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CHAPTER 1 

1 

INTRODUCTION 

 

 

To no contest, protein folding is the most difficult many-body problem known today. The 

basic difficulty is to know how the tertiary structure of the folded protein is encoded in 

the amino acid sequence of the initial polypeptide. The code is far from trivial, because 

many distantly related polypeptides which share only a few amino acids in common, in 

the case of globin for example, acquire the same ‘globin-fold’ tertiary structure as 

determined by X-ray crystallography.
1
 The code is thus degenerate, but cracking it is vital 

in order to be able to produce proteins with desired folds and functions from designed 

amino acid sequences ab initio. 

1.1 Levinthal Paradox, Structural Intermediates, and Folding Pathways 

Although the complexity of protein denaturation − the reversible transition from 

the native to the denatured or unfolded state shown as N⇋D or better N⇋U − was known 

for a very long time,
2
 and steady progress was made toward thermodynamic and kinetic 

description of the reaction,
3
 the enormity of the problem surfaced some 50 years ago 

when Levinthal realized that the time for the U→N reaction would be astronomically 

long if the unfolded polypeptide has to randomly search the entire conformational space 

available in order to fold.
4
 Levinthal made the point that the unfolded polypeptide has to 

be somehow guided through discrete steps toward achieving the native state within 

biologically relevant time. The thought influenced folding research immensely so as to 

find out the steps the unfolded polypeptide goes through. It became clear in a rather short 

course of time that the folding reaction largely involves sequential and perhaps 

preferential pathways with structural intermediates.
5,6

 It has been realized widely that 

structural characterization of folding intermediates at atomic resolution can be of 

immense help in cracking the code, because such structures would show the decoded 

atomic interactions in a stepwise manner as folding proceeds. 
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Structural intermediates for a very large number of proteins, often at high 

resolution, have been described. The occurrence of intermediates is described by several 

mechanisms. In the polypeptide collapse or hydrophobic collapse mechanism, the 

hydrophobic residues of the unfolded chain are stated to collapse initially to produce a 

condensed state from which secondary structures evolve.
7,8

 The framework model 

suggests initial formation of elements of local secondary structures,
5
 which diffuse and 

collide and eventually coalesce to emerge as the native folded state.  Some proteins on 

the other hand do not fold by detectable formation of intermediate structure − the so 

called two-state folding. The mechanism of two-state folding is described by nucleation 

growth or nucleation-condensation model, which envisages initial formation of a weak 

diffused nucleus that is reinforced by long range interactions perhaps on the way to the 

transition state.
9,10

 Folding is rapid once the nucleus is condensed so that folding 

intermediates are not accumulated. A unifying folding mechanism due to Fersht and 

coworkers consists of initial formation of a nucleus braced by a native-like chain 

topology, collapse, and folding to the native state by gradual structure formation. 

Accumulation of folding intermediate(s) depends on the stability of the structural 

intermediate.
11

 

1.2 Polypeptide Chain Collapse 

It is often difficult to describe folding by the use of a specific model. Indeed, the 

sea of literature tends to point to the working of both collapse and framework model 

together. Studies of polypeptide collapse transition are based on the general recognition 

that the protein is a polymer, whose solvation properties are determined by the amino 

acid composition. The comparison of the protein chain with homopolymers allows 

application of some of the principles of polymer physics regarding the response of the 

protein as it is taken from a good to a poor solvent. In the parlance of test tube 

experiments of protein folding, the solvent quality refers to the level of denaturant in the 

medium. Thus, the solvent becomes increasingly better as the protein is placed in 

incrementally higher denaturant. When the unfolded protein chain initially prepared at 
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high concentration of a chemical denaturant is driven to fold by diluting out the 

denaturant, the chain collapses because of its placement in a bad solvent. The collapse 

contraction of the chain occurs due to unfavorable chain-solvent interactions.
12-14

  

Although it is still not clear as to what extent the polypeptide chain can be compared to a 

polymer, and whether all unfolded chains collapse when placed in bad solvent, a large 

volume of recent studies has considered polypeptide chain collapse as the earliest event 

in protein folding. Many questions exist regarding the kinetics and specificity of the 

collapse. For certain proteins, the collapse specifically leads to a productive 

intermediate,
15,16

 and for some the collapse is non-specific.
17

 Regardless of the nature of 

the collapse reaction, late intermediates can accumulate if the structure is sufficiently 

stable at low denaturant. Thus, a useful working model at present is  

‘unfolded chain → collapsed product → intermediate(s) → native protein’. 

1.3 Thermodynamics of Protein Folding 

The nature of forces and their relative contribution to the stability of native 

proteins, properties like solvophilicity, solubility, and compactness of globular proteins, 

location of polar and apolar surfaces within proteins, and the nature of their interactions 

with water are coded in protein thermodynamics. All forces of interactions are important 

because proteins are only marginally stable.
18

 The reversibility of the N⇋U reaction at 

equilibrium has been studied for numerous proteins since a very long time
3,19-21

 to 

determine Gibbs free energy, enthalpy, entropy, and heat capacity of native proteins. The 

most important application of the N⇋U reaction studied by the use of temperature and 

chemical denaturants is the determination of conformational stability of proteins (∆Gº), 

which is the difference of Gibbs free energies of the unfolded and native states.
22

 Perhaps 

the most outstanding result obtained is that the heat capacity change accompanying 

protein unfolding (∆Cp) is large and positive, which is a direct reflection of predominance 

of hydrophobic surfaces in the protein interior that are exposed to the aqueous solvent in 

the unfolded state. The large value of ∆Cp also causes the unfolding enthalpy (∆H) to 
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increase considerably with increasing temperature. In experiments using chemical 

denaturants, understanding the variation of Cp with denaturant level is of current interest. 

 1.4 Assumptions and Hypotheses in Protein Folding 

Experimental studies of protein folding are based on assumptions and hypotheses 

that are necessitated partly due to the difficulty of performing experiments under required 

conditions. For example, experiments are often done with small model compounds 

mimicking protein groups,
2,3,23,24

 and the results are extrapolated to obtain information 

regarding thermodynamic properties of proteins. The difficulty of determining the 

equilibrium constant (K) and kinetic rate constant (kobs or λ) under very low and high 

concentrations of denaturants requires suppositions regarding their functional dependence 

on the denaturant. Listed below are a few assumptions that are relevant to the study of 

this thesis. 

1.5 Linear Free Energy Model 

 In analogy with simple chemical reactions of small molecules the protein 

unfolding reaction is modeled by the two state N⇋U reaction, whose free energy change 

across the reaction coordinate is modeled almost universally by
22

 

∆� =  ∆�� − �	
D�                                                                                                                   (1) 

where ∆Gº (=GU−GN) is the conformational stability of the protein, and mg is an 

empirical parameter that measures how differently the unfolded protein interacts with the 

denaturant, D, compared to its interaction with the native state. The apparent rationale for 

widespread use of this linear relation is the sharp cooperative transition (all-or-none) 

associated with the native to unfolding transition, which is due to the involvement of 

weak forces of interaction in protein structure, and which appears to suggest that both 

native and unfolded states are structurally invariant to the content of denaturant in the 

reaction medium. However, there is not enough reason to believe that the protein exists in 

a single native conformation at all denaturant concentrations corresponding to the pre-

transition region of the unfolding reaction. The same reasoning applies to the post-
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transition region. On the other hand, the extent of susceptibility of the native structure to 

predenaturing amounts of the denaturant need not be compared with that at higher levels 

of the denaturant. In other words, it is not clear whether the K (=U/N) values that are 

readily obtained from the sigmoidal cooperative region of the denaturant-induced 

unfolding transition can be linearly extrapolated to the aqueous condition (i.e., without 

denaturant) so as to be able to calculate the ∆Gº value. 

The linear extrapolation procedure appears in another guise. The value of ∆Gº can 

be calculated by the details of protein groups that are solvent-exposed in the unfolded 

state but not in the native state.
25

 In the equation
25,26

 

∆� = ∆�� + � ����∆�tr,� 
�

                                                                                                    (2) 

ni is the total number of i type of groups present in the protein, αi represents the fraction 

of the i-type group exposed to the solvent in the U state, and ∆gtr,i measures the free 

energy of transfer of the i-type group from water to a given level of the chemical 

denaturant used. Computation of values of ∆gtr,i is based on transfer free energy of model 

compounds.  

1.6 Rate-Limited Chevron Rollover 

 The kinetic version of the assumption of free energy linearity is given by 

log �f  = log �f
o − �f
��                                                                                                            (3) 

where, λf is the observed refolding rate or the eigenvalue (often also written as kf),  λf
o
 is 

the value in water (i.e., without denaturant), and mf is called kinetic-m value (RT 

∂lnλ/∂[D]. Accordingly, the denaturant dependence of log λ should be linear with a 

negative slope for folding and positive for unfolding, so as to provide a chevron shape. 

The past 25 years of kinetic studies of protein folding have recorded numerous instances 

where the assumed linearity breaks down to variable extent along both folding and 

unfolding arms of the chevrons, although chevrons of some small and fast-folding 

proteins are linear. The reason for the breakdown, interpreted especially for the folding 
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arm curvature, is the accumulation of kinetic intermediates that become increasingly 

stabilized with lower denaturant level. The more stable the intermediates are, slower the 

rate of their conversion the native state, implying that it is not the U→N conversion 

(linear) but I→N conversion that limits the observable rate, and hence a curvature in the 

folding arm of the chevron.
27,28

 There are other interpretations in terms of shifts at the 

transition state level.
29

 However, many proteins which are known to fold without the 

accumulation of folding intermediate(s) also show chevron folding arm rollover. Further, 

curvature in the unfolding arm of the chevron is also widely prevalent. As yet, there does 

not appear a satisfactory interpretation of chevron curvature. 

 

1.7 Homopolymer Attribute of the Unfolded Chain 

 As discussed in the context of polypeptide chain collapse above, the unfolded 

chain is assumed to behave like a homopolymer in its response to a change in denaturant 

level or temperature. However, all polypeptides do not contract/collapse the way the 

homopolymer theory suggests. Also, the collapse process immediately after denaturant 

dilution has not been resolved for all unfolded polypeptides, making it unclear as to what 

extent the unfolded chain may be compared to a homopolymer. 

 

1.8 Objectives of This Work 

This thesis describes experimental equilibrium and kinetic results for the folding 

of four proteins − cytochrome c, holomyoglobin, bovine serum albumin (BSA), and 

lysozyme. Equilibrium studies specifically delve into the validity of the linear free energy 

model (LFEM) in the determination of conformational stability of proteins, and refers to 

thermodynamic properties of these proteins at subdenaturing levels of temperature and 

chemical denaturants. Heat capacity values of native-like states for all four proteins under 

subdenaturing conditions have been measured. Refolding and unfolding kinetics resolved 

to millisecond have been measured under a variety of denaturant conditions to learn 

about structure formation in the submillisecond regime with reference to unfolded chain 
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collapse. All four proteins investigated show variable degree of chevron curvature along 

both folding and unfolding arms of the chevron. The chevron curvature is projected to 

continuous change of both structure and energy of the protein across the denaturant scale. 
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Protein Folding Energy is Not Universally Linear with Denaturant: A 

Revisit to the Linear Free Energy Model 

 

2.1 ABSTRACT 

Conformational stability of proteins is determined invariably from denaturant-induced 

isothermal unfolding transitions by the premise of the linear free energy model 

(LFEM). It is also known that the assumption of the linear dependence of stability on 

denaturant molarity breaks down for some proteins, a satisfactory interpretation of 

which is not available. Here, the problem is revisited with four proteins by isothermal 

experiments employing two chemical denaturants concurrently, and heat denaturation 

experiments in the presence of a single chemical denaturant at variable pH. Plots of 

Gibbs free energy of folding with denaturant are categorized into linear (cytochrome 

c), curved upward (myoglobin), moderately rolled over (lysozyme), and curved 

downward (BSA), implying that the linear proportionality of equilibrium folding 

parameters on denaturant concentration does not hold universally. The key to interpret 

the denaturant dependence of protein folding is the effect of denaturant binding on 

conformational and energy fluctuations that assume critical significance under native-

like subdenaturing conditions. Binding of denaturants to similar and independent sites 

on the protein brings about energy variation in a protein specific manner, which is 

reflected in the observed dependence of folding parameters on denaturant 

concentration. There is no confidence that linear extrapolation of folding free energies 

from the transition region to the denaturant-stripped condition provides the true 

conformational stability. The actual value is determined by experiments that use more 

than one denaturing agent concurrently. The accompanying article suggests that the 

breakdown of the LFEM is a major factor for curvatures in protein folding chevron.   

