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Abstract:  

Non-native and denatured states of proteins have received increasing attention because of 

their relevance to issues such as protein folding and stability. In this context, the pathway 

of polypeptide collapse and random coil formation in a denatured protein is a subject of 

much interest. Most proteins so far studied have shown monotonic expansion of their 

hydrodynamic radius (RH) in presence of increasing concentration of chaotropes. We have 

studied GdnHCl-induced folding transitions and conformational states of a multi-domain 

protein, bovine gamma globulin, using fluorescence, circular dichroism and fluorescence 

correlation spectroscopy (FCS). FCS measurements showed that for gamma globulin, 

contrary to the observed trend, RH decreases with increasing GdnHCl concentration up to 3 

M. At higher GdnHCl concentration, RH starts to increase but exhibits complicated 

behavior in the form of two sharp maxima at 4 M and 7 M. Further experiments suggest 

that the maximum at 4 M GdnHCl arises due to electrostatic interaction, whereas the one at 

7 M GdnHCl corresponds to the usual expanded conformation due to denaturation. Beyond 

7 M GdnHCl, RH decreases drastically and is shown to result from fragmentation of the 

protein caused by rupture of disulphide bonds by the high GdnHCl concentration. Our 

results demonstrate the capability of FCS in revealing intricate details of the unfolding 

trajectory that elude conventional ensemble techniques such as fluorescence and CD. 
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 Introduction 

In the ongoing quest for understanding the mechanism and pathway of protein 

denaturation, a detailed description of the partially or fully denatured state of proteins 

remains an important unresolved issue. An increasing number of studies are thus focusing 

on the conformation and dynamics of proteins in their extended state using ensemble or 

single molecular techniques [1,2]. Protein denaturation is a highly heterogeneous process 

in which rarely populated intermediate states may play an important role. Single-molecule 

techniques are ideally suited to resolve these heterogeneities [3-5]. Most unfolding studies 

focus on polypeptide chains of single domain proteins. Although the same basic principles 

should also apply to the folding of individual domains of multi-domain proteins, 

interaction between domains is expected to play a central role in their stability, dynamics 

of unfolding and aggregation [6,7]. 

Gamma globulins (γG) are globular serum proteins of which the most significant fractions 

are immunoglobulins, also known as antibodies [8]. Antibodies are Y-shaped molecules 

that have two different functions: they bind antigens such as bacteria and viruses and 

induce a series of other ‘effector functions’ as a result of antigen binding. Their generic Y-

shaped structure consists of four polypeptide chains: two pairs of identical light (MW 22-

23 kD) and heavy (MW 50-70 kD) chains, with each light and heavy chain combination 

arranged as one arm of the Y (Fab segment) [9-11]. The heavy chains, which extend to form 

the base of the Y (Fc segment), are interconnected through disulphide bonds, with several 

more disulphides being present in and between the light and heavy chains [12]. The spatial 

arrangement of these four polypeptide chains into separate compact globular regions, 

called fragments or domains, is key to its various biological functions such as antigen 
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recognition and binding. The disulphides are susceptible to chemical modification that, in 

turn, can generate structural variants and have a strong impact on the overall behavior of 

these proteins.  

Rowe and Tanford (1973) have proposed the existence of partly denatured intermediates of 

immunoglobulin, though no stable intermediates have yet been identified. Goto et al. 

(1988) suggested that the denaturation of the immunoglobulin fragments, Fab and Fc, is best 

described as a two-state process. Vermeer et al. have investigated the effect of temperature 

and role of hydrophobic interactions in understanding the stability of immunoglobulin 

using differential scanning calorimetry (DSC) and CD spectroscopy [13-18]. However, 

these studies failed to elucidate to what extent the denaturation of immunoglobulin is 

reversible, how it depends on the solution conditions, and whether the denaturation 

mechanism is cooperative.  

In the present paper, we have studied GdnHCl-induced denaturation of bovine gamma 

globulin using fluorescence and circular dichroism spectroscopy and fluorescence 

correlation spectroscopy (FCS). With the potential to monitor events on time scales from 

nanoseconds to seconds, FCS has emerged as a sensitive tool for characterizing the 

dynamics of systems of biophysical and biochemical interest [19-21]. FCS correlates 

fluctuations in emission intensities arising from diffusion of flurophores through a small 

confocal volume, rendering a convenient means to assess the characteristic diffusion time 

and hydrodynamic radius of the diffusing species. The overall results obtained by 

conventional fluorescence spectroscopy and FCS were consistent and indicated that 

denaturation of gamma globulin is reversible for GdnHCl concentrations up to 6 M. 

