between the cysteine residues that determines how large the 

maximum stabilization can be [7]. Disulfide bridges may also make the folded state of a 

protein more stable, enthalpically, through favorable local interactions, for example by 

stabilizing the packing of a local cluster of hydrophobic residues [8]. 



 3 

 
The major chemical reaction involved in disulfide bond formation is the thiol/disulfide 

exchange reaction: 

 
R1S

- + R2SSR3 � R2S
- + R1SSR3  (eq. 2) 

 
R1S

-, the thiolate anion displaces one of the sulfurs from the disulfide bond forming both a 

new SS-bond and a new thiolate anion, in this case R2S
-. A disulfide bridge is formed, or 

reduced, via two reactions as the one just mentioned. As indicated the first of the two 

reactions in a case of disulfide bond formation forms a mixed disulfide between the redox 

reagent and the protein. 

 
Examples of redox-reagents that often are used to induce formation of non-native and 

engineered disulfide bridges are dithiothreitol (DTT) and the tripeptide glutathione. In vivo, 

disulfide bridges are rarely found in intracellular proteins, since the cytosolic environment is 

highly reducing due to millimolar concentrations of glutathione [9]. Extracellular proteins, on 

the other hand, often contain disulfide bridges. The bridges are formed in the lumen of the 

endoplasmic reticulum which is the first stop of the secretory pathway [1].  

 
When oxidized, disulfides in proteins can induce structural elements that promote further 

folding towards the native state of the protein. On the other hand interactions of other types 

can fold the protein and bring the thiol groups of cysteines close together so they can form a 

disulfide bridge [10, 11]. 

 
Conditions that have to be met for the successful formation of a disulfide bridge in a protein 

are: the α-carbons of the two cysteines have to be within a distance of 4.8 to 7 Å, and the side 

chain environment should be such that the disulfide bond can adopt a torsion angle of 90º or   

-90º without conformational restraints. Disulfide bond formation can be used to study several 

different properties, of conformational nature, in proteins [8]. Engineered disulfide bonds in 

proteins can, except from increasing the stability of proteins, lead to a gain of information 

concerning folding [12], and be used to control enzymatic functions [13] to name two 

examples.  
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1.4 Human carbonic anhydrase II 
Carbonic anhydrases (CA) catalyze, with high efficiency, the reversible hydration of carbon 

dioxide: 

 
CO2 + H2O � HCO3

- + H+   (eq. 3) 

 
Hydration of carbon dioxide is a reaction underlying many physiological processes in 

animals, plants, archae- and eubacteria [14]. There are three known families of CA, α, β and γ. 

These families have no significant sequence identity and were all independently “invented” 

which makes them an interesting case of convergent evolution [15]. The α-class of CAs is the 

one found in mammals, within this family twelve isoenzymes have been discovered. Of these 

twelve 10 can be found in humans, known as HCA I–X. The isozyme used in this project was 

the most studied, human carbonic anhydrase II (HCA II).  

 

 

 
The three dimensional structure of HCA II was in 1992 determined by Håkansson et al. [16] 

at a resolution of 1.54 Å with a R-value of 0.151. The structure, spherical in type, is 

dominated by the 10-stranded twisted β-sheet (Fig. 1). The active site of HCA II is at the 

bottom of a deep funnel shaped cleft in the structure. At the bottom a Zn (II) ion is found 

coordinated to three nitrogen atoms from three separate histidine residues, 94, 96 and 119. 

Also coordinated to the Zn(II) is a water molecule, necessary for the catalytic activity. With a 

turnover rate of 106 sec-1 it is one of the most efficient enzymes known. Mårtensson et al. 

(1993) [17] have estimated the stability of the native form of cloned HCA II to 7.6 kcal/mol in 

water (∆GNI
H2O). 

 

Fig. 1 Three-dimensional 
structure of HCA II. 
Residues 23 and 
203 are represented 
by sticks and balls. 
The Zn (II) is what 
is seen in the center 
of the structure 
(PDB-ID: 2CBA). 
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1.5 Background and Aim 
The original study on the HCA II mutant in question was made by Mårtensson et al. (2002) 

[18]. Their goal was to introduce an artificial disulfide bridge into HCA IIpwt as an attempt to 

stabilize the protein. The site for introduction of the disulfide bridge was selected by means of 

comparison with a significantly more stable carbonic anhydrase from the bacterium Neisseria 

gonorrhoeae, NGCA. The two carbonic anhydrases showed a high structural homology, 

which made the modeling possible. NGCA has a natural disulfide bridge between the residues 

Cys28 and Cys181 that correspond well with the buried Ala23 and Leu203 in HCA II. These 

two residues in HCA II were therefore chosen as candidates for introduction of a disulfide 

bridge.  

 
To avoid problems with unwanted disulfide bridges and side reactions a variant of HCA II 

was used as a template. In this variant the native Cys206 is mutated to a Ser. This pseudo-

wildtype HCA II (HCA IIpwt) has characteristics, enzymatic activity and stability, almost 

identical to wildtype HCA II [17]. At the positions 23 and 203 in HCA IIpwt cysteines were 

introduced, resulting in the protein variant HCA IIpwt A23C/L203C. The protein was after 

mutation by site directed mutagenesis produced in Escherichia coli (E. coli). The resulting 

double mutant was in its reduced form, i.e. no disulfide bridge, destabilized by 2.9 kcal/mol. 

On the other hand the oxidized A23C/L203C was stabilized by 3.7 kcal/mol. The numbers are 

compared to HCA IIpwt. 

 
The initial results led to follow up studies by Karlsson et al. in 2004 [19, 20]. In the first study 

it was shown that by stabilizing HCA IIpwt with these two mutations misfolding traps could be 

avoided and aggregation of the protein was minimized. Both effects were due to the fact that 

the stabilized variant, A23C/L203Cox, has a two state unfolding process where the normally 

occurring HCA II molten globule intermediate is suppressed. The other study was made 

because it had been noticed during the first two studies that the disulfide bond had a tendency 

to form more easily when exposed to low concentrations of the denaturant guanidine 

hydrochloride (GuHCl). It was shown during this study that the disulfide bridge between 

residues 23 and 203 was more readily formed when the protein was exposed to GuHCl 

concentrations corresponding to the lower part of the unfolding curve. 

 
The more efficient formation of the disulfide bridge in the presence of GuHCl is due to 

increased flexibility of the native structure, according to the interpretation of the results from 
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the second follow up study [20]. This conclusion was later met by some criticism. The 

criticism was that one could not be sure if the more ready formation of disulfide bridges was 

due to increased flexibility of the protein structure or if the protein in fact was in its molten 

globule state.  