2.2 INTRODUCTION 

   The basic and the most practical utility of the equilibrium unfolding reaction 

measured by using GdnHCl or urea is the determination of protein conformational 
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stability or folding free energy, ∆Gº. In general, the highly cooperative transition 

provides only a narrow window to calculate the equilibrium constant of the reaction, 

which is most often considered two-state (N⇌U). It was Greene and Pace
1
 who 

experimentally found that Gibbs free energy of folding in water can be determined by 

linearly extrapolating the transition-region free energy values to ‘zero’ GdnHCl or 

urea concentration, and hence the procedure is referred to as linear extrapolation 

method (LEM). The ‘Pace procedure’ has not only drawn further attention of 

theorists,
2−5

 but also greatly influenced analysis of isothermal denaturation 

experiments that has become a convenient and standard procedure for estimation of 

protein conformational stability.
6
 The stability of a very large number of proteins 

determined in different laboratories by LEM has already been collated by Pfeil,
7−9

 and 

the number continues to grow. 

 Because of the influence of LEM, which is essentially coded in the linear free 

energy model (LFEM), and to provide an overview of the problem studied, the basic 

idea of the practiced procedure is briefly introduced here. According to the general 

requirement for the calculation of ∆G, one needs to evaluate the fractions of native 

(N) and unfolded (U) proteins so as to determine the equilibrium constant K (=U/N), 

which is sizable and best determined in the transition region. Calculation of values of 

N and U in the transition region however requires determination of native- and 

unfolded signal values across this region which can be done by extrapolating both 

native- and unfolded-state signals into the transition region. Such extrapolation is 

fraught with some uncertainty however, because the actual denaturant dependence of 

signals passing from pre- and post-transition regions into the transition of the 

unfolding curve is not known accurately and is judged by inspection only. Depending 

on the inspection-based linearity or nonlinearity, the denaturant dependence of pre- 

and post-transition baselines is written as �(�)= S°+ 
[�]  or �(�)= S°+ 
�[�] + 
�[�]�                                                     (1)     
where [D] and m are denaturant concentration and associated coefficients, and Sº is 

the signal value in water alone. Thus, the pre- and post-transition baselines can be 

approximated by 1º or 2º polynomial in order to extrapolate to the transition region. 
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These baseline values are used to calculate the folding equilibrium constant by 

�= ���� − (SNo + mN[�])(SUo + mU[�]) −  ����    or  �= ���� − (SNo + mN,1[�]+mN,2[�]�)�SUo + mU,1[�� + mU,2[�]�) −  ����             (2) 
where Sobs is the observed signal at a given concentration of the denaturant, and SºN 

and SºU refer to signal values of N and U states in water. The data set is then 

normalized as fraction unfolded as a function of denaturant molarity, and the free 

energy difference between native and unfolded states evaluated by 

∆� =  − ! "#�                                                                                                                   (3) 

The ∆G dependence of the denaturant is now extrapolated from the transition region 

to the ordinate by 

∆� =  ∆�% − 
&[D]                                                                                                           (4)  

where ∆Gº is the folding energy in water or the conformational stability of the protein, 

and mg represents the differential protein-denaturant interactions in native and 

unfolded states.
2
 This is the essence of the linear free energy model (LFEM), and the 

method of estimating ∆Gº from the y-intercept of ∆G vs denaturant is called linear 

extrapolation method (LEM) first used by Greene and Pace,
1,6

 and is still used 

indiscriminately to measure conformational stability of proteins. To avoid uncertainty 

due to rather long extrapolation from the transition region to the ordinate, one can 

extract the ∆Gº value directly by rewriting Equation 4 as  

� = exp ,−∆�% + 
&[D] ! -                                                                                              (5) 

and equating it with the K expression given in Equation 2. For example, if a 1º 

polynomial is chosen to simulate both native and unfolded baselines of the transition 

curve, one obtains ���� − (SNo + mN[�])(SUo + mU[�]) − ���� = exp ,−∆�% + 
&[D] ! - 
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���� = (SNo + mN[�]) + (SUo + mU[�]) exp ,−∆�% + 
&[D] ! -
1 + exp ,−∆�% + 
&[D] ! -                               (6) 

This idea due to Santoro and Bolen (SB) provides an approach to evaluate ∆Gº by a 

nonlinear least square analysis of the primary data alone,
10

 unlike LEM which 

requires determination of denaturant dependence of ∆G in the transition region 

followed by a long extrapolation which significantly underestimates the error. Hence, 

the value of ∆Gº obtained by the SB approach would appear improved, even though 

this approach also relies on LFEM (Equations 4-6).  

An outstanding issue is however the validity of LFEM itself. There has been 

overwhelming support for the LEM procedure,
6,11−14

 which is consistent with 

Tanford’s transfer model,
15,16

 but the enormous importance of protein stability 

measurement itself stipulates elaborate scrutiny of the practiced procedure. Should 

experimental folding parameters vary linearly with denaturant? Little consensus has 

emerged from studies to date; linearity is good for some proteins but not for others.  

Despite being LFEM-based, the SB analysis can be objectively used to 

examine the validity of the linear free energy model (∆G=∆Gº−mg[D]) in protein 

folding. The idea here is to determine values of ∆Gº from a series of unfolding 

transitions where the primary denaturant is held constant at different pretransition 

levels and a secondary perturbant, which could be another chemical denaturant or 

temperature, is added incrementally to unfold the protein. The approach is quite 

general, and has been exploited in many studies directed toward testing LEM.
17-22

 As 

will be shown below, the ∆Gº values obtained for the pretransition region of the 

primary denaturant are mapped onto the transition-region ∆G values determined by 

the use of the primary denaturant alone. This work revisits the assumption of LFEM 

through very basic unfolding experiments with cytochrome c, myoglobin, BSA, and 

lysozyme. These four commercially available proteins are archetypal for folding 

studies, and results can be easily compared across laboratories. It is shown that the 

linear free energy model cannot be applied indiscriminately for stability 

determination. 
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2.3 MATERIALS AND METHODS 

Experiments were performed using commercially available horse myoglobin 

(Sigma), horse heart cytochrome c (Sigma), BSA (Sigma), and hen egg white 

lysozyme (Calbiochem or HiMedia) without further purification. The use of 

monomeric form of BSA was ensured often by Sephadex G75 gel filtration. Urea, 

GdnHCl, and buffer components were ultrapure. Urea solutions were prepared for use 

within 24 hours. 

To study denaturant-induced unfolding reactions, samples were prepared by 

mixing only two solutions one containing the native protein, and another the unfolded 

protein. These two stock solutions were identical in composition and pH, except that 

the one corresponding to the unfolded state also contained the denaturant at the 

highest level. In doubly perturbed experiments involving both GdnHCl and urea, 

where concentration of one of the denaturants was held constant and the other varied, 

the two stock protein solutions identically contained the denaturant that was held 

constant. This procedure of sample preparation not only ensures uniform protein 

concentration, but also forms a test of reversibility of the folding-unfolding reaction. 

The final protein concentration in a set of samples was in the 5−25 µM range 

depending on the protein type, the measurement probe, and the optical pathlength 

employed. Buffers used were 100 mM sodium phosphate, pH 7 (cytochrome c), 20 

mM sodium phosphate, pH 7 (myoglobin), 50 mM sodium phosphate, pH 7 (BSA), 

and 20 mM sodium acetate, pH 5 (lysozyme). Samples were equilibrated at 25ºC for 

~12 hours before spectral measurements at the same temperature using thermostated 

Fluoromax 4P (Horiba) and Jasco FP-8300 instruments for fluorescence, and AVIV 

SF420 for CD. After these measurements, refractive index of each sample was 

determined using a ABBE-3L (Thermo Spectronic) refractometer to calculate the 

actual concentration of the denaturant. 

Samples for heat denaturation experiments were prepared by mixing a constant 

volume of the native protein solution with a concentrated denaturant solution and 

buffer so as to obtain different denaturant levels but uniformity in protein 

concentration across samples of the same protein. Buffer systems were same as 

described above for isothermal denaturant-induced unfolding experiments, although 
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they were used at different pH values in order to determine heat capacity changes. 

Since intrinsic fluorescence emission intensity generally decreases with temperature 

due to increased rate of internal conversion in the excited state, heat denaturation 

experiments here were probed by far-UV CD alone. Ellipticity values were recorded 

at temperature interval of 1.5 or 2(±0.2)ºC with a dwell time (incubation) of 30-60 

seconds at each temperature. Signal averaging time was 15 seconds. Thermal 

unfolding was found reversible for all conditions of mild perturbation of the proteins 

with low concentrations of denaturants. 

For determination of ∆Cp, thermal unfolding experiments were carried out at 

different denaturant levels, and at different pH values for each denaturant 

concentration. The pH values were 7.5, 6.5, 5.5, and 4.5 for cytochrome c, 7.0, 6.0, 

5.7, 5.3, and 5.0 for myoglobin, 7.0, 6.0, 4.5, and 4 for BSA, and 5.0, 4.5, and 3.6 for 

lysozyme. Solutions at pH<6 were buffered with sodium acetate.  

2.4 RESULTS 

2.4.1 Linearity of Folding Free Energy of Cytochrome c with GdnHCl: A 

Benchmark of LFEM. Although the linear relation of ∆G of cytochrome c with 

denaturants could be surmised from numerous earlier results, the value of ∆G at very 

low denaturant was not measured by the use of a global probe. To generate a complete 

graph of ∆G vs GdnHCl concentration, unfolding experiments were conducted using 

GdnHCl and urea as primary and secondary perturbants, respectively. The GdnHCl-

induced transitions monitored by far-UV CD and fluorescence are apparently identical 

yielding indistinguishable dependence of ∆G on the denaturant (mg=3.4 kcal mol
-1

 M
-

1
) across the transition region of unfolding (Figure 1a). To determine the variation of 

∆G in the pretransition region of unfolding, we generated a series of urea unfolding 

curves by holding the concentration of the primary denaturant GdnHCl constant in the 

0−2 M range, and analyzed them individually by Equation 6 (Figure 1b, Table 1). 

These values of ∆G and those obtained from Figure 1a are combined in the plot of 

folding free energy in the 0−3 M range of GdnHCl (Figure 1c), clearly showing that 

folding energy under subdenaturing conditions can be obtained by linear extrapolation 

of ∆G values from the transition region. The dependence of ∆G on GdnHCl is 
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characterized by the slope of the line (mg=3.3 kcal mol
-1

 M
-1

), which is >95% 

value obtained by fitting the GdnHCl-induced unfolding transitions 

to Equation 6 (Figure 1a). It is concluded that cytochrome c unfolding is a paradigm 

Double perturbation experiments also provide a set of mg values associated 

with the nature of the secondary perturbant. Each urea-induced transition in the 

presence of a constant GdnHCl yields a mg value (Figure 1d), which is invariably less 

than half of that obtained from GdnHCl dependence of ∆G (Figure 1c). I

values measured by urea unfolding of proteins are generally smaller 

than the ones measured using GdnHCl. A slight increase in the urea-measured 

value with GdnHCl is also notable (Figure 1d). This is due to increased interaction o

the denatured state of the protein with urea when coupled to the rising level of 

GdnHCl in the unfolding medium, the net result of which is more solvent exposure of 
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respectively). (b) Urea unfolding transitions in the presence of (from right to left) 0, 0.25, 0.5, 0.75, 1.0, 

1.25, 1.5, 1.75, and 2.0 M GdnHCl. The transitions are fitted to Equation 6 or SB analysis, and 

mg values obtained are listed in Table 1. 

and �) that are shown in the lower inset

each urea-unfolding curve in panel b

corresponding molarity of the primary denaturant GdnHCl, it is labeled 

line through these data (r2=0.99) provides 

dependence of mg values obtained from SB analysis of urea unfolding curves shown in panel 

mg values are also listed in Table 1. 

 

Table 1. Fit parameters to Equation 6 for CD

transitions of cytochrome c with GdnHCl as the primary and urea as the secondary perturbant.

 GdnHCl (M) 

 0.00 

 0.25 

 0.50 

 0.75 

 1.00 

 1.25 

 1.50 

 1.75 

 2.00 

2.4.2 Nonlinearity of Folding Free Energy of Myoglobin with GdnHCl: A Case of 

Upward Curvature. Isothermal experiments with myoglobin at pH 7 involved 

GdnHCl as the primary perturbant and urea the secondary. The unfolding transition 

was studied by fluorescence and far

(Figure 2a,b), and then by varying urea i

2c,d). Analyses of transition curves (Equations 2,6) required the use of a linear 

unfolded baseline, and occasional use of a 2º polynomial to simulate the native

baseline. Variations in iterated values of 

the native-state baseline are included in the estimation of errors for these parameters. 
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espectively). (b) Urea unfolding transitions in the presence of (from right to left) 0, 0.25, 0.5, 0.75, 1.0, 

1.25, 1.5, 1.75, and 2.0 M GdnHCl. The transitions are fitted to Equation 6 or SB analysis, and 

values obtained are listed in Table 1. (c) These ∆Gº values ( ) are mapped onto the set of 

inset of panel a. Note that the unfolding energy is labeled 

b by virtue of SB analysis, but when this value is shown at the 

corresponding molarity of the primary denaturant GdnHCl, it is labeled ∆G. The slope of the straight 

=0.99) provides ∆Gº=8.9 kcal mol-1, and mg=3.35 kcal mol-1 M-1. (d) GdnHCl 

values obtained from SB analysis of urea unfolding curves shown in panel 

Table 1. Fit parameters to Equation 6 for CD-measured double perturbation unfolding 

with GdnHCl as the primary and urea as the secondary perturbant.