However, use of FCS revealed many more unexpected features of the unfolding trajectory 
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than shown by fluorescence and CD measurements. In addition, it was found that GdnHCl 

fragments the protein through disruption of the disulphide bonds. 

 

Results and Discussion 

Fluorescence spectroscopy   

The emission maximum (λmax) of tryptophan emission from native γG occurs at ~340 nm. 

Fig. 1 shows that upon denaturation in presence of increasing concentration of GdnHCl, 

λmax increases in sigmoidal fashion, signifying cooperative transition between the native 

and denatured states of γG. Fitting the data in Fig. 1 to a sigmoidal function gave a value of 

(2.45±0.05) M for the midpoint of the transition (Cm). Fig. 1 also shows the values of λmax 

obtained when γG, after being treated by progressively increasing concentration of 

GdnHCl up to 6 M, was allowed to fold back from its denatured state by stepwise dilution 

of GdnHCl with buffer. The λmax vs. [GdnHCl] data obtained during the course of 

denaturation and renaturation superpose very closely, indicating that the trajectory of the 

unfolding transition was fully reversible from the denatured state in 6 M GdnHCl. 

However, renaturation from the denatured state at 7.5 M GdnHCl yielded a value of λmax = 

357 nm at 1 M GdnHCl, which is very different from its value (342 nm) obtained for the 

same concentration of GdnHCl during denaturation from the native state (Fig. 1). This 

result indicated that the protein lost its structural integrity to a major extent when subjected 

to such high GdnHCl concentration (7.5 M). 
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Fig. 1 Change in wavelength of Trp emission maxima of γG in presence of varying 

concentration of GdnHCl during unfolding (  ) from the native state and refolding from 6 

M ( ) and 7.5 M (  ) GdnHCl. The solid line represents a sigmoidal fit of the data for 

unfolding from the native state.  

 

Circular Dichroism spectroscopy 

CD spectroscopy is widely used to monitor the loss of folded structure of a protein during 

denaturation [22]. In most cases, denaturation entails the loss of secondary structural 

motifs such as alpha helix or beta sheet and concomitant enhancement of random coil 

features. The CD spectra in Fig. 2a represent the changing secondary structural features of 

γG on being presented with increasing GdnHCl concentration. The shape of the plot of the 

mean residue ellipticity at 218 nm (θ218) vs. GdnHCl concentration (Fig. 2b) confirms the 

cooperative nature of the unfolding transition. Fitting the data in Fig. 2b to a sigmoidal 

function yields a value of (2.95±0.15) M for Cm, which is somewhat higher than its value 

(~2.5 M) obtained from fluorescence measurement (Fig. 1). This small difference may 
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signify a minor departure from a simple two-state unfolding of γG, which is not 

unexpected for a large multi-domain protein [23]. 
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Fig. 2 a) Far-UV CD spectra of γG in presence of varying concentrations of GdnHCl. b)  

Plot of mean residue ellipticity at 218 nm (θ218) vs. GdnHCl concentration, superposed 

with a fit of the data points to a sigmoidal function.  

 

A number of algorithms exist which use the far-UV CD spectra to provide an estimate of 

the secondary structure composition of proteins. We have employed the widely used 

algorithm CDSSTR [24-26] to calculate the relative proportions of various secondary 

structure elements in γG at different GdnHCl concentrations (Table S1). The NRMSD 

values, which indicate the accuracy of fit of the calculated spectra with the experimental 

ones, were less than 0.03 in most cases, allowing us to conclude that the quality of the fits 

were good [27]. 
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Fig. 3 Plot of secondary structure percentages (alpha, beta+turn, coil) as function of 

GdnHCl concentration emerging from fits of the CD spectra in Fig. 2(a). 

 

Fig. 3 shows a plot of the percentages of secondary structure elements as function of 

GdnHCl concentration. It shows that with increase of GdnHCl concentration from 0 to 2.5 

M, there is a steady increase in the helix content of γG as well as decrease in the beta sheet, 

turn and random coil contents, suggesting that increasing GdnHCl concentrations up to 2.5 

M actually induces a transition from random coil and sheet structure to α−helical segments 

in γG. Although prediction of exact region(s) in γG where this transformation occurs is not 

possible, one may speculate that it involves the hinge region connecting the two arms of 

the Y to the base, where the solvent accessibility is higher than in other regions of the 

protein [12, 28].   