 
My study was designed to answer the question raised by the critique. Is the disulfide bridge 

formation due to increased structural flexibility or is it due to the protein being in its molten 

globule state? To be able to answer this question, similar studies were to be made as the ones 

in the second follow up study [20], with the only difference that urea was to be used as a 

denaturant instead of GuHCl. Borén et al. (2004) had shown that the formation of molten 

globule when unfolding HCA II in urea is kept to a minimum, and hence the amount of 

molten globule is significantly lower than when unfolding in GuHCl [21]. 

 
The aim of this project was to produce HCA IIpwt A23C/L203Cred, to analyze its stability and 

disulfide bridge formation behavior in urea, as well as to analyze the formation of disulfide 

bridges upon refolding.  
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2 Materials and Methods 

2.1 Chemicals 
Urea (ultra pure) and guanidine hydrochloride (GuHCl) (ultra pure) was obtained from MP 

Biomedicals. Concentrations of the denaturant solutions used were determined by refractive 

index [22]. 7-chloro-4-nitrobenzofurazan (NBD-Cl) was purchased from Fluka. 8-anilino-1-

naphthalenesulfonic acid (ANS) and dithiobisnitrobenzoic acid (DTNB or Ellman’s reagent) 

were purchased from Sigma. (5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic) 

acid (IAEDANS) was obtained from Molecular Probes (Invitrogen). Other chemicals used 

were of reagent grade.  

2.2 Instrumentation  
Spectrophotometric measurements were made on a Hitachi U-2800 A spectrophotometer. 

Stability analysis and other fluorescence measurements were made on a FluoroMax-2, Jobin 

Yvon Instruments.  

2.3 Protein production 

2.3.1 Culturing of E. Coli and expression of HCA IIpwt A23C/L023Cred  
To 50 ml of autoclaved 2 X LB-medium the bacteria (E. coli, strain BL21/DE3 Gold) were 

added, containing the expression plasmid pACA with the HCA IIpwt A23C/L203C gene, 

together with 60 µg/mL of sterile filtered ampicillin. The bacteria were supplied by the 

supervisor. The mixture was incubated over night at 37 ºC on a shaking table. After that the 

bacterial suspension was split in two halves and added to 1.5 L of autoclaved 2 X LB-medium 

each, which was also supplied with sterile filtered antibiotics (60 µg/mL ampicillin). Now the 

bacteria were allowed to grow at 37 ºC, again shaking, until OD660 reached a value of 

approximately 0.8. When that point was reached IPTG and ZnSO4 were added to the growth 

medium. IPTG was added to a final concentration of 0.5 mM, and ZnSO4 was added at 80 

mg/L. The reason for supplementing with IPTG is that it induces the production of the desired 

protein from the plasmid. ZnSO4 is added to supply HCA II with Zn ions for its active site. 

The bacteria suspensions were left over night shaking at room temperature. Next the bacteria 

were to be separated from the growth medium,which was achieved by centrifugation. The 

suspension was centrifuged for 20 minutes at 3000 rpm and 4 ºC in a Hermle Z513K 

centrifuge. The resulting pellet was resuspended in approximately 40 mL of equilibration 

buffer. The new suspension was then poured into pre-cooled (-20 ºC for 24 hours) X-press 
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containers (Biox) and put into the freezer for two days. The X-press is used to lyze the cells 

and hence free the proteins inside and make them available in solution. The lysis of the cells 

is accomplished through a phase transition [(s)–>(l)–>(s)] that occurs when the frozen cells 

are forced through a small hole by a hydraulic press. After cell lysis the cell suspension was 

stored over the weekend in the freezer. When thawed the cell suspension was poured into two 

50 mL centrifuge tubes and mixed with a small amount of DNase I before being centrifuged 

at 11000 rpm for 30 minutes in a Hermle Z513K centrifuge, which was precooled to 4 ºC. 

This was done to separate the proteins from cell debris. The resulting supernatant containing 

all the protein content of the lyzed bacterial cells was kept for further purification.  

2.3.2 Affinity chromatography 
Affinity chromatography was used to separate HCA II from other proteins in the solution. An 

agarose gel linked with the HCA II inhibitor p-aminomethylbenzene sulfonamide was poured 

into a column and washed with equilibration buffer, 0.1 M Tris-H2SO4 and 0.2 M K2SO4 , pH 

9.0 supplemented with 2 mM DTTred. The equilibrated gel was poured out of the column and 

added to the protein solution. The gel and the solution were mixed and then allowed to 

incubate for approximately 20 minutes; this procedure was repeated three times. The 

incubation led to selective binding of HCA II to the inhibitor while other proteins remained 

free in solution or non-selectively bound to the gel particles. After this the gel was poured 

back into the column and washed with equilibration buffer until A280 was approximately 

0.001. Then the protein of interest, HCA II, was eluted with elution buffer containing sodium 

azide (NaN3), another inhibitor of HCA II, at a concentration of 0.4 M. Sodium azide will 

compete with p-aminomethylbenzene sulfonamide on the column leading to the desorption of 

HCA II from the column. The elution was followed spectrophotometrically, and continued 

until the A280 value was 0. The next step in purification was dialysis. The protein solution 

containing HCA IIpwt A23C/L203C was dialyzed against 10 L of 10 mM Tris-H2SO4, pH 7.5. 

The dialysis buffer was changed four times with a minimum of seven hours in between. All 

steps mentioned above were performed at 4 ºC. 

2.3.3 Concentration of protein 
The protein was concentrated in two steps. Firstly with ultra filtration using a YM–10 

membrane (Millipore) with a molecular weight (MW) cut-off at 10,000 Dalton (Da). 

Secondly, to achieve further concentration, centriprep centrifugation tubes (Millipore) also 

with a 10,000 MW cut-off were used. The tubes were run in an Hermle Z513 K centrifuge at 
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3000 g. All concentration steps were performed at 4 ºC. The protein solution was then sterile 

filtered into a sterile tube and stored in a refrigerator at 4 ºC. All the following experiments 

were made using the purified A23C/L203Cred , unless stated otherwise. The exact protein 

concentration was, after spectrophotometric measurements at 280 nm, calculated with the 

following formula:  

 
[protein] = A280/ε*l (eq. 4) 

 
The formula applies Lambert-Beer’s law. The molar extinction coefficient, ε,                 

55,400 M-1*cm-1 was  used for HCA II at 280 nm [23]. 