∆G (kcal mol
–1

) mg (kcal mol
–1

 M
–1

)  

9.30 1.35 

8.20 1.38 

7.25 1.40 

6.05 1.39 

5.35 1.43 

4.85 1.48 

4.00 1.46 

2.85 1.38 

2.45 1.43 

Nonlinearity of Folding Free Energy of Myoglobin with GdnHCl: A Case of 

Isothermal experiments with myoglobin at pH 7 involved 

GdnHCl as the primary perturbant and urea the secondary. The unfolding transition 

was studied by fluorescence and far-UV CD, initially by varying GdnHCl alone 

(Figure 2a,b), and then by varying urea in the presence of constant GdnHCl (Figure 

2c,d). Analyses of transition curves (Equations 2,6) required the use of a linear 

unfolded baseline, and occasional use of a 2º polynomial to simulate the native

baseline. Variations in iterated values of ∆G and mg (Table 2) caused by simulation of 

state baseline are included in the estimation of errors for these parameters. 
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d) GdnHCl 
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measured double perturbation unfolding 
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(Table 2) caused by simulation of 
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Figure 2e shows that ∆G 

contained in the line drawn by linear

region. This result, obtained by both fluorescence and CD measurements, strongly 

undermines the validity of LFEM.

dependence of the mg value measured with the 

are similar to the observations made earlier for cytochrome 

 

Figure 2. Unfolding of myoglobin in 20 mM sodium phosphate buffer, pH 7, 25 ºC.

(�), and (b) CD ( ) measured unfolding by GdnHCl. In each panel the 

the transition region calculated by Equations 1

unfolding transitions in the presence of (from right to left) 0, 0.15, 0.3, 0.45,
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 values for pretransition levels of GdnHCl are simply not 

contained in the line drawn by linear extrapolation of ∆G values from the transition 

region. This result, obtained by both fluorescence and CD measurements, strongly 

the validity of LFEM. The magnitude and the trend of GdnHCl 

value measured with the secondary perturbant urea (Figure 2f) 

are similar to the observations made earlier for cytochrome c.  

Unfolding of myoglobin in 20 mM sodium phosphate buffer, pH 7, 25 ºC. (a) Fluorescence 

) measured unfolding by GdnHCl. In each panel the inset shows ∆G 

the transition region calculated by Equations 1-4. (c) Fluorescence-, and (d) CD-monitored urea 

unfolding transitions in the presence of (from right to left) 0, 0.15, 0.3, 0.45, 0.6, 0.75, 0.9, 1.05 (CD 
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region. This result, obtained by both fluorescence and CD measurements, strongly 

magnitude and the trend of GdnHCl 

secondary perturbant urea (Figure 2f) 

(a) Fluorescence 
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alone), and 1.2 M GdnHCl. Each curve is analyzed by Equation 6, and 

Table 2. (e) The ∆Gº values so obtained are plotted with different molarities of GdnHCl (

fluorescence, and , CD) along with 

GdnHCl alone, as shown in panels a and 

the transition region data (r
2
-0.96) yields the 

 

Table 2. Fit parameters to Equation 6 for fluorescence

myoglobin in the presence of different concentrations of GdnHCl.

 GdnHCl (M) ∆G (kcal mol

 Fluorescence 

 0.00 11.25 

 0.15 10.80 

 0.30 11.15 

 0.45 6.10 

 0.60 6.70 

 0.75 5.80 

 0.90 5.80 

 1.05  

 1.20 2.00 

 

The upward curvature of 

earlier study of myoglobin that employed the double perturbation method, but 

restricted the analysis to the linear extrapolation alone.

there are underestimates, perhaps due to t

not a global probe. At this stage, we do not attempt to fit the upward curvature of the 

∆G vs GdnHCl plot (Figure 2e) to any model, because denaturant

deformation of the energy surface discussed later would

description redundant. 

 

2.4.3 Nonlinearity of Folding Free Energy of BSA with GdnHCl: A Case of 

Downward Curvature. To study unfolding of BSA, we engaged GdnHCl and urea as

primary and secondary perturbants, respectively, as was done fo

20 

alone), and 1.2 M GdnHCl. Each curve is analyzed by Equation 6, and ∆Gº and mg values are listed in 

values so obtained are plotted with different molarities of GdnHCl (

, CD) along with ∆G values calculated from the transitions measured by the use 

and b (�, fluorescence, and , CD). The solid line drawn through 

0.96) yields the ∆Gº=8.65 kcal mol
-1

, and mg=5.43 kcal mol
-1

 M
-1

.

Table 2. Fit parameters to Equation 6 for fluorescence- and CD-measured urea unfolding of 

myoglobin in the presence of different concentrations of GdnHCl. 

(kcal mol
–1

) mg (kcal mol
–1

 M
–1

)

 CD Fluorescence CD

 9.95 2.13 1.81

 8.95 2.30 1.97

 8.15 2.69 2.15

6.05 2.26 2.10

5.75 2.56 2.23

5.15 2.40 2.30

5.48 2.70 2.60

2.15  2.08

2.15 1.76 2.20

The upward curvature of ∆G observed here is qualitatively consistent with an 

earlier study of myoglobin that employed the double perturbation method, but 

restricted the analysis to the linear extrapolation alone.
18

 Also, ∆G values reported 

there are underestimates, perhaps due to the use of Soret heme absorbance, which is 

not a global probe. At this stage, we do not attempt to fit the upward curvature of the 

vs GdnHCl plot (Figure 2e) to any model, because denaturant-

deformation of the energy surface discussed later would render model

Nonlinearity of Folding Free Energy of BSA with GdnHCl: A Case of 

To study unfolding of BSA, we engaged GdnHCl and urea as

primary and secondary perturbants, respectively, as was done for cytochrome 

values are listed in 

values so obtained are plotted with different molarities of GdnHCl (�, 

values calculated from the transitions measured by the use 
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myoglobin described above. Both fluorescence and CD

the primary perturbant GdnHCl appear 

though the unfolding process is multi

unfolding for both human and bovine serum albumin at neutral pH,

the baselines by a 2º polynomial to analyze the transitions by the use of Equation

and obtained ∆Gº=9.2(±0.8) kcal mol

urea unfolding transitions were then recorded in the presence of different GdnHCl 

(Figure 3c,d).  

 

Figure 3. Unfolding of BSA monomer in 50 mM phosphate, pH 7, 25 ºC. (a) Fluorescence (

CD ( ) monitored unfolding due to the primary denaturant GdnHCl. The 
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myoglobin described above. Both fluorescence and CD-monitored transitions due to 

the primary perturbant GdnHCl appear conspicuous (Figure 3a,b) conveying

though the unfolding process is multi-state. Relying on earlier evidences of two

unfolding for both human and bovine serum albumin at neutral pH,
23,24

 we simulated 

the baselines by a 2º polynomial to analyze the transitions by the use of Equation

º=9.2(±0.8) kcal mol
-1

 and mg=4.9(±0.5) kcal mol
-1

 M
-1

. A series of 

urea unfolding transitions were then recorded in the presence of different GdnHCl 

Unfolding of BSA monomer in 50 mM phosphate, pH 7, 25 ºC. (a) Fluorescence (

) monitored unfolding due to the primary denaturant GdnHCl. The inset in each panel shows the 

vs GdnHCl in the transition region. The curves were analyzed by Equations 1
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Fluorescence- and (d) CD-measured urea unfolding transitions in the presence of (from right to left) 

0.1, 0.15, 0.2, 0.3, 0.4, 0.45, 0.5, 0.6, 0.75, 0.9, 1.0, 1.05, 1.2, and 1.35 M GdnHCl. Each curve is fitted 

to Equation 6, and ∆Gº and mg values obtained are collected in Table 3. (e) Mapping the 

dependence of GdnHCl (�, fluorescence, and 

(panels c and d, and Table 3) onto the 

alone (�, fluorescence, and , CD) as shown in panels 

calculated from the double perturbation curves (panels 

, CD). 

 

Table 3. Fit parameters to Equation 6 for fluorescence

in the presence of different concentrations of GdnHCl.

 GdnHCl (M)  ∆G (kcal mol

 Fluorescence 

 0.00 1.75, 2.79 

 0.10 4.10 

 0.15 4.32 

 0.20 3.45 

 0.30 4.15, 4.00 

 0.40 4.43 

 0.45 4.20, 3.10 

 0.50 4.10 

 0.60 3.45, 3.96 

 0.75 3.45, 3.75 

 0.90 2.75, 3.00 

 1.00 2.22 

 1.05 1.85, 2.22 

 1.20 1.22 

 1.50  

 

Interestingly, values of ∆G obtained from these double perturbation measurements 

(Table 3) are lower than expected from the linear free energy model. By mapping 

these ∆G values onto those measured in the transition region of the primary perturbant 

curves (Figure 3a,b) one finds a gradual downward curvature in the 

22 

measured urea unfolding transitions in the presence of (from right to left) 

0.1, 0.15, 0.2, 0.3, 0.4, 0.45, 0.5, 0.6, 0.75, 0.9, 1.0, 1.05, 1.2, and 1.35 M GdnHCl. Each curve is fitted 

values obtained are collected in Table 3. (e) Mapping the 

, fluorescence, and , CD) observed by the double perturbation procedure 

, and Table 3) onto the ∆G dependence determined by the use of the primary denaturant 

, CD) as shown in panels a and b. (f) GdnHCl dependence of mg values 

calculated from the double perturbation curves (panels c and d) by Equation 6 (�, fluorescence, an

Table 3. Fit parameters to Equation 6 for fluorescence- and CD-measured urea unfolding of BSA 

in the presence of different concentrations of GdnHCl. 

(kcal mol
–1

) mg (kcal mol
–1

 M
–1

)

 CD Fluorescence CD

 2.85, 2.54 0.55, 0.70 0.62, 0.60

3.74 0.78 0.82

3.75 1.00, 1.02 0.85

3.45 1.02 0.89

 3.85, 3.60 0.89, 1.06 0.85, 0.93

3.40 1.33 1.03

 3.95 1.15, 0.74 1.06

4.10 0.98 1.12

 3.94, 3.35 1.12, 1.10 1.02, 1.14

 3.20 1.12, 1.22 1.06

 3.59 0.89, 0.90 1.45

1.90 0.89 0.88

 2.25 0.93, 0.80 1.11

2.20 0.84 1.10

0.95  1.10

obtained from these double perturbation measurements 

(Table 3) are lower than expected from the linear free energy model. By mapping 

values onto those measured in the transition region of the primary perturbant 

curves (Figure 3a,b) one finds a gradual downward curvature in the ∆G vs GdnHCl 

measured urea unfolding transitions in the presence of (from right to left) 

0.1, 0.15, 0.2, 0.3, 0.4, 0.45, 0.5, 0.6, 0.75, 0.9, 1.0, 1.05, 1.2, and 1.35 M GdnHCl. Each curve is fitted 

values obtained are collected in Table 3. (e) Mapping the ∆G 

, CD) observed by the double perturbation procedure 

dependence determined by the use of the primary denaturant 

. (f) GdnHCl dependence of mg values 

, fluorescence, and 

measured urea unfolding of BSA 

)  

CD  

0.62, 0.60

0.82 

0.85 

0.89 

0.85, 0.93 

1.03 

1.06 

1.12 

1.02, 1.14 

1.06 

1.45 

0.88 

1.11 

1.10 

1.10 

obtained from these double perturbation measurements 

(Table 3) are lower than expected from the linear free energy model. By mapping 

values onto those measured in the transition region of the primary perturbant 

vs GdnHCl 
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plot under decreasing subdenaturing conditions, and a smooth turn to produce 

negative slope as strongly native-like conditions are approached (Figure 3e). This 

unprecedented observation was puzzling to us initially, but repeated recovery of the 

same result in multiple experiments confirms the result. Even if the apparent turn to 

produce negative slope is ignored, the rollover of ∆G under subdenaturing conditions 

provides evidence to argue against the operation of LFEM. The mg values obtained 

from urea transitions at constant GdnHCl (Table 3) are at most one-fourth of the mg 

value obtained from the transition induced by GdnHCl alone (Figure 3f), suggesting 

again that urea-associated mg value is significantly lower than the GdnHCl-associated, 

and is probably related to less complete interaction of the unfolded protein with urea. 

 

2.4.4 Nonlinearity of Folding Free Energy of Lysozyme with Urea: Another Case 

of Downward Curvature. Continuing with earlier work on the nonlinear dependence 

of folding energy of lysozyme on denaturant,
22

 we have consolidated the results. 