 

Fluorescence Correlation Spectroscopy (FCS) 

To obtain information about how the conformational properties of γG change during 

denaturation in more detail than that provided by the ensemble spectroscopic techniques of 
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fluorescence and CD spectroscopy, its diffusive behavior in solutions with varying 

GdnHCl concentration was explored with FCS. FCS allows determination of the mobility 

of fluorescent molecules in solution by fitting the autocorrelation function (ACF) to 

appropriate models. The simplest motion that can be addressed by this technique is random 

3D diffusion of a single species, which is appropriate for small fluorescent molecules such 

as EGFP or Rhodamine [29]. A large protein like γG, containing several spatially distinct 

domains, can exhibit complex diffusion behavior arising from conformational fluctuations 

within domains as well as relative motion of domains, necessitating the use of more 

complicated models for its description [30]. Here we use a model which assumes a single 

diffusing species (with diffusion time τd) that undergoes a chemical reaction or 

conformational change between two conformers, say A (fluorescent) and B (non-

fluorescent), with a characteristic time constant τr << τd. The correlation function of such a 

system can be represented by [31]: 

   (1) 

where T is the amplitude of τr and represents the average fraction of molecules in the non-

fluorescent (dark) state. 

The result of fitting the ACF at several GdnHCl concentrations (0, 3, 5.5 and 7 M) to Eqn. 

(1) are shown in Fig. 4(a). Fig. 4(b) shows a superposition of the fits of an ACF (of 40 nM 

R-γG) both to Eqn. (1) and to the simple 3D diffusion model (without the contribution of 

conformational fluctuations, i.e. G(τd)) in the time range from 20 µsec to 1 sec, where the 

effect of τr (typically 7-10 µsec) is expected to be insignificant. The fits in the overlapping 

region were found to be equally good, with the best fit values of τd differing by 1-2% in the 

two cases.  
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Fig. 4 a) Normalized Autocorrelation Function (ACF) of 40 nM R-γG in various 

concentrations of GdnHCl: 0 M, 3 M, 5.5M and 7M. Solid lines are fits of the data to Eq. 1 

of text, while the traces at the bottom show the residuals of the fits. b) Superposition of fits 

of the Normalized ACF of 40 nM R-γG to both the conformational fluctuation model (Eqn. 

(1)) and a simple 3D diffusion model, together with the corresponding residuals. 

 

FCS measurements on rhodamine B isothiocyanate-labeled γG (R-γG) in the native state 

yielded a diffusion time of ~190 µsec. The hydrodynamic radius (RH) of a spherical 

diffusing species is related to diffusion time (τD) through the equation 

         τD = 6ӆηRH (r0
2) / 4kBT    (2) 

where  r0   is  the  lateral  radius  of  the  confocal  volume  element  (∼0.204  µm  in  our 

case),  η is the viscosity of the solution, kB  is Boltzmann's constant and T is the absolute 

temperature. Using this, the hydrodynamic radius of R-γG was calculated to be ~56 Å, 

agreeing well with the radius of the γG molecule determined by other methods [32]. Since 

viscosity effects of GdnHCl were already accounted for in the normalization procedure 

(described in Material and Methods section), η was taken to be that of water for all 
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concentrations of GdnHCl while calculating RH. CD spectra of Rh-labeled and unlabeled 

γG, as well as their denaturation profiles determined by fluorescence (Fig. S1), were 

almost identical, confirming that labeling with Rh did not affect the structural integrity or 

the stability of the protein.  
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Fig. 5 Hydrodynamic radius (RH) of R-γG in different concentrations of GdnHCl as 

obtained from FCS measurement. 