2.3.4 SDS-PAGE  
To control protein purity and to see if any intermolecular disulfides, i.e. dimers, had formed 

during protein production a SDS-PAGE gel was run. Samples were prepared by mixing 

approximately 10 µg of protein with 10 µL of sample cocktail. β-mercaptoethanol was 

omitted from one of the samples applied to the gel to ensure non-reducing conditions. 

Otherwise possible dimers would have been reduced. To the other sample 2 µL of β-

mercaptoethanol was added. HCA IIpwt was used as a reference. The sample with β-

mercaptoethanol and the reference were boiled for approximately three minutes to obtain 

complete reduction. The sample not containing β-mercaptoethanol was boiled for only about 

30 seconds. Boiling was made just prior to the application of the samples to the gel which 

consisted of a concentration gel on top of a separation gel. Electrophoresis was then run at 60 

V through the concentration gel and 200 V through the separation gel. Afterwards the gel was 

stained, destained and stored in a gel preservation liquid.  

2.4 Analysis and experiments 

2.4.1 Titration of free thiols  
To control the amount of free thiols in the protein the cysteines can be labeled with NBD-Cl 

or DTNB (Ellman’s reagent) and the respective reactions can both be monitored 

spectrophotometrically. NBD-Cl reacts with free cysteines and form sulfur adducts. The 

formed adducts absorb light at a wavelength of 420 nm [24]. DTNB, when added with excess, 

rapidly reacts with free thiols and release the yellow aromatic nitrothiobenzoate ion in 

stoichiometric amounts [9]. The absorption maximum of this thiol is at 412 nm, and to 

determine the extent of DTNB labeling a molar extinction coefficient (ε412) of                
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14,150 M-1*cm-1 was used. To confirm that the protein is in its reduced form a titration of free 

thiols was performed with NBD-Cl. The protein was incubated for five minutes at a 

concentration of 0.5 mg/mL in 0.1 M Tris-H2SO4 pH 7.5 and a GuHCl concentration of 5 M. 

To the sample a 10-fold molar excess of NBD-Cl was added, and then the resulting thiol 

reaction was monitored spectrophotometrically at 420 nm for 30 minutes. Using a molar 

extinction coefficient (ε420) of 13,000 M-1cm-1 for the NBD-thiol product [24] the extent of 

NBD-Cl labeling was determined. 

2.4.2 Stability measurements (fluorescence) 
Fluorescence occurs when a molecule absorbs light and gets excited to a higher energy level. 

When the molecule relaxes back to its ground state excess energy is released in the form of an 

emitted photon. Since energy is lost throughout the process of excitation and relaxation due to 

vibrational processes, fluorescence is always emitted at longer wavelengths than the absorbed 

light. Longer wavelength means lower energy. The emission wavelength differs between 

different molecules and can also differ due to the surrounding environment. The emission 

from a fluorophore can be quenched by other fluorophores (energy transfer), solvents and 

charged groups. Fluorescence spectroscopy is a method often used to study biomolecules. It 

can be used for many different applications. However, in this project two methods of 

fluorescent measurements were used, intrinsic and extrinsic fluorescence. Intrinsic 

fluorescence can be used to asses a proteins stability in the presence of a denaturant. The 

aromatic amino acids, tryptophan, tyrosine and phenylalanine are responsible for the 

fluorescent spectra of proteins. Since their absorbance wavelengths are in the order 

Phe<Tyr<Trp the emission spectra of Trp is the one detected [9]. Tryptophan fluorescence is 

sensitive to its environment. The wavelength spectra of Trp will go through a red shift when 

exposed to increasingly polar surroundings. That is exactly what happens when a protein 

unfolds. Trp residues buried in the hydrophobic interior of a protein get increasingly more 

exposed to the polar surrounding solvent. For each sample three spectra were recorded 

between 310 and 410 nm. Excitation was achieved at 295 nm with 4 and 3 nm excitation and 

emission slits, respectively. The cuvette used was a 1-cm quartz cuvette, and the cuvette 

holder was thermostated at 22 ºC. The stability of the protein was studied by monitoring the 

red shift of Trp fluorescence.  

 
Extrinsic fluorescence is what is emitted from an extrinsic fluorophore. An extrinsic 

fluorophore is a non-natural molecule that is covalently bound to the protein at specific 
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positions or interacts non-covalently with the protein in its native or molten-globule state. 

When covalently bound it is linked to engineered cysteines to obtain a site-specific attachment 

of the fluorophore in the protein. An example of such a fluorophore is IAEDANS. For the 

experiments done in this study fluorescent emission spectra of IAEDANS were recorded 

between 400 and 580 nm, and the excitation wavelength was 350 nm. Excitation and emission 

slits were set to 3 and 4 nm, respectively. The non-covalently linked fluorophores interact 

with certain regions on the protein structure. One example of such a molecule is ANS. ANS 

binds to hydrophobic patches in the molten globule state of proteins and upon doing so a 

change in its fluorescent spectra occurs [25]. For the performed ANS experiments emission 

spectra were recorded, three per sample, between 450 and 650 nm, the excitation wavelength 

was 360 nm. Emission and excitation bandwidths were 5 and 10 nm, respectively. The cuvette 

length was 1 cm and the cuvette holder was thermostated at 22 ºC. These different fluorescent 

molecules can be used to measure various parameters when investigating protein structure and 

dynamics [26]. 

 
When a protein, unfolds via a two-state transition (Native �Denatured), upon exposure to 

increasing concentration of a denaturant, the experimental data can be used to calculate the 

equilibrium constant, K, with the formula:  

 
K = [(y)N-(y)]/[(y)-(y) D].  (eq. 5) 

 
In the formula (y) is the value observed for the parameter used to follow unfolding. (y)N and 

(y)D are the values (y) would have for the native and denatured states, respectively, when 

measured under the same conditions. K can then be used to calculate the free energy 

difference between the native state and the unfolded state at each denaturant concentration. 

The equation used is: 

 
∆G = -RT ln(K)  (eq. 6). 