Although lysozyme at pH 5 does not unfold completely within the limit of aqueous 

solubility of urea, the protein fluorescence gradually quenches to zero with 

subdenaturing levels of urea before the global unfolding sets in (Figure 4a). The CD 

signals however remain constant before approaching the transition region (Figure 4b) 

suggesting some tertiary structural changes in the subdenatured protein. Hence, 

folding free energy as a function of urea was measured using GdnHCl as the 

secondary perturbant. Fluorescence-monitored GdnHCl transitions display sharp and 

linear baselines for the unfolded state, probably related to continuous expansion of the 

unfolded chain that reduces fluorescence quenching by separating the quenchers 

further from the side chain fluorophores (Figure 4c). The CD transitions are relatively 

simple, urea dependence of ∆G extracted from these transitions by using Equation 6 

rolls over under subdenaturing conditions (Figure 4e), providing another example that 

invalidates LFEM. Since the secondary perturbant for lysozyme experiments is 

GdnHCl, the mg values obtained from double perturbation experiments (Figure 4f, 

Table 4) are comparable with the mg value (≈2.5 kcal mol
-1

 M
-1

) for the transition in 

the presence of GdnHCl alone. Further, the slope of the GdnHCl dependence of mg is 

not positive as were recorded for the other three proteins described above for which 
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urea was the secondary perturbant. The lysozyme data show little dependence of 

on GdnHCl within the measurement error (Figure 4f).

  

Figure 4. Unfolding of lysozyme in 20 mM sodium acetate, pH 5, 25 ºC. (a) Fluorescence (

CD ( ) measurements indicate incomplete unfolding of the protein within the solubility limit of urea. 

(c) Fluorescence-measured unfolding by the secondary denaturant GdnHCl 

right to left) 0, 1, 2, and 3 M urea. (d) CD

to left) 1, 2.1, 3.2, 4.2, 5.0 and 7.3 M urea. The 

Equation 6 are collated in Table 4. (e) Urea dependence of 

procedure (�, fluorescence, and , CD). The solid line emphasizes on the nonlinear dependence of 

∆G on urea.  
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urea was the secondary perturbant. The lysozyme data show little dependence of 

on GdnHCl within the measurement error (Figure 4f). 

Unfolding of lysozyme in 20 mM sodium acetate, pH 5, 25 ºC. (a) Fluorescence (�

ncomplete unfolding of the protein within the solubility limit of urea. 
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Table 4. Fit parameters to Equation 6 for fluorescence- and CD-measured GdnHCl unfolding of 

lysozyme in the presence of different concentrations of urea. 

 Urea (M) ∆G (kcal mol
–1

) mg (kcal mol
–1

 M
–1

)  

 Fluorescence CD Fluorescence CD  

 0.00 8.95 10.05 2.11 2.53 

 0.55  10.00  2.58 

 1.00 7.35  1.92    

 1.05  8.55  2.24 

 1.10  9.35  2.72 

 2.00 6.90  1.86    

 2.10  7.95  2.36 

 2.30  8.76  2.42 

 2.70  5.85  1.83 

 2.75  7.90  2.47 

 3.00 6.05  1.69    

 3.20  7.75  2.71 

 4.20  5.56  2.22 

 5.05  4.45  2.21 

 6.10  2.40  1.60 

 7.30  0.95  1.84 

2.4.5 Temperature and Denaturant Coupled Unfolding Experiments. Heat 

denaturation measurements have held central importance in the understanding of 

protein response to destabilizing conditions. To test the validity of LFEM further, we 

performed an extended series of double perturbation experiments, where 

thermodynamic properties of the protein in the presence of subdenaturing levels of 

GdnHCl or urea are measured by temperature-induced global unfolding. Thermal 

unfolding measurements were taken up as a substitute for differential scanning 

calorimetry, since thermodynamic quantities derived from the two methods are known 

to be equivalent.
13

 Since temperature alters fluorescence quenching, thermal unfolding 

processes were probed by far-UV CD for cytochrome c, myoglobin, and BSA, and 
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near-UV CD for lysozyme. 

Thermal unfolding transitions in the presence of different subdenaturing 

concentrations of GdnHCl or urea are shown in Figure 5a,d,g,j. The transitions were 

initially fitted to the Gibbs-Helmholtz equation. 

0(!) =
(12 + 
2!) + (c4 + 
4 !)exp 5∆67 8 ! !7 − 19 + ∆:;[!7 − ! + !ln 8 ! !79] ! >

1 + exp 5∆67 8 ! !7 − 19 + ∆:;[!7 − ! + !ln 8 ! !79] ! >
(7) 

to extract the temperature midpoint of transition, Tm, the midpoint enthalpy change, 

∆Hm, and an apparent initial value (highly error prone) of heat capacity change, ∆Cp. 

In individual analysis of traces, pre- and post-transition baselines are parameterized by 

ordinate intercepts, cN and cU, respectively, and corresponding slopes, mN, and mU. 

 Denaturant dependence of Tm (Figure 5b,e,h,k, Table 5) are realistic reflection 

of what were observed earlier for the four proteins (Figures 1-4), because the effect of 

low concentrations of denaturants on the stability of proteins is revealed in changes in 

temperature midpoint of thermal unfolding.
25

 For all of them except the LFEM 

benchmark cytochrome c, for which Tm varies linearly with GdnHCl (Figure 5b), the 

Tm vs denaturant plot is noticeably curved (Figure 5e,h,k), and in each case the 

direction and extent of curvature qualitatively matches those observed earlier by 

isothermal denaturant-induced unfolding experiments (Figures 2e, 3e, 4e). This is an 

important result because it establishes agreement, within experimental error, of ∆G 

values measured by thermal unfolding and denaturant-induced unfolding data. The 

protein-specific curvatures are uniformly and even more conspicuously maintained in 

∆Hm vs denaturant graphs (Figure 5c,f,i,l, Table 5). It is easy to see that ∆HU(T), the 

unfolding enthalpy at temperature T, has the same functional dependence on the 

denaturant as does ∆Hm, because ∆HU(T)= ∆Hm + ∆Cp (T−Tm), where ∆Cp is linear 

with denaturant (see below), and therefore ∆HU(T)= ∆Hm + constant. These results 

thus provide apparent validation of LFEM in the case of cytochrome c unfolding, but 

not for myoglobin, BSA, and lysozyme. 
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Figure 5. Temperature unfolding of (a) cytochrome c, (d) myoglobin, and (g) BSA at different molarity 

of GdnHCl, and (j) lysozyme at different urea. The transitions move to the left with increasing level of 

denaturants that are given in Table 5. Transitions were fit to Gibbs-Helmholtz equation as described in 

the text, and values of ∆Cp, ∆Hm, and Tm are listed in Table 5. Variation of Tm with GdnHCl: (b) 

cytochrome c, (e) myoglobin, (h) BSA, and (k) lysozyme. The dashed line in panel e, drawn 

approximately by using the transition region data points, is indicative of the deviation from linearity 
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which is apparent also for BSA (panel h) and lysozyme (panel k). Behavior of ∆Hm with GdnHCl: (c) cytochrome c, (f) myoglobin, (i) BSA, and (l) lysozyme. 

The deviation of myoglobin data from linearity is shown by the dashed line drawn by using the transition data approximately. Nonlinearity for BSA and 

lysozyme data is clearly evident. 

 

Table 5. Fit parameters
#
 of denaturant-variable thermal unfolding transitions to Gibbs-Helmholtz equation for all four proteins 

     Cytochrome c                              Myoglobin                                               BSA Lysozyme  

                         ________________                               ________________                               ________________                                ________________   

 GdnHCl  ∆Cp Tm ∆Hm GdnHCl  ∆Cp Tm ∆Hm GdnHCl  ∆Cp Tm ∆Hm Urea ∆Cp Tm ∆Hm    

 0.00 M     * 359.5 94.9 0.00 M 5.62 355.2 130.6 0.00 M 1.04 329.0 68.9 0.00 M  3.37 351.0 105.6 

 0.25     * 352.8 87.9 0.10 5.83 352.1 125.7 0.23 1.99 331.6 69.1 1.00 3.20 348.6 107.6 

 0.50     * 347.8 81.9 0.20 5.79 348.8 120.4 0.45 0.15 331.3 68.7 1.95 3.45 346.5 106.8 

 0.75  0.31 343.2 76.3 0.30 5.40 346.0 116.0 0.75 0.07 328.6 66.9 2.95 3.68 343.0 104.5 

 1.00  0.23 339.1 70.1 0.40 5.58 343.3 110.3 1.00 1.03 324.9 62.0 4.00 3.76 340.1 100.9 

 1.25  0.50 334.1 62.7 0.50 4.95 340.7 105.9 1.25 0.05 319.8 56.0 4.95 3.37 336.6 95.3 

 1.50 0.70 330.2 56.2 0.60 1.97 338.9 102.4 1.40   * 317.1 51.0 5.90 3.38 333.0 90.7 

 1.75  1.77 324.5 49.3 0.70 1.53 337.2 98.8 1.55   * 311.2 42.4 6.95 4.20 329.3 84.2 

 1.90  0.87 321.8 46.8 0.80 0.75 334.7 94.6 1.70 0.53 304.4 32.8 7.95 4.27 326.3 76.2 

 2.05 0.77 317.9 42.3 0.90 4.05 332.9 89.4 1.85   * 300.9 26.4 8.95 4.02 324.5 69.6 

 2.20 0.53 313.9 37.5 1.00 3.76 330.2 84.1     9.95 2.32 323.8 63.6 

 2.35 0.54 309.6 33.4 1.10 1.70 327.4 79.1 

 2.50   * 307.4 29.9 1.20 1.83 324.2 73.7 

 2.65    * 305.0 26.5 1.30 0.79 323.6 71.7               
#
∆Cp, Tm, and ∆Hm are in kcal/mol

 
K

-1
, K, and kcal/mol, respectively; * indicates negligible value; Mean of standard error for Tm and ∆Hm are 0.1, 0.15, 0.2, 

and 0.2 K, and 2.0, 2.6, 1.8, and 6.7 kcal/mol for cytochrome c, myoglobin, BSA, and lysozyme, respectively. 
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2.4.6 Temperature, Denaturant, and pH Coupled Unfolding Experiments for 

Determination of ∆Cp and ∆G. Calculation of unfolding free energy from heat 

denaturation data requires accurate determination of ∆Cp, whose values is not reliable 

when extracted from fits of thermal transitions by the Gibbs-Helmholtz relation 

(Equation 7). A more reliable method is the use of the Kirchoff equation,
26

 

∆:; = @∆6m@!m                                                                                                                        (8) 

which requires a set of ∆Hm and corresponding Tm values measured for a fixed 

concentration of the denaturant. The set of ∆Hm and Tm are generated by thermal 

unfolding experiments with the protein held at different pH, but at a known fixed 

denaturant concentration. The choice of the range of pH values is constrained so as to 

avoid considerable protein conformational change. This approach was used to 

determine ∆Cp values for all 

four proteins at different 

subdenaturing level of the 

denaturant. 

Figure 6. Representative data 

obtained from three-perturbant 

(denaturant, pH, and temperature) 

unfolding experiments for 

determination of ∆Cp under 

subdenaturing conditions, illustrated 

here with myoglobin results. The 

thermal melts are of sufficiently 

high quality, but are not shown here 

to avoid redundancy. ∆Hm and Tm 

are determined from thermal 

unfolding experiments at pH values 

7.0, 6.0, 5.7, 5.3, and 5.0 for each 

indicated concentration of GdnHCl, 

and the slope of the plots provide 

the ∆Cp values at these denaturant 
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molarities (Equation 8). At higher denaturant (0.75 and 1.0 M GdnHCl) the protein is relatively 

destabilized, and low pH values are not used for experiments. Hence, there are only four and 3 data 

points at 0.75 and 1 M GdnHCl, respectively. 

 

Table 6. ∆Cp values at different concentrations of denaturants for all four proteins. Calculations 

were done according to Equation 8.
#
 

GdnHCl(M)       ∆Cp (kcal mol
-1

 K
-1

)  Urea(M)   ∆Cp (kcal mol
-1

 K
-1

) 

       _____________________________               ___________ 

                    Cytochrome c      Myoglobin        BSA    Lysozyme 

 0.0 0.98 2.13 1.66 0.00 1.45 

 0.25 1.07 2.20 1.89 0.50 1.50 

 0.50 1.13 2.25 0.93 1.00 1.53 

 0.75 1.20 2.30 1.07 1.50 1.58 

 1.00 1.28 2.36 1.76 2.00 1.62 

    2.50 1.66 

    3.00 1.70 

    3.50 1.73 

    4.00 1.78                                    

# pH values at each concentration of the denaturant used for data measurement were 

7.5, 6.5, 5.5, and 4.5 for cytochrome c, 7.0, 6.0, 5.7, 5.3, and 5.0 for myoglobin, 7.0, 

6.0, 4.5, and 4.0 for BSA, and 5.0, 4.5, and 3.6 for lysozyme. The proteins presumably 

do not undergo a major conformational change under the corresponding pH 

conditions. 
 