Fig. 5 shows a plot of the FCS-determined hydrodynamic radius (RH) of R-γG as a 

function of GdnHCl concentration from 0 to 7 M. If, as per conventional wisdom, the 

protein were to lose its structure and compactness continuously in presence of increasing 

denaturant concentration, there would have been a monotonous increase in RH over the 

whole range studied [33]. Instead, what is observed is an unusual multi-modal dependence 

of RH on the concentration of GdnHCl, a characteristic seldom found for other proteins. In 

particular, three key results deserve elaboration and suggest an unusual course of 

denaturation-induced conformational dynamics of γG. First, for GdnHCl concentrations 

below and up to 3 M, a substantial compaction of γG occurs whereby its RH decreases from 
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its native-state value of 56 Å to ~20 Å.  Second, on increasing the denaturant concentration 

further RH exhibits a very pronounced maximum of magnitude 36 Å at 4 M GdnHCl, 

followed by a minimum of 15 Å at 4. 5 M. Third, a further increase in [GdnHCl] from 5 M 

to 7 M results in a considerable expansion of the protein molecules, as evidenced by the 

significant increase in RH to about 75 Å, followed by a very steep decrease of RH to 32 Å at 

7.5 M GdnHCl.  

A major limitation of the conventional models used in fitting FCS data is that all of them 

assume a small number of diffusing species and are adequate for describing simple systems 

with limited heterogeneity. This approach is inadequate for extracting physically 

meaningful inferences from a protein solution where a large number of conformations may 

coexist. To overcome this problem, a model-free approach has been developed that utilizes 

a maximum entropy method-based algorithm (MEMFCS) to analyze the FCS data [34,35]. 

Using the value of G(τd) Eq. (1), this analysis interprets the data in terms of a quasi-

continuous distribution of particle sizes and yields the widest possible size distribution that 

is consistent with the data (Fig. S3a)). We have used the MEMFCS program with 150 

components to analyze our FCS data. The distribution of diffusion times obtained from 

these fits show a single peak for all GdnHCl concentrations (Fig. S3a). It is also observed 

that for each GdnHCl concentration, the value of τd at the peak of the distribution in Fig. 

S3a) agrees well with the corresponding value of τd obtained by fitting the ACF to Eqn. (1) 

(Fig. S3b).  

The decrease in RH from 56 Å in the native state to about 20 Å at 3 M GdnHCl implies that 

the protein adopts a much more compact conformation in this condition. Analysis of CD 

spectra indicates increase in helical content and concomitant loss of random coil structure 
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between 0–3 M GdnHCl concentration (Fig. 3, Table S1). Since the Fab and Fc domains of 

γG are connected via random coil-rich hinge regions forming a Y-shaped structure, we 

propose that this compaction of γG occurs through transformation of the random coil 

segments in the hinge region into helical structures. The helices are subsequently drawn 

into the hydrophobic core at the junction of the Fab and Fc domains, resulting in a 

significant reduction of the overall spatial extent of the protein. It has been reported that 

proteins containing stiff lobes, such as calmodulin, undergo a preliminary compaction in 

hydrodynamic radius upon denaturation [36]. A study on immunoglobulin suggests that the 

Fab and Fc fragments can retain their structural integrity when the protein is cleaved by 

papain digestion, which indicates the stiffness of these distinctly separated lobe-like 

structures [18]. Our present finding, that the native conformation of γG becomes more 

compact upon denaturation with low concentration of GdnHCl (< 3 M), is thus consistent 

with the reported trend. 

Beyond 3 M GdnHCl RH increases sharply, reaching a peak at 4 M. This could have been 

the result of aggregation of the diffusing species, but the subsequent decrease of RH to a 

minimum at 5 M GdnHCl precludes that possibility as aggregation is usually an 

irreversible process. In any case, experimental conditions were controlled to rule out 

formation of aggregates. For example, the concentration of R-γG in all samples on which 

FCS measurements were carried out was 40 nM, for which the aggregation probability 

should be negligibly small. In addition, the reversibility of the GdnHCl-induced 

denaturation of R-γG was investigated to determine whether or not the protein molecules 

remained predominantly monomeric during the course of denaturation. Fig. 6 shows that 

the plot of the hydrodynamic radius (as calculated from the measured diffusion time) vs. 
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[GdnHCl] was exactly reversible within experimental errors when the unfolded protein was 

subjected to decreasing denaturant concentrations by serial dilution from 6.5 M GdnHCl. 
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Fig. 6 Hydrodynamic radius (RH) of R-γG in different concentrations of GdnHCl during 

unfolding(   ) and refolding (   ) from 6.5 M GdnHCl. 

In view of the irreversible nature of the process of aggregation, the above result established 

that the large values of RH observed at 4 M and between 6 and 7 M GdnHCl could not be 

ascribed to diffusion of R-γG aggregates. This interpretation was also supported by the 

exact superposition of the results of fluorescence measurements of unfolding and refolding 

shown in Fig. 1.  