 
∆G is varying linearly with denaturant concentration in the transition region. Based on that 

equation the following relationship is obtained 

 
∆G = ∆G(H2O) – m[denaturant].  (eq. 7) 

 
∆G(H2O) is an estimation of the protein stability in water, assuming that the linear 
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dependence of ∆G continues all the way to 0 M denaturant concentration. A measure of the 

∆G dependence of denaturant concentration is the m-value in the equation [27]. The m-value 

shows the degree of cooperativity in the folding transition. Samples of A23C/L203Cred were 

prepared in 0.1 M Tris-H2SO4 buffer, pH 7.5, containing 0.025 mg/mL protein with a 1000 

fold molar excess of DTTred, to ensure the reduced state, and varying concentrations of urea 

ranging from 0 M to 7 M. Before analyzing the samples in the fluorometer they were 

incubated for approximately 40 hours to ensure establishment of equilibrium between the 

native and unfolded forms of the protein. The wavelengths at maximum emission intensity 

were recorded and the data analyzed by non-linear least-squares fitting equation using the 

program TableCurve2D (JandelScientific) [28]. 

2.4.3 Time study of disulfide bridge formation 
A time study to monitor the formation of disulfide bridges was also made. The protein was 

incubated in a urea concentration giving rise to 20 % unfolded protein [20] according to the 

stability curve obtained from the fluorescence measurements. To analyze the formation of 

disulfide bridges NBD-Cl tests were performed as described before with some minor 

adjustments. 7 M urea instead of 5 M GuHCl was used, and the buffer pH used was 8.5 

instead of 7.5. Protein was incubated at a concentration of 2 mg/mL in 10 mM Tris-H2SO4 

buffer, pH 8.5 and a urea concentration of 2.9 M. As a reference an identical batch of protein 

was made with the exception of urea. Both samples were supplemented with a 100-fold molar 

excess of DTTox. For the NBD-Cl analysis the conditions were as follows: urea concentration 

7 M, protein concentration 0.5 mg/mL buffered with 0.1 M Tris-H2SO4, pH 8.5.  

2.4.4 SDS-PAGE of urea incubated protein 
To investigate whether the formed disulfide bonds are intra- or intermolecular SDS-PAGE 

analysis was performed. Protein was incubated under the same conditions as during the time 

study (section 2.4.3) for a time period of about 24 hours. After that the solution was run on a 

PD-10 column (GE Healthcare) to get rid of DTTox and urea. SDS-PAGE was then run with 

the urea incubated sample, a sample incubated without urea and a sample of pure 

A23C/L203Cred. HCA IIpwt was used as a reference.  

2.4.5 ANS binding 
Protein of a concentration of 0.025 mg/mL in 0.1 M Tris-H2SO4 , pH 7.5 and 1000-fold molar 

excess of DTTred were incubated for approximately 40 hours with urea. The different 

concentrations of denaturant were in the range from 0 M to 7 M. ANS was added to the 
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solution mixture five minutes prior to measuring, and ANS binds to proteins in their molten-

globule state. The binding was monitored by fluorescence measurements. Emission spectra 

were recorded, three per sample, between 450 and 650 nm, the excitation wavelength was 360 

nm. Emission and excitation bandwidths were 5 and 10 nm, respectively. The cuvette length 

was 1 cm and the cuvette holder was thermostated at 22 ºC.  

2.4.6. DTNB (Ellman’s reagent) test 
To be able to do a successful test of the amount of free thiols present in a protein they have to 

be accessible to the reagent. In the case of A23C/L203C the cysteine residues are not situated 

on the surface of the protein so they have to be made accessible by denaturing the protein. 

Titrations of free thiols with the reagent DTNB were performed when the protein in 0.1 M 

Tris-H2SO4, pH 7.5 had been incubated in different concentrations (0–5 M) of GuHCl. This 

was done to see which was the lowest possible GuHCl concentration for a successful analysis 

of the amount of free thiols. The reaction was initiated by the addition of a 10-fold molar 

excess of DTNB, dissolved in ethanol, and then monitored in a spectrophotometer at 412 nm 

for 3 minutes. The extent of DTNB labeling was determined using a molar extinction 

coefficient (ε412) of 14,150 M-1*cm-1 . 

2.4.7 CO2-hydration activity of refolded A23C/L203Cred 
The kinetics and degree of reactivation were assayed by monitoring the recovery of CO2-

hydration activity of the enzyme [29]. To be used as a color reference 2 mL of 25 mM 

veronal-H2SO4 buffer, pH 8.2 containing 20 mg/mL of bromothymolblue (BTB) and 0.5 mM 

EDTA were mixed in a small beaker with 1mL of distilled H2O and 2 mL of 0.2 M Na-

phosphate buffer, pH 6.5. Another beaker is prepared with just the veronal buffer and distilled 

H2O. To the second beaker the refolded enzyme was added at an appropriate volume, in this 

case 15 µL. Thereafter 2 mL of CO2 -saturated water was finally added to initiate the 

enzymatic reaction. The time was recorded for the second solution to change color into the 

same as the reference solution. Blank reactions without enzyme were also run and the time 

recorded. And for reference, native enzyme was also tested for its activity so a comparison 

can be made with the activity of the refolded protein. EDTA was added to the veronal buffer 

to stop further reactivation of the enzyme after it has been added to the reaction medium [29]. 

The activity was calculated according to the following formula: 

 
Activity units/mL = (((tb/tc)-1)*1000/v)*5.  (eq. 8) 
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tb is the time it takes for the blank reaction without enzyme to change color, tc is the time it 

takes to obtain a color change with enzyme present and, v, is the volume of added enzyme, in 

µL. The reactivation kinetics was measured after the protein, with a concentration of 0.42 or 

0.21 mg/mL, had been denatured for 1 hour in 5 M GuHCl. The solution was then rapidly 

diluted to 0.3 or 0.6 M GuHCl and a protein concentration of 0.025 mg/mL, to achieve 

reactivation. For the experiment when the dilution was made to 0.3 M GuHCl the buffer was 

0.1 M Tris-H2SO4, pH 7.5. When the dilution was made to 0.6 M denaturant two different 

pH’s (7.5 and 8.5) of the buffer were used in two separate experiments. 

2.4.8 Investigation of the reaction conditions for IAEDANS to probe the amount of free 

thiols in dilute protein solutions 
Protein samples were prepared with a concentration of 0.1 mg/mL in 0.1M Tris-H2SO4, pH 

7.5 and 5 M GuHCl. Unfolding was allowed to proceed for 1 hour. The samples were then 

diluted to a protein concentration of 0.05 mg/mL and 2.5 M GuHCl. A 30-or 60-fold molar 

excess of the fluorescent probe IAEDANS was added and allowed to incubate, in the dark, for 

various times between 10 minutes and 24 hours. Before fluorescence measurements the 

IAEDANS incubated samples were gel filtrated on PD-10 columns (GE Healthcare) to get rid 

of IAEDANS that had not reacted with the protein. Experiments were repeated twice. 