Figure 6 shows a sample data set measured for myoglobin at pH values 7, 6, 

5.7, 5.3, and 5 at the indicated concentrations of GdnHCl. The slopes provide ∆Cp 

values, whose dependence on the denaturant is credibly linear for all proteins except 

BSA (Figure 7a,c,e,g, Table 6). The outlying dependence observed for BSA may arise 

from a number of factors, including a shift from two- to three-state unfolding 

transition at pH values below 7. The linear dependence of ∆Cp on subdenaturing 

concentration of denaturants is consistent with earlier data for several proteins,
27,28

 

and has been proposed to arise from protein-denaturant interactions whereby the 

protein is solvated by the denaturant.
28−31

 The linear increase in ∆Cp at low 

concentrations of denaturants can hardly be used to sense the response of protein 
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conformation to subdenaturing conditions, because any minor change in the heat 

capacity of the native-like states, which may arise from weakening of a hydrogen 

bonding interaction or a small change in entropy, is overwhelmed by heat effects of 

protein-denaturant interactions. The ∆Cp values can nonetheless be used to evaluate 

∆H(T) and ∆S(T) at temperature T so as to obtain ∆G(T). 

∆6(!) = ∆6m + B C!∆:D(!)EEm                                                                                      (9)  

∆�(!) = ∆�m + B CEEm (ln !)∆:D(!)                                                                            (10)  

If ∆Cp(T) is considered constant, especially near physiological temperature where it 

appears temperature independent,
32

 

∆6(!) = ∆6m + ∆:D(! − !H)                                                                                     (11) 

∆�(!) = ∆6m!m + ∆:p"# I !!mJ                                                                                        (12) 

∆�(!) = ∆6(!) − !∆�(!) = ∆67 I1 − !!7J + ∆:p K! − !m − ! "# I !!m

JL    (13) 

The denaturant dependence of ∆G calculated at T=298 K (Figure 7b,d,f,h, Table 7) 

qualitatively reproduces the dependence observed in isothermal denaturant-induced 

unfolding experiments for all four proteins described earlier (compare with Figures 

1c, 2e, 3e, 4e), providing further evidence that LFEM is not universally applicable. 
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Figure 7. Three-perturbant (denaturant, pH, and temperature) unfolding experiments for determination 

of ∆Cp, and ∆G (Equations 8 and 13) under subdenaturing conditions. Values of ∆Cp, and ∆G and 

corresponding denaturant concentrations are listed in Tables 6 and 7, respectively. ∆Cp dependence on 

GdnHCl for (a) cytochrome c and (c) myoglobin and on urea for (e) lysozyme is perfectly linearly with 

a positive slope. (g) Variation of ∆Cp on GdnHCl for BSA is not determined accurately, due to 

considerable perturbation of BSA conformation by lower pH. The denaturant dependence of ∆G on 

denaturant: (b) cytochrome c, (d) myoglobin, (f) BSA, and (h) lysozyme. 
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Table 7. ∆G (298 K) values in kcal mol
-1

 at different concentrations of denaturants for all four proteins calculated from heat unfolding transitions in 

conjunction with ∆Cp values (Equation 13).
 #
 

 Cytochrome c Myoglobin BSA Lysozyme  

 GdnHCl (M) ∆G GdnHCl (M) ∆G GdnHCl (M) ∆G Urea (M)  ∆G 

 0.00 10.2 (9.30) 0.00 10.6 (9.95) 0.00 4.25 (2.85) 0.00 9.80 (10.05) 

         0.25 8.88 (8.20) 0.10 9.80  0.23 4.35 (3.45) 1.00 9.70  

 0.50 7.50 (7.25) 0.20 9.00 0.45 4.30 (3.95) 1.95 9.20 

 0.75 6.30 (6.05) 0.30 8.40 (8.15) 0.75 4.00 (3.20) 2.95 8.50 

 1.00 5.20 (5.35) 0.40 7.60 1.00 3.40 (1.90) 3.00 7.70 

 1.25 4.05 (4.85) 0.50 7.00 1.25 2.70 4.95 6.65 (4.45) 

 1.50 3.20 (4.00) 0.60 6.50 (5.75) 1.40 2.20 5.90 5.85 

   0.70 6.00  1.60 1.35 7.00 4.90 

   0.80 5.50 1.70 0.60 7.95 3.95 

   0.90 4.90 (5.48) 1.85 0.25 8.95 3.25 

   1.05 4.35 (2.15)   9.95 2.70 

   1.10 3.85 

   1.20 3.35 (2.15) 

   1.35 3.15 

   1.40 2.75 

   1.50 2.40 

   1.60 2.20 

   1.70 1.85 

   1.80 1.65 

#, parentheses contain ∆G values at the corresponding denaturant molarity obtained from CD-measured unfolding at 298 K. 
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2.4.7 Temperature Stability Curves. The ∆G(T) function is often used to determine 

protein stability curves when ∆Cp is known reliably regardless of whether the heat 

capacity change is temperature dependent or independent.
29,33

 The curves were 

calculated at different concentrations of GdnHCl and urea, where temperatures at 

which ∆G=0 correspond to midpoint temperatures of cold denaturation, Tc, and heat 

denaturation, Tm (Figure 8). Clearly, all four proteins undergo cold denaturation − a 

general phenomenon recognized from 

extensive thermodyna- mic studies of 

Privalov and others.
29,33−39

 Values of Tc 

and Tm read from the curves are listed in 

Table 8, which shows consistency of Tm 

values calculated directly from Gibbs-

Helmholtz fits of thermal unfolding 

transitions (Figure 5b,e,h,k). The results 

also show higher values of Tc with larger 

∆Cp values, a fact known since early days 

of the discovery of cold denaturation.
29,35

 

Amongst the four proteins studied, ∆Cp  

of myoglobin is largest at all 

concentrations of the denaturant (Figure 

7, Table 6), which facilitates experimental 

studies of cold denaturation
35

 under 

solvent conditions and temperatures that 

are relatively easily accessible than those 

required for cytochrome c.
39

     

 

Figure 8. Stability curves at indicated denaturant 

concentrations calculated according to Equation 

13. Straight lines labeled TS and Th show 

temperatures of maximum stability and ∆H=0, 

respectively.   
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Table 8. Midpoint temperature for cold and heat denaturation (Tc and Tm, respectively), temperature of maximum stability (TS), and the temperature 

at which ∆H=0 (Th) for the four proteins at subdenaturing levels of denaturant concentration. Unit Kelvin. 

  

 Cytochrome c Myoglobin BSA Lysozyme  

             ___________________          ___________________          ___________________                      ___________________ 

GdnHCl Tc Tm TS Th Tc Tm TS Th Tc Tm TS Th Urea Tc Tm TS Th

     

0 M 198.5 359.5 275.0 262.5 268.0 354.0 310.0 292.5 272.5 329.0 300.5 287.5 0 M 224.5 351.0 285.5 278.0 

0.25 211.5 353.0 279.0 271.0 269.5 348.0 308.0 291.0 261.0 332.0 295.5 295.5 1 226.0 348.5 285.0 278.5 

0.50 221.5 348.0 282.5 275.5 271.5 342.0 306.0 288.5 275.5 331.5 293.5 257.5 2 230.5 346.5 286.5 280.5 

0.75 231.5 343.0 285.5 279.5 273.0 336.5 304.0 286.0 268.5 328.5 298.0 266.0 3 234.0 343.0 287.0 281.5 

1.00 240.5 339.0 288.5 284.0 274.5 330.5 302.0 284.0 278.0 325.0 301.0 290.0 4 238.5 340.0 288.0 283.5 
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The stability curves allow estimation of two other parameters: TS, the 

temperature of maximum stability (∆GS), and Th, the temperature at which ∆H=0. The 

TS value corresponds to the temperature of maximum ∆G in the curve, and Th is 

calculated by
33

 !h = !m − ∆Nm∆Op                                                                                              (14)  

Values of TS and Th at all concentrations of denaturants used are given in Table 8, and 

are shown by straight lines in Figure 8.Since ∆GS=∆H at TS, and ∆H=0 at Th,
33

 the 

temperature and the denaturant concentration at which the lines intersect should 

correspond to a condition at which ∆G=0. This fulfillment is not observed in data sets 

present, most likely due to nonlinearity of one or both of TS and Th on GdnHCl.    

2.5 DISCUSSION 

2.5.1 Degree and Direction of Nonlinearity of ∆G. Results here provide evidence 

that the ∆G vs denaturant plot could be linear or nonlinear, and there is no way of 

knowing a priori which track would be observed. Regarding nonlinearity, the course 

of deviation may be upward or downward, and observations made for BSA and 

lysozyme imply that the extent of curvature may vary from one protein to another.  

 

Table 9. Nonlinearity in the ∆G−denaturant plot for some proteins. 

 Protein Denaturant  Solvent conditions Curvature
# 

Reference 

 Myoglobin GdnHCl pH 7, 25ºC + + 18,40,41,this work 

 Barnase pH 25ºC − − 42 

  Urea pH 6.3 + + 31 

 Ubiquitin GdnHCl pH 2 − − − 43 

 RNase A Urea pH 3.6, 25ºC + 44 

 RNase T1 GdnHCl pH 7, 25ºC + 44 

 SNase mutants Urea pH 8, 20ºC − − 45,46 

  NaSCN pH 8, 20ºC + − 45,46 

 β1 GdnHCl pH 5, 25ºC − 47 

 Bacteriorhodpsin SDS pH 7 − − − 48 

 BSA GdnHCl pH 7, 25ºC − − − this work 

 Lysozyme Urea pH 5, 25ºC − − 22, this work  

#, Upward and downward curvatures are denoted by + and −, respectively. The 

number of ‘+’ or ‘−’ signs qualitatively indicates the extent of curvature.   
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Reports on nonlinearity and the extent of curvature in the ∆G vs denaturant plot (Table 

9) may seem relatively scanty, apparently due to incomplete ∆G measurement of 

investigated proteins under subdenaturing concentrations of denaturant. But evidences 

are compelling that folding energy be measured over an extended range of denaturant 

concentration not only for improved estimation of protein stability in a model-

independent manner, but also to develop a data base that might provide clues to the 

basis of the ∆G−denaturant relation. 

2.5.2 Inadequacy of LFEM. The observations that LEM works for some proteins 

exemplified here by cytochrome c, but not for others, including those listed in Table 

9, pose a fundamental difficulty regarding the use and interpretation of this widely 

employed method that holds that the dependence of Gibbs energy of folding on 

chemical denaturant is determined by the parameter mg, which is constant at all levels 

of the denaturant.
6
 But, in the denaturant dependence of the isothermal folding 

equilibrium constant, (∂lnK/∂D)≅mg, the parameter mg is related to the excess free 

energy due to protein-denaturant interaction, and since the interaction is expected to 

vary across the denaturant scale, mg must also be a function of the denaturant. The 

functional dependence of mg on the denaturant is difficult to know from a single 

experiment, which allows evaluation of the equilibrium constant only across the 

narrow unfolding transition region.
2
 There is little assurance that mg will remain 

constant at all concentrations of the denaturant. The nonlinear dependence of Gibbs 

energy of protein interactions with denaturant, where the nonlinearity is more 

pronounced with GdnHCl than urea,
28

 also suggests that mg should be nonlinear with 

denaturants. Therefore, mg need not be considered a parameter value. Strictly, 

(∂lnK/∂D)≅mg and its linear free energy form, ∆G=∆G
o
–mg[D], should be used only at 

the transition midpoint or, at most, across the steep unfolding transition where the 

equilibrium constant is substantial in magnitude and measured easily. Within this 

narrow interval of denaturant concentration the denaturant-dependent ‘mg-function’ 

may be approximated by a ‘mg-value’, but there is little scope of using this value all 

across the denaturant scale. Makhatadze and Privalov have also reasoned that the mg-
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parameter (≅∂∆G/∂D) need not be a constant.
28

 Their estimation of deviation from 

linearity is marginal for urea, but amounts to roughly 10 to 15% when GdnHCl-

measured ∆G values are extrapolated to zero denaturant concentration.  

The mg-value in the context of LEM is also correlated with the difference in 

solvent accessible surface areas in native and unfolded states (∆ASA) that are 

calculated from crystal structures of native proteins and appropriate peptide 

surfaces.
41

 Although this relation is approximately, but not exactly, obtained in 

theoretical models as well,
2,4

 the fact resurfaces that the denaturant functional 

dependence of mg should also be reflected in ∆ASA. In another study, Thirumalai and 

coworkers claim that Tanford’s transfer model and hence the linearity of ∆G vs 

denaturant holds, in spite of the fact that their calculated curve is largely nonlinear.
49

 

In a similar study of analysis of SMFRET data, folding free energy of some proteins 

are not found to vary linearly with denaturant molarity.
50

 Therefore, difference in 

surface exposure, mg, and ∆G of protein folding need not invariably be linear 

functions of the denaturant concentration. Some earlier reports on proteins showing 

nonlinear dependence of folding energy on denaturant have treated them as special 

cases with interpretations in a protein and solvent specific model-dependent manner. 