In a previous FCS study on GdnHCl-induced denaturation of the F(ab’)2 fragment of goat 

anti-rabbit antibody immunoglobulin,  Guo et al. have suggested electrostatic repulsion to 

be among the predominant factors leading to formation of an expanded protein ensemble at 

intermediate denaturant concentration (4 M GdnHCl) [33]. To test the veracity of this 

hypothesis we repeated the denaturation experiment in presence of 2 M NaCl in solution, 

both by fluorescence and FCS. Fluorescence measurements show that the trp emission 

maximum (λmax) of native R-γG undergoes a blue shift of 5 nm from its value in absence of 
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NaCl, implying that NaCl shifts the location of the trp residues into more hydrophobic 

regions of the protein (Fig. S2). The unfolding profile is also sharper in the transition 

region but the transition midpoint Cm occurs at (2.75±0.04) M GdnHCl, showing that 

stability is increased only marginally with NaCl addition.   
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Fig. 7 Plot of hydrodynamic radius (RH) of R-γG in varying concentration of GdnHCl in 

presence (   ) and absence (   ) of 2 M NaCl.  

 

Fig. 7 compares the results of FCS measurements in presence and absence of NaCl. 

Strikingly, the presence of 2 M NaCl suppressed the peak in RH at 4 M GdnHCl – it 

decreases from 35 Å in absence of NaCl to 15 Å in its presence – but had little influence on 

the value of RH in the range of 5-7 M GdnHCl. The result suggests that the sharp 

maximum of RH between 3 and 5 M GdnHCl may actually be due to electrostatic repulsion 

created under denaturating condition. The expansion caused by repulsion between the 

charged domains of γG reaches a maximum at 4 M GdnHCl before screening by 

guanidium ions reverses the trend, producing a highly compact state at 5 M GdnHCl (Fig. 

5).  
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Both GdnHCl and NaCl are salts and in solution can disrupt hydrophobic interactions and 

influence electrostatic forces. However Na+, by virtue of its much smaller size (~1Å) than 

Gdn+ (~3Å), can approach the protein surface more closely and provide better electrostatic 

shielding than the latter, preventing formation of the expanded state at 4 M GdnHCl. 

Overall, these results suggest that electrostatic interactions play an important role in 

defining the final molecular dimensions of the denatured γG molecules. Thus, while the 

unfolding trajectory of γG is dominated by electrostatic shielding at GdnHCl 

concentrations up to about 4 M, electrostatic shielding by Gdn+ ions reverses the trend to 

bring about a compact state at higher denaturant concentrations (~5 M). Charge-charge 

interactions have previously been shown to play an effective role in the unfolded states of 

various proteins such as barstar, cytochrome c, staphylococcal nuclease and ribonuclease S 

[30].  

The importance of electrostatic interactions was also evident in the unfolding trajectory of 

R-γG in urea (0-7 M), as measured by FCS. Urea is an uncharged denaturant which does 

not ionize in solution and is, therefore, not expected to cause effects similar to those 

ascribed to the strongly electrolytic nature of GdnHCl. Unfolding in urea produced 

continuous expansion of the protein (Fig. S4(a)), as evidenced by an almost monotonic 

increase of RH with urea concentration, without the pronounced maximum observed at 4 M 

GdnHCl. The unfolding profile of R-γG determined from tryptophan emission 

measurement (Fig. S4(b)) showed the protein to be much more resistant to denaturation by 

urea than by GdnHCl, as shown by the midpoints of the transition for these two 

denaturants (Cm = 2.5 M for GdnHCl and 5.25 M for urea). 
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In trying to characterize the conformational dynamics of γG beyond 5 M GdnHCl, it is 

pertinent to explore the role of disulfides in producing its drastically expanded 

conformational state. The disulfide bond structure of γG is a consistent structural feature 

that is highly conserved through evolution. The two heavy chains are attached in the hinge 

region by disulfide bonds. Although majority of the cysteine residues are in disulfide-

bonded states, free sulfhydryl groups have also been detected in γG [28]. When γG was 

preincubated with iodoacetamide to block the free sulfhydryl groups present in its native 

state and then denatured with increasing [GdnHCl], the increase of RH at 7 M GdnHCl was 

significantly reduced (Fig. 8).  
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Fig. 8 Hydrodynamic radius (RH) of R-γG in varying concentration of GdnHCl in presence 

(   ) and absence (   ) of iodoacetamide. 