Fluorescent emission spectra were recorded between 400 and 580 nm, and the excitation 

wavelength was 350 nm. Excitation and emission slits were set to 3 and 4 nm, respectively. 

These experiments were designed to elucidate the shortest possible time of incubation for full 

and accurate labeling with the fluorescent probe. 

2.4.9 Measurements of disulfide bridge formation during refolding 
During the course of refolding of A23C/L203Cred IAEDANS was added. IAEDANS reacts 

with free cysteines and can thus be used as a measure of the amount of reduced cysteines in 

the protein samples. These tests give us a measure of the extent of disulfide bridge formation 

during refolding with different refolding buffers. Comparisons can thus be made between the 

various refolding conditions. The protein was allowed to unfold for 1 hour in 5 M GuHCl, and 

refolding was achieved by diluting the sample to 0.3 or 0.6 M GuHCl. The refolding 

concentration of protein was 0.05 mg/mL. In the case of refolding to 0.3 M GuHCl the buffer 

used was 0.1 M Tris-H2SO4, pH 7.5. When refolding to 0.6 M denaturant both pH 7.5 and 8.5 

were used in two separate experiments. Refolding was halted at different time intervals 

between 15 seconds and 4 hours by increasing the GuHCl concentration to 2.5 M leading to 
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unfolding and thus no more possible formation of native S-S bonds. The protein concentration 

was by this procedure decreased to 0.035 mg/mL. Upon halting the refolding a 30-fold molar 

excess of IAEDANS was added to the samples and was then allowed to incubate in the dark, 

shaking, for three hours. After the incubation each sample was run on a PD-10 column to 

eliminate excess IAEDANS and possible protein aggregates. As a reference of totally 

oxidized protein HCA IIpwt , with no Cys, was treated in the same way as A23C/L203Cred. As 

a reference for no formed disulfide bridges during refolding fully reduced protein was 

prepared with a concentration of 0.1 mg/mL in 0.1 M Tris-H2SO4 , pH 7.5 and 5 M GuHCl. 

Unfolding was allowed to proceed for 1 hour. The samples were then diluted to a protein 

concentration of 0.05 mg/mL and 2.5 M GuHCl. Again, a 30-fold molar excess of IAEDANS 

was added and the samples were incubated shaking, in the dark, for three hours. Fluorescence 

spectra were taken on all samples and reference samples using the same settings as in the 

experiment described above (2.4.8).  
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3 Results and Discussion 

3.1 The presence of free thiols 
NBD-Cl titration showed that no free thiols were present in A23C/L203C from the first 

preparation procedure, so somewhere during the protein preparation the protein had been 

partially unfolded leading to oxidation of the cysteines. Non-reducing SDS-PAGE showed 

that monomeric and dimeric A23C/L203Cox were present. Reducing SDS-PAGE showed a 

very tiny or no band at the position of the dimer in the non-reducing gel. The absence of 

oligomers means that only one of the Cys residues, most likely C23, was exposed to the 

solution during the period when the protein obviously was partially unfolded.  

 
A second batch of protein was prepared as described above with extra caution taken to all 

preparation steps to ensure that the reduced protein would be obtained. Now the NBD-Cl 

titration showed that almost all the protein was in the reduced form. SDS-PAGE was run once 

again, both under reducing and non-reducing conditions. The gel showed some impurity of 

the protein sample and a small band indicating dimer formation. The sample under reducing 

conditions showed no presence of dimer, but also a small contaminant band. The purity was, 

however, enough for analysis so no further purification was done. Altogether three batches of 

protein were prepared as described.  

3.2 Stability measurements 
The first of the stability measurements were made with relatively few samples, with only one 

sample at each half unit between 0 and 6 M urea. This analysis was made just to 

approximately locate the transition, so another set of samples could be prepared with more 

points in the transition zone to ensure an accurate stability curve (Fig. 2). 
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Based on the first stability curve (Fig. 2) new samples were prepared. In the unfolding 

transition, between 2 and 6 M urea, 30 samples were prepared evenly distributed over the 

concentration span, in order to get an accurate picture of the stability of A23C/L203Cred 

towards the denaturant urea. Protein was incubated with urea for approximately 40 hours to 

reach equilibrium between the differently folded forms of the protein. This is especially 

important for the samples with concentrations of urea corresponding to the transition in the 

stability curve. As displayed in figure 3, A23C/L203Cred was found to have a two-state 

unfolding in urea (N�U). The midpoint concentration of unfolding was 3.77 M urea. 

Compared to HCA IIpwt the stability in urea is decreased with 0.63 M [21]. A result that was 

expected, since it has been shown that A23C/L203Cred has a decreased stability in GuHCl 
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Protein stability curve for A23C/L203Cred based on values 
obtained by Trp fluorescence measurements in various 
concentrations of urea.  
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Approximate stability curve for A23C/L203Cred based on 
values obtained by Trp fluorescence measurements in 
variuos concentrations of urea.  
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compared to HCA IIpwt [18]. The stability curve was also used to find conditions for a time 

study of disulfide bridge formation. Previous studies had shown that a denaturant 

concentration corresponding to 20 % denatured protein was ideal for the formation of the 

disulfide bond in question [20]. From the graph (Fig. 3) it was concluded that in this case a 

concentration of 2.9 M urea corresponded to approximately 20 % denatured A23C/L203Cred 

protein. 

3.3 Time study of disulfide bridge formation 
Results from the time study clearly showed that the formation of disulfide bridges was easily 

achieved also in the presence of the denaturant urea, as expected from the previous 

experiments in GuHCl. The control, protein incubated without urea, showed nearly no 

formation of S-S-bridges after about 100 hours, whereas the protein incubated with 2.9 M 

urea had formed around 80 % of the possible S-S-bridges (Fig. 4). These findings support the 

results and conclusions reported by Karlsson et al. that partial unfolding will facilitate 

disulfide bridge formation [20]. 