Curvatures noticed for barnase,
31,42

 myoglobin,
18,40,41

 RNases A and T1,
44

 and SNase 

mutants
45,46

 have been interpreted by invoking the denaturant binding model, which is 

known to yield a higher value of protein stability than does LEM,
51

 or unusual 

chaotrope-protein interaction in the denatured state or deviation from two-state 

folding. There also is an impression that ionic nature of GdnHCl may contribute to 

some rollover in folding energy, of thioredoxin, for example.
47

 The ionic nature of 

GdnHCl cannot be overemphasized however, since neutral salt like NaCl is known to 

stabilize
11,12,25,43,52,53

 or destabilize
47

 proteins. For myoglobin, a detailed calorimetric 

study of Kelly and Holladay finds that none of the models used for estimation of 

folding free energy is adequate.
41

 No model at present appears universal that can be 

used to estimate ∆G irrespective of the protein identity. 

2.5.3 Model Independence: Denaturant Effect on Structural, Conformational, 

and Energetic Fluctuations. It is now widely believed that denaturants bind to 
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independent and similar sites on proteins, often referred to as ‘simple binding’.
28

 

Existing evidences suggest direct protein-denaturant interactions,
55−58

 by both van der 

Waals and multiple hydrogen-bonding interactions of denaturant atoms with protein 

backbone and side chain atoms.
59−61

 Often a denaturant molecule forms hydrogen 

bonds with amino acids from different parts of the protein, thereby mediating 

additional intramolecular interactions.
61

 At the same time, some native-state 

intramolecular contacts may be weakened or abolished. These modes of binding have 

at least three critical consequences on conformation, motions, and energy of proteins 

even in the presence of subdenaturing levels of denaturant concentration. First, the 

binding is not weak and selective, implying that Gibbs energy of denaturant binding 

as well as protein unfolding energy should not vary linearly with denaturant 

concentration.
28

 Second, denaturant-mediated intramolecular crosslinks serve to 

restrict conformational dynamics of the protein molecule, resulting in a decrease in 

configurational entropy.
53,62

 Third, denaturant binding significantly affects 

intramolecular vibrations by shifting the fundamental frequencies of internal modes.
63

 

In addition to these, denaturants affect both structure of water and surface hydration of 

protein.
64-66

 It is important to note that manifests of the denaturant effect essentially 

depend on the concentration of the denaturant itself. The effects on protein energy and 

conformational fluctuations considered here assume larger significance in the 

subdenaturing limit of denaturant concentration where only a few of them are bound 

to the protein, so the average protein conformation is not very different from that of 

the native state. But at higher concentrations of the denaturant, the protein unfolding 

effect sets in due to binding of more denaturant molecules. Large-amplitude unfolding 

motions now overrun the initial effects observed in the subdenaturing regime. This 

note, partly presented earlier,
53

 also appears to argue against the linearity of Gibbs 

energy of folding on denaturant.  

Of the three outcomes of denaturant binding at the subdenaturing level, 

entropy decrease and shift of fundamental frequencies of internal modes of vibrations 

to different values have considerable influence on conformational fluctuations and 

average energy spectrum of the protein. Because fluctuations in native-state proteins 

allow for sampling of multiple conformational states whose energies are spread over a 
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wide range, a decrease in entropy is expected to limit fluctuations to a fewer 

conformational states, resulting in a lower mean square energy of the protein. 

Likewise, the shift of vibrational frequencies to lower values due to denaturant 

binding allows thermal excitation of lower energy modes, producing less average 

energy. However, the denaturant cross-linked protein is not homogenous; it is also 

likely that fundamental frequencies of some protein oscillators shift to higher values. 

The general implication of initial denaturant binding is perturbation of the average 

energy to variable extent as native-like states are populated. The perturbation should 

be specific for a protein considered, and whether the energy increases, decreases or 

stays near zero is determined by factors including changes in intramolecular contacts, 

entropy, and frequencies of oscillator vibrations. This thinking is similar to the finding 

of Yang and Honig that the contribution of pairwise charge-charge electrostatic 

interactions to protein stability may be positive negative or close to zero depending on 

the solvent pH and charge distribution on the protein surface.
19,67

 The point of 

importance is the outcome of the interaction which is protein specific in the 

pretransition region. The significance of the energy variation in the subdenaturing 

regime disappears across the transition region of denaturant where large-amplitude 

unfolding motions dominate, and the average energy of the native-like ensembles 

increases. Denaturant sensitivity of the energy of the unfolded state is generally not 

substantial, because virtually all structural elements, including van der Waals 

interactions and hydrogen bonds are fully disrupted.  

Figure 9. Schematic of 

denaturant-induced changes 

in Gibbs energy for the three 

different variations of ∆G on 

denaturant. Horizontal gray 

bars indicate relatively less 

sensitivity of the denatured 

state energy to the presence 

of denaturant. Left, upward 

curvature observed for 

myoglobin. Middle, the linear free energy dependence exemplified by cytochrome c. Right, downward 

curvature or rollover seen for BSA and lysozyme.   
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Apart from certain protein specific cases where nonrandom residual structure or non-

native interactions occur,
46,68−72

 the unfolded-state energy is unlikely to vary 

considerably with the denaturant. It follows that the denaturant dependence of folding 

energy is determined by protein specific response of structure and conformational 

fluctuations of native-like states to denaturant binding. This analysis is schematized in 

Figure 9 showing the correspondence with the experimental results of protein stability 

versus denaturant obtained.  

2.5.4 Changes in Protein Heat Capacity with Denaturant Binding. Because the 

premise of the model is a change in the average energy of the protein due to 

denaturant binding and consequent restricted conformational fluctuations under 

subdenaturing conditions, the heat capacity of the protein should change 

commensurately. The spread about the mean internal energy of the protein is related 

to heat capacity by
73−77

   

< @Q� >≡< @T� >= UV!�:V ≈ UV!�:P                                                                 (15)    

Therefore, the specific heat upon subdenaturing level of denaturant binding should 

increase substantially for the case of upward curvature of ∆G vs [D] (myoglobin), 

increase proportionately for the linear curve (cytochrome c), decrease largely for the 

downward curvature (BSA), and decrease moderately for the case of modest rollover 

(lysozyme). This is a challenging demand, and we have no data to substantiate at 

present. Limited studies have reported variable increase in specific heat of protein 

titration with denaturants in cases of cytochrome c, lysozyme, and RNase A,
28

 but a 

decrease for several hydrophobic amino acids, dipeptides, and ovalbumin in the 

presence of urea.
78

 It appears that the dependence of Cp on denaturant may vary in 

protein, cosolvent, and buffer specific manners in a way similar to results of 

differential scanning microcalorimetry.
79

  Available Cp data for cytochrome c and 

lysozyme at different denaturant concentrations appears fairly consistent with our ∆G 

vs denaturant data. A recent study of calculations based on molecular transfer model 

has shown that Cv values for protein L and CspTm increase with urea, which is 

somewhat consistent with the calculated ∆G vs urea curve for protein L, but not for 
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the other protein.
49

 Clearly, more isothermal calorimetry results of protein-denaturant 

titration will be needed to examine the correlations of Cp vs denaturant and ∆G vs 

denaturant curves. 

2.6 CONCLUSIONS 

Theory does not provide direct support for the linear free energy transfer 

model, and the determination of conformational stability of proteins (∆Gº) by linear 

extrapolation from the transition region to the ordinate is burdened with huge 

uncertainty. Although SB procedure of nonlinear least square analysis of the entire 

transition curve appears to ameliorate the problem to an extent, the uncertainty about 

the actual denaturant dependence of pre- and post-transition baselines is likely to 

introduce error in the ∆Gº value. Accurate determination ∆Gº involves the use of two 

or more denaturing agents, where the primary denaturant alone provides ∆G values 

across the unfolding transition, and transitions measured by varying the secondary 

denaturant at fixed concentrations of the primary denaturant yield ∆G values in the 

subdenaturing region. All of these transitions are analyzed by SB method. Results of 

such a complete set of experiment would tell whether the dependence of ∆G on 

denaturant is linear, near-linear or curved for a given protein. The denaturant effect on 

protein stability is made complex by changes in protein fluctuations and 

intramolecular interactions brought about by denaturant binding interactions, and thus 

modulating the internal energy.  
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Burst Reaction and Chevron Curvature in the Folding of Cytochrome c, 

Myoglobin, BSA, and Lysozyme Studied by Stopped-Flow 

 

  

3.1 ABSTRACT 

Two general observations in experimental protein folding kinetics are nonlinear 

dependence of observed rates as a function of the denaturant called - chevron rollover, 

and the burst phase reaction that entails the initial stages of folding. The origin of 

different degrees of chevron curvatures irrespective of size and folding-unfolding speed 

of proteins, and the role of the burst collapse in native structure acquisition are unclear. 

Folding kinetics of cytochrome c, myoglobin, bovine serum albumin (BSA), and 

lysozyme studied here at millisecond resolution show no connection between the burst 

reaction product and chevron rollover. Kinetics recorded by concomitant use of 

guanidinium hydrochloride (GdnHCl) and urea appear to indicate that the burst species is 

only marginally structured at best, and hence cannot be called a folding intermediate. 

Curvatures for both folding and unfolding limbs of chevron are essentially due to 

breakdown of the linear free energy model (LFEM) as elucidated by equilibrium 

experiments in the accompanying article. Continuous change of both structure and energy 

of the protein along the reaction coordinate, which in most cases can be verified by 

measuring the hydrodynamic radius (RH) or some other properties, implies nonlinearity of 

energy change with the denaturant that results in curvature. Protein landscapes are 

generally rugged, and a high degree of ruggedness causes accumulation of specific 

intermediates whose delayed folding is reflected in chevron curvature. Results for BSA 

also reveal kinetic unfolding intermediates that are likely due to multidomain and 

subdomain structure of the protein.                

3.2 INTRODUCTION 

Protein folding literature of the past thirty years or so reveals steady progress 

toward understanding the mechanism of structure acquisition by unfolded polypeptides, 
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even though unifying all information appears difficult at this stage. Also hard is the 

citation of all of the influential studies that have appeared. Some of the general ideas that 

have emerged in classical description of folding include the reality of folding 

intermediates and sequential pathway
1,2

 that have been demonstrated abundantly at 

sufficient details,
3-12

 the molten globule state,
13-20

 whose productive role appears 

controversial,
14,21-23

 the curvature in folding chevron due to accumulation of kinetic 

folding intermediate
24-27

 or other non-intermediate factors,
27-29

 and fast 

contraction/collapse of the initial unfolded chain at the onset of folding.
30-38

 Of these, 

variable degree of chevron curvature and polypeptide collapse are of particular interest 

for at least three reasons. First, proteins irrespective of size, structure type, and folding 

speed may or may not display rollover in the rate vs denaturant curve; chevrons of only 

some fast-folding proteins approach linearity. Second, even if the curvature of the folding 

limb is identified with accumulation of folding intermediate(s) at low denaturant, how to 

interpret the curvature of the unfolding limb observed in as many cases where unfolding 

kinetic intermediates are seldom described. Third, chevron rollover for fast-folding ‘two-

state’ proteins can be explained if a ‘structured’ burst collapse product accumulates the 

folding speed of which limits the observed rate. This hypothesis can be tested by accurate 

measurement of burst amplitude in refolding (unfolding) experiments,
39-42

 but 

unambiguous assignment of structure, dimension, and hydration to the collapsed product 

requires direct measurement of polypeptide collapse, which in most cases is completed in 

the microsecond regime. 

An important development essentially based on the earlier idea of Regenfuss et 

al
43

 was the construction of microsecond mixers to study stopped-flow unobserved 

submillisecond kinetics of protein folding.
33,38,44-51

 Submillisecond kinetics have detected 

the earliest and often multiple phases of condensation of unfolded chain at the onset of 

folding. Concomitantly, the sensitivity of single-molecule fluorescence resonance energy 

transfer (SMFRET) has been exploited to study collapse and diffusivity of unfolded 

protein chains.
52-65

 SMFRET experiments have particularly enabled application of 
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polymer principles in the interpretation of polypeptide response to the level of denaturant. 