 

This result points to the predominant role of free sulfhydryl groups in mediating the 

unusual increase in hydrodynamic radius (RH ~72 Å) of γG when [GdnHCl] was increased 

further from 5 M to 7 M (in absence of iodoacetamide).  Pre-incubation of γG with 

iodoacetamide ensured that all free sulfhydryl groups present in the native protein were 
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modified to ensure that no rearrangement of cysteine residues to form new disulphide 

bonds could take place during the denaturation process leading to lower probability of 

structural relaxation-driven expansion of the protein, and hence to smaller RH values (Fig. 

8).  

There is quite a bit of difference in the degree of solvent accessibility of inter-chain and 

intra-chain disulfide bonds in γG. The former are well exposed to the solvent, whereas the 

latter are found buried deep in between two layers of anti-parallel β-sheet structures within 

each domain and are not that much solvent exposed. This difference has important 

consequences: the exposed cysteine residues are found to be more reactive than non-

exposed ones. Though the hinge region is said to be solvent exposed, compaction caused 

by screening at 5 M GdnHCl leads to inaccessibility of the disulphides in the hinge region. 

Thus the steep rise in hydrodynamic radius beyond 5 M GdnHCl is likely due to swelling 

of the domains as a result of degradation of intra-chain disulphide bonds within the 

domains themselves, since the inter-chain disulphides in the hinge region are inaccessible 

under this condition. This result is consistent with the prediction of Guo et.al., who earlier 

calculated on the basis of Flory’s Scaling Law that RH of overextended Fab fragment may 

be as high as 113 Å.  

The large and abrupt decrease in hydrodynamic radius (RH) from nearly 72 Å to 30 Å in 

presence of 7.5 M GdnHCl is very unusual and indicates substantial change in molecular 

weight of the diffusing species. FCS is relatively insensitive to molecular mass as can be 

seen from the following equation relating molecular mass to the diffusion time of globular 

particles (e.g. proteins): 

                                                                                (3) 
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where  η  is  the  viscosity  of  the  sample  and  M  is  the  molecular  mass  of  the  

fluorescent  species.  In practice, the diffusion times need to be sufficiently different — a 

factor of at least 2 — which means the molecular masses must differ by a factor of 8 [37] 

in order to be detected with FCS. Using Eq. 1, the apparent change in molecular weight of 

R- γG between 7 and 7.5 M GdnHCl is approximately 20 times. We have also investigated 

the reversibility of denaturation of γG presented with 7.5 M GdnHCl. As shown in Fig. 9, 

renaturation from 7.5 M GdnHCl produced species with much smaller RH (~10 Å), 

indicating that the γG undergoes major conformational alteration at high GdnHCl 

concentration leading to formation of small molecular weight species. Fig. 9 shows that the 

refolding from 7.5 M GdnHCl-denatured state does not follow the same renaturation path 

as shown in Fig. 6, when the refolding experiments were performed from 6.5 M GdnHCl-

denatured state. CD spectra indicated that the secondary structure of γG was almost 

completely absent in 7.5 M GdnHCl (spectra were substantially noisy and not shown here). 

These observations led us to conclude that there is a strong possibility of fragmentation of 

γG at very high concentration of GdnHCl (7.5 M).  
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Fig. 9 Hydrodynamic radius (RH) of R-γG during unfolding in presence of increasing 

concentration of GdnHCl (  ) and refolding by dilution of the completely unfolded state at 

7.5 M GdnHCl (  ).  

 

Quantitation of free sulphydryl by DTNB assay 

A rise in concentration of free sulphydryls in γG under denaturing conditions, as compared 

with native conditions, has been previously reported [12]. This suggests that free 

sulphydryl is generated from both inter- and intra-chain disulfide bonds. Because in the 

native conformation, inter-chain disulfide bonds have higher degree of solvent exposure, 

they are more prone to degradation than intra-chain disulfide bonds. Florence et al. [12, 38] 

has shown that under basic conditions, disulfide bonds can disintegrate through the β-

elimination mechanism with formation of dehydroalanine and persulfide, which can further 

produce sulfur and cysteine. Overall, segmentation of the peptide occurs on the N-terminal 

side of the dehydroalanine groups and the peptide backbone is severed. Guanidine has a 

pKa of ~13.6 and at higher GdnHCl concentration Gdn+ is in equilibrium with Gdn. Thus 

the necessary basic condition prevails, which in turn helps in progression of the beta 

elimination reaction that leads to disulphide-mediated degradation. It thus appears that 

partial reduction of inter-chain disulfide bonds enhances the flexibility of the hinge region, 

resulting in detachment of the two domains. 