 

3.4 Control of possible dimer formation during urea and DTTox incubation  
Information about whether the disulfide bridges that formed in the experiment above (section 

3.3) were intra or intermolecular was obtained by SDS-PAGE analysis. A23C/L203Cred 
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Time course of formation of disulfide bridges in 
A23C/L203Cred. (1 equals 100 % of possible 
disulfide bridges formed) 

      A23C/L203Cred in 2.9 M urea with a 100-fold 
molar excess of DTTox. 
        A23C/L203Cred in 0 M urea with a 100-fold 
molar excess of DTTox . 
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incubated for 24 hours, under the same conditions as in the time study of disulfide bridge 

formation, was run on a SDS-PAGE gel under non reducing conditions. The result showed 

that most of the disulfide bridges formed are intramolecular. Only a slight fraction of the 

protein forms dimers and no oligomers are formed (For a picture of the gel see appendix). 

These results are consistent with those found by Karlsson et al. [20]. 

3.5 Formation of molten globule 
To analyze if the increased formation of disulfide bridges was due to the presence of a molten 

globule state or just caused by increased dynamics in the protein structure an ANS experiment 

was performed. Results showed a significant formation of a molten globule or a molten 

globule like state, similar to what was noticed in GuHCl [30]. The maximum of ANS binding 

corresponds well with the stability curve, compare Fig. 3 and Fig. 5. 

 

 
When analyzing previously recorded stability curves of HCA IIpwt in urea [21] it was found 

that the stability curve for A23C/L203Cred  was markedly wider and not as steep as previously 

observed. The transition for A23C/L203Cred spanned over a larger range of urea 

concentrations. In GuHCl A23C/L203Cred  goes through a three state unfolding process, 

N�I�U [18]. With that in mind the conclusion was made that the A23C/L203C double 

mutation destabilizes the protein and the intermediate, so that the I�U transition moves to the 

left making the stability curve appear to be two-state. However, the intermediate is still 

ANS binding to A23C/L203Cred in different 
concentrations of denaturant to probe the 
occurance of molten globules. The maximum 
ANS fluorescence intensity plotted against 
denaturant concentration. 
          A23C/L203Cred with ANS in GuHCl. 

          A23C/L203Cred with ANS in urea. 
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present, as shown by the ANS binding experiment. In the beginning of the stability curve 

there is an equilibrium between the N and I states, but when passing the midpoint and 

approaching 4 M urea and above the equilibrium is between the I and U states. This is also 

supported by the width of the stability curve. The maximum of ANS binding corresponds well 

with the midpoint concentration of denaturation according to the stability curve. These results 

indicate that A23C/L203Cred  behaves in similar ways when unfolded in urea or GuHCl. With 

that as a background it was decided that the subsequent analyses were to be made with GuHCl 

as the denaturant instead of urea, since it affects the protein in the same way as urea, when it 

comes to the aspects of interest here.  

3.6 CO2-hydration/enzyme activity measurements 
Three different refolding kinetic measurements with A23C/L203Cred were made, all three 

with different conditions of refolding. The parameters varied were the final concentration of 

GuHCl in the refolding buffer and its pH. When the final concentration of GuHCl was 0.3 M 

the activity of the refolded protein was as expected [19]. All conditions were then optimal for 

refolding of HCA II. Reactivation was as high as around 90 %, with a somewhat deviant data 

point of activity above that of native A23C/L203Cred  after 240 minutes (Fig. 6). When the 

final concentration of GuHCl in the refolding buffer was 0.6 M the reactivation reached about 

80 % at pH 7.5 (Fig. 7A and B). In these experiments the data points are however somewhat 

more scattered. In both the mentioned experiments the activity reaches 50 % after only about 

two minutes of refolding. In the third and final experiment the GuHCl concentration of the 

refolding buffer was again 0.6 M, but pH was raised to 8.5 from 7.5. As seen in figure 7A and 

B the reactivation was significantly lower than in the previous two experiments, only about 40 

% as compared to almost 80–90 %.  
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The reason that the reactivation is not 100 % depends mainly on aggregation of the protein 

during the refolding process. This is true for all three experiments done. It has previously been 

established that higher GuHCl concentrations and higher pH decrease the reactivation yield 

because of aggregation [31]. The experiments were designed to see if disulfide bridge 

formation during refolding could be detected in some way. The formation of disulfide bridges 

have two effects on the protein; it helps the protein to find and maintain its native/active 

conformation [18–20] but also leads to a lower CO2-hydration activity of the oxidized protein. 

The CO2-hydration activity of A23C/L203Cox is about 30 % lower than that for 

A23C/L203Cred, relative to HCA IIpwt [18]. With this knowledge in mind we have two 

24020016012080400

1

0,8

0,6

0,4

0,2

0

Refolding time (min)

F
ra

ct
io

n 
re

ac
tiv

at
ed

Fig. 7A

150012009006003000

1

0,8

0,6

0,4

0,2

0

Refolding time (min)

F
ra

ct
io

n 
re

ac
tiv

at
ed

 

Fig. 7B

Refolding of A23C/L203Cred in 0.6 M GuHCl at pH 
7.5 (   ) and at pH 8.5 (   ) monitored by the recovery 
of CO2-hydration activity.  
7A: Refolding from 0 to 250 minutes.  

7B: Refolding from 0 to 1500 minutes.           
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mechanisms that will counteract each other. If the protein is oxidized, the higher yield 

obtained will mean higher activity, but at the same time the oxidized form of the protein has a 

lower activity than the reduced form. As can be seen for the experiments with 0.6 M GuHCl, 

both at pH 7.5 and 8.5, the activity decreases substantially after approximately 24 hours, as 

compared with the activity after three to four hours reactivation. This indicates that more of 

the protein is being oxidized in the time interval 4–24 hours. For the pH 8.5 experiment the 

relatively low reactivation degree can be ascribed to the fact that more of the protein is being 

oxidized from the start of refolding. Although, the lower reactivation yield at higher pH 

probably also contributes to the decrease in CO2-hydration activity making it larger than it 

would be if only the lower CO2-hydration activity of A23C/L203Cox was responsible. Higher 

pH is known to affect the refolding yield negatively, as shown from reactivation studies on 

HCA I by Carlsson et al. [31]. So formation of disulfide bridges during refolding probably has 

the same optimal conditions as disulfide bridge formation during incubation [20].  