These experiments also allow a detailed analysis of the connection between free energies 

of folding and polypeptide collapse.
61,66

 Unfortunately, results for different proteins often 

provide divergent pictures concerning the order, specificity, and continuity of collapse.
63

 

A pesky problem is disparate degree of compaction reported by small-angle x-ray 

scattering
67

 and FRET,
53,57

 although the disparity also surfaces in equilibrium 

measurement of hydrodynamic radii.
68,69

 The collapsed product may have highly non-

native structure,
70

 in contrast with specific helical interactions
71

 or increasingly native-

like contacts observed under low denaturant.
63

 Another basic problem is the very 

comparison of polymer transitions with protein collapse. At least in one instance 

documented of late, the equivalent of coil-globule transition of polymers does not seem to 

occur in the polypeptide.
72

 

This study examines burst folding (unfolding) kinetics and chevron curvature for 

ferricytochrome c, myoglobin, BSA, and lysozyme at millisecond resolution by using 

GdnHCl and urea, often both in conjunction. The basic principle of burial of protein 

surface in going from the collapsed to the transition state has been used to gauge structure 

in the former so as to tell qualitatively if the polypeptide condenses specifically to an 

intermediate structure. The inapplicability of the linear free energy model (LEM) 

discussed in the accompanying article appears to be the major source of chevron 

nonlinearity. Folding kinetics is more complex for multidomain BSA than for the other 

three proteins. Occurrence of kinetic unfolding intermediates for BSA presumably before 

the transition state is described.           

3.3 MATERIALS AND METHODS 

All experiments used commercial preparations of horse myoglobin, horse heart 

cytochrome c, and BSA purchased from Sigma, and hen egg white lysozyme obtained 

from Calbiochem or HiMedia. BSA was chromatographed on a Sephadex G75 column to 

isolate the monomeric form.  Urea solutions were freshly prepared, and were used up 

within 24 hours. Buffers used were 0.2 M sodium acetate, pH 4.5, 20 mM sodium 
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phosphate, pH 7, 50 mM sodium phosphate, pH 7, and 20 mM sodium acetate, pH 5 for 

experiments with cytochrome c, myoglobin, BSA, and lysozyme, respectively. All 

experiments were done at 24.5(±0.5)ºC.     

Measurements of folding-unfolding kinetics that engaged only one denaturant 

were done by the usual procedure of diluting one-part the initial solution of the native or 

denaturant-unfolded protein into seven-parts of the buffer containing desired denaturant 

concentrations. In experiments involving concurrent use of two denaturants, 

concentration of one of the denaturants was held constant while varying the other. The 

actual level of denaturants that were determined from refractive index data of final mixed 

solutions collected as stopped-flow waste are reported in the description of experimental 

results below. Folding and unfolding reactions were initiated by two-syringe mixing of 

protein and buffer solutions in volume ratio of 1:7 in a BioLogic SFM400 instrument, 

and time-domain signal was recorded using a single channel. Measured dead-time of the 

instrument was 1.6(±0.2) ms. Typically 7-9 traces were averaged for each concentration 

of the varying denaturant. Reported pH values refer to actual pH of mixed solutions 

measured after experiments. 

 Hydrodynamic radius (RH) of proteins was determined using the sLED-PFG NMR 

pulse sequence.
73

 Spectra were recorded at 25°C in a 500 MHz Bruker Avance III 

spectrometer with the z-gradient (diffusion gradient) strength fixed in the range of 3−50 

Gauss cm
-1

. Protein samples (2 mM) were prepared in D2O buffer containing deuterated 

denaturants in the 0−8.3 M range. Deuteration was carried out by lyophilization or 

repeated drying of the denaturant from D2O solutions under pure nitrogen gas. Each 

sample also contained 0.5 mM 1,4-dioxane as internal RH standard.
74

 Values of RH are 

calculated by 



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

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where, I and g are NMR signal intensity and gradient strength, respectively. 
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3.4 RESULTS 

3.4.1 The Framework for Interpretation of Kinetic Results. Because the unfolded 

protein chain resembles homopolymers in terms of solvent quality-dependent 

hydrodynamic dimensions,
69,75-77

 homopolymer principles are often used to model the 

initial stage of protein folding.
78

 When driven to fold by diluting the denaturant, the 

unfolded protein chain responds initially by contraction and collapse to a disordered 

globule, which folds to the native state in a later stage involving occasionally detectable 

kinetic intermediates (Figure 1). These two stages, details of which are affected by 

denaturant concentration in the folding milieu, form a useful framework for interpretation 

of kinetic results obtained under variably 

perturbed reaction conditions created by 

using one or more denaturants.  

 

Figure 1. Highly simplified one-dimensional energy 

surface under refolding conditions depicting the 

assumed framework for interpretation of kinetic 

results. U, U′, and N are unfolded, collapsed, and 

native states, respectively. 

 

3.4.2 Cytochrome c. Revisiting the folding kinetics of ferricytochrome c was necessary 

due of controversial results now and then coupled with inconsistent interpretations from 

different laboratories;
30,31,80-87

 the major disagreements being the interference of the heme 

in correct chain folding, and whether the chain collapse is a barrier-limited event. Briefly, 

the heme in the unfolded protein makes transient contact with both native and non-native 

methionine and histidine side chains, and the population of non-native heme ligands can 

collapse and fold without the correct M80 ligand if dissociation times of the non-native 

intrapolypeptide ligands, H26 and H33 in particular, are longer than the chain collapse 

time. Apparent misfolding of ferricytochrome c, which incidentally does not occur in the 

case of ferrocytochrome c,
84

 can be prevented by eliminating heme-histidine misligation 

G

N UU
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at acid pH where histidine side chains are protonated.
80

 Experiments were hence 

performed at pH 4.5. 

 

Figure 2. Refolding of cytochrome c in the presence of 

GdnHCl alone, 0.2 M acetate buffer, pH 4.5, 

24.5(±0.5)ºC. (a) Some traces for refolding from 4.8 M 

GdnHCl to the final denaturant concentrations 

indicated. Observable kinetics are fitted best by two 

exponentials, of which the slower phase accounts for 

only 0-20% of the total amplitude. (b) Denaturant 

dependence of normalized burst phase signals 

determined by extrapolating the exponential fits to time 

t=0 along with equilibrium signals (t=∞). Two-state fit 

of the latter yields ∆G~8 kcal mol
-1

 and mg~3.5 kcal 

mol
-1

 M
-1

, consistent with values obtained from 

equilibrium melts under these experimental conditions. 

The dotted line represents a linear extrapolation of the 

unfolded baseline. (c) Denaturant dependence of 

normalized amplitudes corresponding to the fast and 

slow observed phases. (d) Folding chevron plots for the 

two observed rates showing curvatures in both folding 

and unfolding limbs. The lower chevron corresponding 

to the slow minor phase is not considered for 

description (see text). 

 

Folding kinetics studied by diluting the unfolded 

protein solution (4.8 M GdnHCl) to different final 

concentration of the denaturant are described by a stopped-flow unobservable submillisecond 

burst phase followed by two observable exponentials (Figure 2a). These three phases 

completely describe the time course, because GdnHCl dependence of the fluorescence 

signals read at t→∞ of the traces produce an unfolding transition (∆Gº≈8 kcal mol
-1

 and 

mg≈3.5 kcal mol
-1

 M
-1

) that closely simulates the one measured independently (Figure 2b). 
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The availability of the initial unfolded-state fluorescence signal provides for quantifying the 

denaturant dependence of the missing fraction of the amplitude by (SU−So)/(SU−SN), where 

So is fluorescence signal at time t=0 determined by extrapolating the fitted exponential 

function to zero-time, and SU and SN are unfolded- and native-state signals estimated by 

linear extrapolation of respective baselines to the ordinate (Figure 2b). Regarding the two 

observed exponential phases, the apparent rate coefficient of the slower one (k2) is at least 

15-fold smaller than that of the faster phase  and accounts for only 0.1-20% of the observed 

amplitude across the denaturant scale (Figure 2c). This phase most probably arises from a 

small population of aggregated species, and may be excluded from further consideration. The 

results lead to the following scheme for ferricytochrome c folding 

                           Scheme I 

where the collapse of the unfolded chain U to the U′ state (Figure 1) is not observed in 

our time window, and hence the observable major phase with the eigenvalue k1 can be 

associated with the U′⇋N reaction.  

Folding of cytochrome c in a single observable phase suggests a two-state 

reaction with no accumulation of temporally resolved kinetic intermediates. The two-

state implication is, however, inconsistent with the denaturant dependence of k1 (Figure 

2d), parameterized by the kinetic m-value (m
‡
=RT ∂lnk/∂[denaturant]), which is a 

measure of the surface area buried in the transition state. The value of m
‡
 for the folding 

or unfolding limb of the chevron is expected to be a constant for two-state folding.
88

 

Except for the transition region, deviation of  k1 vs GdnHCl from linearity is substantial 

under both strongly folding and unfolding conditions (Figure 2d), apparently indicating 

that the interpretation of two-state kinetics may not be correct. In fact, the nonlinearity of 

the folding limb under subdenaturing conditions is widely believed to originate from 

transient accumulation of a burst intermediate whose conversion to the native state is 

slow, because the intermediate is increasingly stabilized as stronger native-like conditions 

are approached. It is this slow folding of the intermediate which is suggested to limit the 

overall observable rate.
42,89

 Thus, it might appear that the burst collapse species U′ is an 

N UU 
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intermediate whose slow conversion to N rate-limits the observed folding, and hence the 

nonlinearity in the chevron folding limb (Figure 2d). 

 

Figure 3. Refolding of cytochrome c by the use of both 

GdnHCl and urea. (a) Some traces for refolding of 5 M 

GdnHCl-unfolded protein, pH 2.5, to 1 M final 

GdnHCl, pH 4.5, in the presence of indicated urea. Two 

exponentials are needed to fit each trace, although the 

amplitude of the slower one is <10%. (b) Urea 

dependence of the observed rate of the major (fast) 

phase in the presence of 0.6 (�), 1.0 (�), 1.3 (�), and 

1.5 (�) M GdnHCl. 

 

To check if the collapsed chain U′ is a 

kinetic intermediate, refolding experiments 

were performed using both GdnHCl and urea. 

The protein unfolded in 5 M GdnHCl, pH 2.5, 

was refolded to 0.6, 1, 1.3, and 1.5 M 

GdnHCl, each in the presence of variable urea 

in the 0-2 M range (Figure 3a). Interestingly, 

the slope of the urea dependence of k varies 

little within error irrespective of the content of 

the primary denaturant GdnHCl in the folding milieu (Figure 3b). The constant value of 

m‡ (0.7±0.06) for all four sets of folding kinetics shows that the surface area buried in 

going from U′ to the transition state is virtually the same, and hence U′ is not a kinetic 

intermediate. If it were, the value of m‡ would vary with GdnHCl content, rather strongly 

because 0.6 M of this denaturant is expected to support an intermediate structure 

significantly compared to 1.5 M where an intermediate is unlikely to accumulate. These 

results suggest that U′ is not a kinetic intermediate, but a collapsed state of the unfolded 

chain that responds to denaturants by expansion and contraction in the same way the 

Folding time (s)

0.001 0.01 0.1 1

F
lu

o
re

sc
en

ce
 (

a
u

)

0.0

0.5

1.0

1.5

2.0

Urea, M

0.0 0.5 1.0 1.5 2.0

lo
g

 k
o

b
s 

 (
s-1

)

1.6

2.1

2.6

0.1 M Urea
0.2
0.3
0.4
0.6
0.7
0.9
1.2

b

a



Chapter 3 

59 

 

unfolded chain does. It is concluded that the U→U′⇋N mechanism appropriately 

describes the folding of cytochrome c. 

3.4.3 Myoglobin. Kinetic study of holomyoglobin folding has been scanty
90-92

 due to 

heme dissociation from the protein chain under strongly unfolding conditions. But 

experiments can still be performed under moderate denaturant concentrations where the 

protein chain is fully unfolded, the heme-H93 ligation is retained, and a water molecule 

serves for the other axial ligand of the heme (aquomet-myoglobin or metmyoglobin). 

Within the limit of 2.3 M GdnHCl, pH 7, the protein is found to undergo complete and 

reversible unfolding without the loss of the heme. Hence, refolding experiments were 

performed with the protein unfolded initially at 3 M GdnHCl, pH 7, 24(±0.5)ºC. 

Kinetics of myoglobin refolding is characterized by an initial burst loss of signal 

followed by a phase of fluorescence increase, and at least one slower phase where the 

fluorescence decreases (Figure 4a). Because the slow phase is incomplete within the 16 

ms of kinetic traces shown here, the two-exponential fits of traces often required a 

constrained baseline. The rate of this slow phase is also measured reproducibly in manual 

mixing experiments. Unfolding kinetics do not show any substantial burst loss of signal, 

and two phases of fluorescence increase are observed (Figure 4b). Here as well, two-

exponential fits required baseline constraint when concentrations of GdnHCl were large. 