In order to prove that GdnHCl is capable of disulphide degradation through its basic 

nature, we have quantified the amount of thiol produced upon denaturation using Ellman’s 

protocol (1959) with 5,5'-dithiobis(2-nitrobenzoic acid) (Nbs2) [39]. Mixtures of γG with 

various concentrations of GdnHCl were treated with Nbs2 and their O.D. measured at 412 
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nm. As shown in Fig. 10 b, for a stock protein concentration of 133 µM, the thiol produced 

was found to be ~75 µM in the GdnHCl aliquots 0-4 M. For >5 M GdnHCl, a steep rise in 

thiol concentration (up to 100 µM) was observed.  
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Fig. 10 (a) Dependence of O.D. (at 412 nm) of Nbs2 on GdnHCl concentration in absence  

(  ) and presence (  ) of γG. The difference of O.D. between the two curves is proportional 

to the amount of free thiol produced by degradation of disulphides in γG. (b) Plot of thiol 

concentration versus GdnHCl concentration. 

 

It is clear that thiol production is on average constant for GdnHCl concentrations below 5 

M, implying that GdnHCl at lower concentrations (0-4 M) does not contribute to 

disulphide degradation. However, thiol concentration increases at higher concentration of 

GdnHCl (5 M onwards) and reaches a saturation concentration of ~100 µM at ~7 M 

GdnHCl, indicating that GdnHCl is effective in disulphide degradation. This result is in 

agreement with our hypothesis that the initial rise in RH after 5 M GdnHCl is due to intra-

chain disulfide bond degradation and thereafter loss of molecular weight of γG occurs due 

to fragmentation at the hinge region via disulphide degradation. 
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 Conclusions 

In a nutshell, the observations described above lead us to propose a scheme for the intricate 

dynamics of conformational transitions of the multi-domain protein γG. It is proposed that 

low concentrations of GdnHCl (up to 3 M) induce helix formation in the hinge region, 

which results in marked compaction of γG (56 Å to 20 Å). But interestingly, 4 M GdnHCl 

causes significant swelling of γG, most likely due to electrostatic repulsion. Higher 

concentration of Gdn+ and Cl- (5 M) can give rise to a shielding effect that reduces the 

electrostatic repulsion and again leads to a compact conformation. Even more increase in 

GdnHCl concentration disrupts the protein structure significantly leading to loosening of 

compact globular domains held together by mostly non-covalent and disulphide bonds. We 

speculate that the huge expansion in the hydrodynamic radius of γG in presence of 7 M 

GdnHCl was due to formation of unordered and expanded conformations, aided by 

degradation of intra-chain disulphide bonds. The decrease in RH at 7.5 M GdnHCl and 

DTNB assay signals degradation of inter-chain disulphide bonds via beta elimination 

reaction, resulting in fragmentation of γG to smaller molecular weight species. 

 

Materials and Methods 

All reagents, including bovine Gamma globulin, iodoacetamide, GdnHCl (8 M solution), 

sodium di-hydrogen phosphate, di-sodium hydrogen phosphate, rhodamine B  

isothiocyanate and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich 

(USA) and were of highest available purity. Triple distilled water from MilliQ source, 

Millipore Corporation (USA) was used for preparation of phosphate buffer. Denaturation 

experiments were carried out in 10 mM phosphate buffer, pH 7.4. The working 
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concentration of γG was 40 nM for FCS measurements and 1 µM for fluorescence and CD 

spectroscopy.  

Fluorescent labeling of γG 

The protein (8 mg/ml) was dissolved in 10 mM phosphate buffer, pH 7.4, at room 

temperature. A solution of 0.3 mg Rhodamine B isothiocyanate (RhB) in 500 µl DMSO 

was slowly added to this solution with constant stirring in nitrogen environment. The molar 

ratio of the dye and the protein was kept at 10:1. The resulting solution was incubated with 

shaking for 3 hrs at 4°C and then dialyzed extensively against 10 mM phosphate buffer, pH 

7.4 with change of buffer after every 6 hours to remove the free RhB. Further free RhB 

was removed by passing the dialyzed solution through a Sephadex G20 column 

equilibrated with 20 mM sodium phosphate buffer (pH 7.4) [20]. The rhodamine labeled 

protein thus obtained is denoted as R- γG. 