3.7 Finding conditions to monitor disulfide bridge formation during folding 
In order to achieve a successful refolding of HCA II with acceptable yields the protein 

concentration has to be kept low, at 0.025 mg/mL ideally or 0.05 mg/mL at the most [31]. If 

aliquots are withdrawn and diluted with GuHCl to stop the refolding reaction and to make the 

Cys residues accessible for titrations of free thiols, the protein concentration would be too low 

for determination by DTNB titration. DTNB titration requires a protein concentration of 0.5 

mg/mL when a 1-cm cuvette is used. That problem can be solved by using a 10-cm cuvette, 

which means that the protein concentration only has to be 0.05 mg/mL. Results showed that 

the lowest possible GuHCl concentration that gave accurate results, i.e. the same A412 as at 5 

M GuHCl, where all free thiols are accessible to DTNB, was 2.5 M (For data see table 1 in 

appendix). This finding was expected, since if you study the stability curve for 

A23C/L203Cred in GuHCl, 2.5 M is the lowest denaturant concentration where 

A23C/L203Cred is fully denatured [18]. Although the results were expected it was thought that 

the relatively high reactivity of DTNB towards thiol groups maybe was enough to make it 

possible to perform titrations of free thiols on not fully unfolded A23C/L203Cred, i.e. in a 

GuHCl concentration lower than 2.5 M. Thus, if the refolding is performed at a protein 

concentration of 0.05 mg/mL, which is the highest acceptable concentration giving a 

reasonably high yield, the protein concentration would not be higher than approximately 0.03 

mg/mL when unfolded in 2.5 M GuHCl. For a DTNB and also an NBD-Cl titration of thiols a 

concentration of 0.5 mg/mL is desirable. This means that even if a 10-cm cuvette is to be used 
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the absorbance would not be enough for reliable results.  

3.8 Fluorophore labeling of free thiols during folding 
The formation of disulfide bridges during refolding was studied with the help of the 

fluorescent probe IAEDANS. Because of the higher sensitivity of fluorescence compared to 

absorbance spectroscopy IAEDANS was used to titrate free thiols in A23C/L203Cred during 

the course of refolding, instead of standard methods such as titration with NBD-Cl or DTNB. 

The results show a similar pattern, with some differences, to those obtained from the CO2-

hydration study discussed above. One observation that differs between the three IAEDANS-

experiments is the rate of disulfide bridge formation. For the 0.3 M GuHCl experiment (Fig. 

8) the immediate level of oxidized thiols is about 0.2 and after approximately 90 minutes it 

starts to slowly increase. For the other two refolding experiments at 0.6 M GuHCl (Fig. 9A 

and B) we immediately see a disulfide bridge level of 30 % and 20 % for pH 7.5 and 8.5, 

respectively. Thereafter the level of disulfide bridges increases steadily until 4 hours are 

reached, when the increase levels out for the next 20 hours. Contradictory to earlier results 

obtained with the native A23C/L203Cred the most disulfide bonds seem to form when the pH 

is 7.5 and the GuHCl concentration is 0.6 M.  

 
On the other hand the largest measurable increment of the amount of formed disulfide 

bridges, i.e. between 15 seconds and 22 hours, is seen for the pH 8.5 experiment. For the 

initial disulfide formation events in the refolding of A23C/L203Cred no information can be 

found in the experiments performed here. The first time points were measured, as fast as 

possible, which was after 15 seconds of refolding. It may be worth to notice that all three 

experiments were not done simultaneously. Although extra care was taken to exactly repeat 

the conditions of the experiments variations between them can occur. The results from the 

IAEDANS-experiment show that refolding to a higher concentration of GuHCl gives a higher 

yield of disulfide bridges. When it comes to the pH-value both 7.5 and 8.5 seem to have 

advantages. When the pH is 7.5 the total yield is higher but at pH 8.5 the increase of disulfide 

bridges is larger for longer refolding times, in the time span 4–22 hours. Interesting 

comparisons can also be made with the time study of disulfide bridge formation when 

A23C/L203Cred was incubated for 20 hours in 0.6 M GuHCl without DTTox  that Karlsson et 

al. did [20]. After 20 hours of incubation less than 10 % of the possible disulfide bridges had 

formed as compared to 20–30 % after only seconds of refolding seen here (Fig. 8–9). Even 

when incubated with DTTox it takes about 5 to 10 hours before 20–30 % of the disulfide 
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bridges are formed [20]. When the incubation was done in 2.9 M urea, supplemented with 

DTTox , it took 10–15 hours to reach similar levels of disulfide bridge formation (Fig. 4, 

section 3.1). It is also worth to note that when A23C/L203C is expressed in E. coli it does not 

form any disulfide bridges during folding, since when it is purified the reduced form is 

obtained. This is probably due to the reducing conditions in the cytoplasm. In vitro, in the 

native state, at 0 M denaturant, A23C/L203Cred  has a hard time forming any disulfide bridges 

at all. That is much like the folding environment inside the E. coli cells. During the in vitro 

refolding experiments performed here, under non-oxidizing conditions, as much as 40 % 

disulfide bridges are formed. This must be due to the fact that moderate concentrations of a 

denaturant, GuHCl or urea, soften the structure and reduce constraints in the conformation.  

 

 

 

 

 

 

 

 

 

 

24020016012080400

1

0,8

0,6

0,4

0,2

0

Refolding time (min)

F
ra

ct
io

n 
ox

id
iz

ed

Fig. 8

Refolding of A23C/L203Cred in 0.3 M GuHCl. 
Disulfide bridge formation monitored by titration of 
free thiols with IAEDANS (1 equals 100 % of possible 
disulfide bridges formed). 
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Fig. 9B

Refolding of A23C/L203Cred in 0.6 M GuHCl at pH 7.5 (   ) and pH 8.5 
(   ). Disulfide bridge formation monitored by titration of free thiols with 
IAEDANS (1 equals 100 % of possible disulfide bridges formed). 
9A: Refolding from 0 to 240 minutes.  

9B: Refolding from 0 to 1340 minutes. 
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4 Conclusion 
The time study of disulfide bridge formation in A23C/L203Cred , done in the presence of 2.9 

M urea and 13.6 mM DTTox  at pH 8.5, shows that a mild concentration of urea has the same 

effect as a mild concentration of GuHCl [20]. The formation of disulfide bridges increases for 

about 75 hours before leveling out. At that time approximately 77 % of the possible disulfide 

bridges have formed for the urea incubated protein, whereas for the protein incubated without 

urea the corresponding number is just below 10 %. It was also found that incubating the 

protein in 2.9 M urea gives very small amount of formed dimers and no multimers.  

 
The ANS incubation experiments showed that A23C/L203Cred  forms almost as much molten 

globule in urea as in GuHCl, unlike HCA IIpwt  [21]. This leads to the conclusion that it is the 

molten globule, or intermediate, state that brings the cysteines to a more favorable 

environment, considering disulfide bridge formation. This may mean a more dynamic and 

mobile environment or that they are brought together in more favorable positions than in the 

native state. Another fact supporting the idea that it is the molten globule state that increases 

the disulfide bridge formation are the time studies of disulfide bridge formation, done in both 

GuHCl and urea. When done in GuHCl 80 % of the possible disulfide bridges are formed 

within the first 20 hours [20]; after 20 hours in urea only about half of that amount has 

formed. The lesser amount of molten globule in urea could be responsible for the somewhat 

slower formation of disulfide bridges. After 100 hours in GuHCl 100 % of the bridges are 

formed and in urea that amount is 80 %. Furthermore, forming a non-native bond without 

imposing too much strain and minimizing structural constraints must be easier in a non-native 

structure than doing the same in a native structure.  

 
From the two different refolding experiments it can clearly be concluded that although the 

disulfide bridge is non-native it forms during refolding in vitro, something that does not 

happen in vivo. It does not form to 100 % but the yield of disulfide bridges can be slightly 

increased if the protein is refolded to a higher concentration of GuHCl than usually done, i.e. 

0.6 M instead of 0.3 M. That is the same concentration that gives the fastest and most efficient 

formation of intramolecular disulfides in native A23C/L203Cred [20]. The refolding has been 

performed without the presence of DTTox . Within one hour of refolding the same amount of 

disulfide bridges can be formed, without DTTox , as is obtained after approximately 5 hours 

incubation, with DTTox  present. This indicates that the presence of a denaturant during 
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refolding affects the transient folding intermediates in a way that facilitate disulfide bridge 

formation, presumably by making the structure containing the cysteines more flexible.  

4.1 Future Prospects 
Further studies could include characterizing the behavior of fully oxidized A23C/L203C in 

urea, concerning stability, unfolding behavior and other aspects. As for the reduced protein, 

analysis in urea with for example CD spectroscopy would be interesting to get a clearer 

picture of the molten globule, to what extent it is formed and if it is a true molten globule. 

Also interesting could be to utilize the found protein stretching capability of GroEL to see if 

that could induce disulfide bridge formation in a similar fashion as denaturants. Yet another 

thing worth investigating would be refolding in the presence of DTTox . Some problems could 

be associated with that, but if successful fully oxidized A23C/L203C could be obtained in a 

fraction of the time it takes today. The problems could include incorrectly formed disulfide 

bridges leading to incorrectly folded protein. This could however, be circumnavigated by 

using a mixture of DTTox and DTTred. Finally, it would be interesting to refine and develop 

the IAEDANS method used here for quantification of disulfides. Of course, even more 

interesting aspects of this mutant protein are waiting to be examined.  
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Appendix 

Media, buffers and gels 

2 X LB-medium 
20 g/L trypticase 

20 g/L NaCl 

10 g/L yeast extract 

pH 7.5, adjusted with NaOH. 

Equilibration buffer 
0.1 M Tris-H2SO4 

0.2 M K2SO4 

pH 9.0 

Supplemented with 2 mM DTTred. 

Elution buffer 
0.1 M Tris-H2SO4 

0.4 M NaN3 

pH 7.0 

Supplemented with 2 mM DTTred. 

Dialysis buffer (Stock solution) 
1 M Tris-H2SO4 

pH 7.5 

Diluted 100 times when used. 

Stock buffer 1 
1 M Tris-H2SO4 

pH 7.5 

Stock buffer 2 
1 M Tris-H2SO4 

pH 8.5 
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Stock buffer 3 
2M Tris-H2SO4 

pH 8.5 

CO2-activity buffer 1 
25 mM Veronal-H2SO4 (Veronal: 5,5-diethyl-1,3-diazinane-2,4,6-trione ethylbarbital) 

pH 8.2 

20 mg/L Bromothymolblue 

0.5 mM Ethylenediaminetetraacetic acid (EDTA) 

CO2-activity buffer 2 
0.2 M Na-phosphate 

pH 6.5 

Gel staining solution 
0.1 % (w/v) Coomassie Blue R-250 

40 % (v/v) Methanol 

10 % (v/v) Acetic acid 

50 % H2O 

Destaining solution 
40 % (v/v) Methanol  

10 % Acetic acid 

50 % H2O 

Separation gel (SDS-PAGE) 
4 mL 33 % (w/v) acrylamide  

1.4 mL 1% (w/v) bis-acrylamide  

2 mL 2.122 M Tris-HCl, pH 9.18 

1.4 mL H2O 

200 µL 5 % K2S2O8 (APS) 

For polymerisation add 23µL TEMED (N,N,N’,N’-tetramethylethylenediamine). 

Concentration gel (SDS-PAGE) 
1.25 mL 33 % (w/v) acrylamide 

2.5 mL 1% (w/v) bis-acrylamide 
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1.25 mL 0.541 M Tris-HCl, pH 6.10 

4.8 mL H2O 

200 µL 5 % K2S2O8 (APS) 

For polymerisation add 20 µL TEMED. 

Electrode buffer for SDS-PAGE 
15 g/L Tris  

72 g/L glycin  

5 g/L SDS (Sodium dodecyl sulfate)  

Diluted 5 times when used. 

Table 1 

 

[GdmHCl] (M) A412 (0 s) A412 (180 s) 

0.0 0.108 0.352 

2.0 0.390 0.413 

2.5 0.429 0.440 

5.0 0.426 0.437 

100% reduced cysteines equals an A412 of 0.480. All absorbance measurements were run twice, values are 

averaged.  

∆G as a function of urea concentration 
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∆GH2O (A23C/L203Cred) = 12.77kJ/mol (3.05kcal/mol) 

Cm (A23C/L203Cred) = 3.77M (Cm is the transition midpoint concentration from the 

inactivation curve) 

m = 3.39 kJ/mol/M (0.81 kcal/mol/M) 
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SDS-PAGE of urea incubated protein 

 
The tiny band encircled on the gel is the formed dimers, no multimeric bands are visible.  

         1    2        3          4        5 

1. HCA IIpwt, reducing conditions in the gel. 
2. A23C/L203Cred, reducing conditions in the gel. 
3. A23C/L203Cred, non reducing conditions in the gel. 
4. A23C/L203Cred incubated in 2.9 M urea with a 100-fold molar 

excess of DTTox for 24 hours, reducing conditions in the gel. 
5. A23C/L203Cred incubated in 2.9 M urea with a 100-fold molar 

excess of DTTox for 24 hours, non reducing conditions in the 
gel. 

The arrow indicates migration direction. 