Spectroscopic Measurements 

 A Jasco V-650 absorption spectrophotometer (Jasco, Japan) and Hitachi F-7000 

spectrofluorometer were used for absorption and emission spectral studies, respectively, 

using a quartz cuvette of path length 1 cm. Excitation and emission bandwidths were kept 

at 2.5 nm for all fluorescence measurements. Denaturation was carried out by preparing a 

set of aliquots of 1 µM γG in GdnHCl solutions of varying concentration (0.5 M to 7.5 M) 

and leaving them aside for at least one hour to ensure maximum denaturing action of 

GdnHCl. Trp fluorescence emission spectra, with excitation at 295 nm, were recorded for 

each of the aliquots and the wavelengths at emission maxima (λmax) evaluated.  

Renaturation experiments were performed by serial dilution of the aliquot, containing γG 

denatured with 6.5 M GdnHCl, with phosphate buffer to arrive at gradually decreasing 
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concentrations of GdnHCl (6.5 to 1 M) and measuring the wavelength at fluorescence 

emission peak under the modified conditions. The sample corresponding to 0 M GdnHCl 

was obtained by dialyzing out GdnHCl from the sample having 1 M GdnHCl.  

Denaturation experiments were also performed using CD spectroscopy. CD spectra of γG 

in various GdnHCl concentrations were collected on a Chirascan CD spectrometer 

(Applied Photophysics, UK) using a rectangular cuvette of path length 0.1 mm and 

averaging five successive scans between 190 and 260 nm at a scan speed of 20 nm/min. 

The secondary structure content of the protein at a particular concentration of GdnHCl was 

calculated by analyzing its CD spectrum using the online fitting program CDSSTR 

(available free of charge on the website http://dichroweb.cryst.bbk.ac.uk), which allows 

estimation of relative contents of the four main types of secondary structures, viz. helix, 

sheet, turn and random coil, from the CD spectrum of a protein [24-26]. 

Fluorescence Correlation Spectroscopy (FCS) 

 FCS probes the fluctuations in fluorescence intensity induced by alterations in the excited 

singlet or triplet-state population, variation in concentration due to translational motion of 

the fluorophores in and out of the confocal volume, or changes in their physicochemical 

properties due to a chemical reaction or due to complexation. The normalized 

autocorrelation function G(τ) of the intensity fluctuations δF(t), 

    δF(t) = F(t) - <F>       (4) 

indicates the variation in the probability to register a second photon from the same 

molecule at the correlation time τ, once a first was emitted: 

                                                

                                         (5) 
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If the fluorescence intensity fluctuations arise only from translational diffusion, the time-

dependent part of the correlation function is given by:  

                             

                               (6) 

       or,            with            

 

where l and r are the half axes of the excitation volume perpendicular along and to the laser 

beam, <N> is the mean number of fluorophores within the confocal volume and τd is the 

translational diffusion time of the molecules across the sample volume. The translational 

diffusion coefficient D is related to τd by: 

                                                           r
2 

= 4Dτd                                                  (7)  

The value of G(τ) at τ = 0 gives the inverse of the number of fluorescent molecules in the 

observation volume, i.e. G(0) = 1/N. 

During the FCS measurements, five successive time series of fluorescence intensity data 

(each of duration 30 sec) were collected on each sample of R-γG at a given GdnHCl 

concentration. Each time series was processed to extract the intensity autocorrelation 

function (ACF), which was then fitted to an appropriate diffusion model (Eq. 1 above) to 

extract the diffusion time (τd). The τd values so obtained are influenced by change in 

apparent size of the focal volume due to mismatch in the index of refraction between the 

solution and the sample holder, as well as significant change in viscosity of GdnHCl 

solution. To account for both these effects, the change in τd of free RhB (40 nM) was 

measured as a function of GdnHCl concentration and the τd value for the protein at a 
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particular GdnHCl concentration c was normalized by a multiplicative factor equal to the 

ratio (τd)0/(τd)c for RhB, where the subscript 0 refers to aqueous solution. (19, 20, 40-42) 

Error bars of RH shown in Figs. 5-9 were calculated from the standard error of the mean of 

each τd from its five determinations for each sample. 
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