Chevron plots of the two observed macroscopic rate constant (k1 and k2) are dissimilar − 

they are horizontally shifted, and have different values of m
‡
 for the folding limb (Figure 

4c). The minimum of both chevrons is contained within the unfolding transition region, 

and the faster and slower phases correspond to ~40 and 60% of the observable 

fluorescence amplitude (Figure 4d,e). The horizontal shift of chevrons appears consistent 

with an earlier report under similar conditions,
92

 but that study provides no other 

information. 
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Figure 4. Kinetics of myoglobin 

in GdnHCl. (a) Traces for refold- 

ing of the protein initially 

unfolded in 3 M GdnHCl, pH 7, 

24(±0.5)ºC show a burst signal 

change followed by observable 

phases of fast fluorescence rise 

and slow decay to the 

equilibrium value. (b) Unfolding 

traces do not indicate consider- 

able burst signal change, and the 

fluorescence rises in two 

exponential phases. (c) Folding 

chevrons of the two observed 

rates are horizontally shifted, but 

the folding limb of the lower 

chevron shows little curvature. 

(d) Equilibrium unfolding 

transition of myoglobin under the same experimental conditions (∆G~11.3 kcal mol
-1

 and mg~2 kcal mol
-1

 

M
-1

) to show that the chevron minima are contained within the transition region. (e) Denaturant dependence 

of relative amplitudes of the fast (�) and slow (�) phases.  

 

Because a folding burst phase is clearly observable (Figure 4a), and the fast observable 

phase is associated with increased emission contrary to the expected decrease, a refolding 

intermediate appears to occur which can be depicted by one of the following three 

schemes compatible with the two eigenvalues k1 and k2 

                                                   

                                         Scheme 2a 

                                        

                                                        2b 
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                                                   2c 

 

The first of these (Scheme 2a) can be ruled out because the amplitudes associated with k1 

and k2 do not change across the denaturant range (Figure 4e). The second (Scheme 2b) 

refers to an off-pathway or dead-end intermediate that must unfold to U′ for correct 

folding to N. The presence of dead-end intermediate generally produces sharp rollover or 

inversion in the folding limb of the chevron under low denaturant conditions,
84,93

 which is 

not detected here (Figure 4c), and hence the second mechanism can also be excluded. The 

third scheme (Scheme 2c) features two parallel pathways, U′⇋N and U′⇋I⇋N, of which 

the latter assumes significance only when the intermediate is stabilized under strongly 

native-like conditions. Further, the intermediate is not obligated to a dead end, suggesting 

appropriateness of the cyclic mechanism (Scheme 2c) for description of myoglobin 

refolding. 

The chevron behavior is however far from simple. For example, the denaturant 

dependence of k1 is markedly flat across the subdenaturing region, which may appear to 

suggest the existence of a rate-limiting step. Since the chain collapse is the only event 

faster than k1, the nature of the U′ state was examined by refolding experiments in which 

the initial unfolded state prepared in 3 M GdnHCl was allowed to refold to 0.25, 0.45, 

0.6, and 0.75 M GdnHCl, each in the presence of different urea in the 0-2.4 M range. 

Figure 5a shows a few representative refolding traces that reproduce the features shown 

in Figure 4a. Curiously, the urea dependence of both k1 and k2 at all four concentrations 

of GdnHCl (m‡) are nearly identically flat, even as k2 starts to decrease at >1 M urea due 

to onset of denaturation (Figure 5b). Identical urea dependence of k at all concentrations 

of GdnHCl implies, as it did for cytochrome c discussed earlier, that U′ is not an 

intermediate. The m‡ value of ~0.05 for both k1 and k2 suggest little difference in solvent 

accessible surfaces of U′ and the transition state, which means the latter resembles the 

N UU 

I
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unfolded state. 

 

Figure 5. Double perturbant kinetics for 

myoglobin. (a) Representative traces for refolding 

of the protein from 3 M GdnHCl, pH 7, 

24(±0.5)ºC to a final GdnHCl of 0.6 M in the 

presence of indicated level of urea. Kinetics are 

described by an initial (unfolding-like) rise in 

fluorescence followed by a decay to the 

equilibrium value. (b) Urea dependence of the 

rates for the fast (circles) and the slow (squares) 

phases in the presence of 0.25 (�,�), 0.45 (�,�), 

0.6 (�,�), and 0.75 (�,�) M GdnHCl.  

 

Confusion still remains concerning 

the rate-limiting process that produces the 

rollover in the folding limb of the k1 

chevron (Figures 4c, 5b). If the collapsed 

state is heterogeneous (U1′, U2′, U3′, … 

Un′) such that they interconvert within 

themselves rapidly compared to the 

conversion of each of them to I and N states, and the population distribution is modulated 

by the denaturant level in the folding milieu, then k may possibly roll over. This idea has 

been used in the past to explain chevron curvature for some proteins.
94

 Assuming so, 

Scheme 2c is modified to the following to describe the folding kinetics of myoglobin.  

           

Scheme 3                 

 

 

3.4.4 Bovine Serum Albumin. Although BSA has been rarely used to study protein 
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folding kinetics due to its large size, three-domain structure, and binding affinity to a host 

of ligands − the availability of detailed information about its equilibrium unfolding 

justifies exploring kinetics. In the first set of experiments, we determined the GdnHCl 

dependence of folding and unfolding rates in 50 mM phosphate, pH 7, 24(±0.5)ºC. As 

shown by sample traces, refolding from 6 M GdnHCl is very slow in the stopped-flow 

window, but the dominating feature is a huge burst loss of signal in the submillisecond 

regime (Figure 6a).  Unfolding also proceeds by a very large burst change in fluorescence 

(Figure 6b), but the millisecond unfolding kinetics is relatively faster than folding 

kinetics. Both folding and unfolding traces are best described by two exponentials, and k1 

and k2 chevron minima correspond to the midpoint of the unfolding transition (Figure 6c). 

The GdnHCl dependence of burst signals for both folding and unfolding were quantified 

and are plotted along with the baseline fluorescence (t=∞) in Figure 6d. The 

overwhelming burst phase fluorescence (So) might tempt one to invoke submillisecond 

structural intermediates for both folding and unfolding, but results obtained further do not 

permit so (see below). 

Since there is no evidence for two unfolded populations of BSA that refold at 

different rates, and because observed amplitudes of fast and slow folding phases appear 

to cross at a denaturant value a little lower than the midpoint of the unfolding 

transition(Figure 6e), the occurrence of two phases is indicative of a millisecond folding 

intermediate (I). No intermediate in the slower regime of unfolding needs to be invoked, 

because the amplitude of the slow unfolding phase that accounts for less than 10% of the 

observable amplitude in the region of 2.5−3.5 M denaturant is not substantial (Figure 6e). 

The interpretations at this stage are compatible with the minimal mechanism, 

                     

                                        Scheme 4 

 

where IU is a high-energy unfolding intermediate (~5 kcal mol
-1

) that forms in 

submillisecond regime. 

I UU N

IU
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Figure 6. Folding kinetics for 

BSA. (a) Sample traces  for 

refolding from 6 M GdnHCl, 50 

mM phosphate, pH 7, 

24(±0.5)ºC to the indicated 

level of GdnHCl. The observed 

kinetics are rather slow and 

biphasic, but a very large burst 

process dominates the refolding 

reaction. (b) Unfolding kinetics 

also shows a very large burst 

signal change. Observed 

kinetics are biphasic within the 

transition region, but is 

monophasic at higher denature- 

ant level. (c) Chevron plots for 

the two observed rates show no 

or marginal rollover in the 

folding limb, but accentuated 

curvature in the unfolding limb at higher denaturant concentration. (d) GdnHCl dependence of large burst 

phase signals for both folding and unfolding, and the baseline fluorescence (t=∞). The broken lines through 

burst phase unfolding (�) and refolding (�) signals are drawn with ∆G values of 5.2 and 3.7 kcal mol
-1

, 

and mg values of 1.5 and 1.8 kcal mol
-1

 M
-1

, respectively. The broken line through the baseline signals (�) 

is drawn with ∆G and mg values of 3.5 kcal mol
-1

 and 1.7 kcal mol
-1

 M
-1

, respectively, both of which are 

about 2-fold smaller than those obtained from equilibrium melts. (e) Relative amplitudes of fast and slow 

phases observed. 

 

The collapsed state (U′) in the BSA folding at neutral pH need not simply be the 

contracted unfolded chain because of the large size and three-domain structure of the 

protein.
95

 It might as well be that all domains are not completely unfolded even though 

the refolding experiments were conducted with the protein unfolded in 6 M GdnHCl 

(Figure 6). On the other hand, equilibrium unfolding curves show only minor changes in 

fluorescence and CD signals beyond 3 M GdnHCl. Nevertheless, to obtain some clue on 
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the structural content of U′ experiments 

were extended where the protein unfolded 

in 3 M GdnHCl, 50 mM phosphate, pH 7, 

was refolded as a function of urea at 0.3, 

0.4, 0.5, and 0.6 M GdnHCl in the 

refolding milieu. As already discussed, 

refolding kinetics entails a large initial 

burst loss of fluorescence followed by two 

observable phases (Figure 7a), but the 

variation of mf
‡ values obtained from urea 

dependence of k1 and k2 plots are irregular 

with GdnHCl concentration (Figure 7b). 

These results do not permit drawing any 

inference regarding the nature of U′.   

 

Figure 7. Refolding of BSA in the presence of both 

GdnHCl and urea, 50 mM phosphate, pH 7. (a) Sample traces for refolding of the initially unfolded protein 

in 3 M GdnHCl to a final concentration of 0.3 M and in the presence of indicated concentrations of urea. 

Observed kinetics are described by two-exponential phases. (b) Urea dependence of the fast (circles) and 

slow (squares) rate constants for refolding to 0.3 (�,�), 0.4 (�,�), 0.5 (�,�), and 1.5 (�,�) M GdnHCl. 

 

Since finding the attribute of U′ − whether a structural intermediate or a 

contracted unfolded chain – is the major objective of this work, and results obtained with 

BSA thus far is inconclusive likely due to incomplete unfolding, we sought to find 

conditions where the protein can be maximally unfolded. Figure 8a,b show three-state pH 

denaturation of BSA, often called N⇋F⇋U transition,
96-98

 where F that populates in the 

pH region 3-4 is an electrophoretically faster-moving and moderately expanded 

intermediate due to some structure loss in domain III, and U is the faster-moving acid- 

denatured form. The acid-denatured state appears to contain ~60% of the native-state 
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secondary structure, and ~20% still persists when the protein at pH 1 is heated up to 

90ºC(Figure 8c). The denatured protein at pH 2 shows maximal unfolding at >4 M 

GdnHCl (Figure 8d,e). 

 

Figure 8. Equilibrium experiments with BSA. 

The effect of pH lowering monitored by 

fluorescence (a) and far-UV CD (b). The biphasic 

conformational transitions is often referred to as 

N⇋F⇋U transition, even though BSA is not 

completely unfolded at pH 2 (see text). (c) 

Temperature dependent CD spectra at pH 1 

shows prevalence of residual structure even at 

90ºC. GdnHCl-induced unfolding transition at pH 

2 monitored by fluorescence (d) and 222-nm CD 

(e). The two equilibrium transitions are fitted 

with ∆G and mg values of 1.1(±0.1) kcal mol
-1

 

and 0.7(±0.1) kcal mol
-1

 M
-1

, respectively. 

 

Experiments were then extended 

in which BSA unfolded in ~4.5 M 

GdnHCl, pH 2, 24ºC was allowed to 

refold to different final concentrations of the denaturant at the same pH. Kinetics are 

described by a single exponential for both folding and unfolding, and very large burst 

loss of signal is recorded even under these conditions (Figure 9a,b). The observed rate (k) 

rolls downward under strongly native-like conditions (Figure 9c), suggesting some 

reconfigurations in the collapsed state(s) which rate-limit the observed kinetics. Again, 

urea dependence of the logarithm of the folding rate at two mildly perturbing GdnHCl 

concentrations produces comparable slope within the error limit(Figure 9c, inset), 

suggesting that the collapsed state(s) is not a folding intermediate. More importantly, the 

result that denaturant dependence of fluorescence values at t→0 and t→∞ are only 

marginally different (Figure 9d) strongly suggests that the typtophan reporters in the U′ 
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state vis a vis  the U state 

are in very similar environ- 

ment, meaning U and U′ 

chains are compareable both 

structurally and energetic- 

ally. Hence, the collapse 

state is far from a compact 

intermediate. 

   

Figure 9. Kinetics of refolding of 

BSA at pH 2, 24(±0.5)ºC. (a) 

Sample traces for refolding of the 

initially unfolded protein in 4.5 M 

GdnHCl to the indicated levels of 

the denaturant. Kinetics are 

marked by burst refolding 

followed by a single exponential 

phase. (b) Unfolding also 

proceeds by a large burst phase 

and a single observable phase. (c) The chevron of the lone observable phase shows a downwardly curved 

folding limb. The unfolding limb is only marginally curved, although data plotted are still within the 

transition region. Shown in the inset is urea dependence of the refolding rate constant for GdnHCl 

concentrations fixed at 0.7 (�) and 1 (�) M GdnHCl. (d) Normalized fluorescence signals at time t=0 of 

refolding (�) and unfolding (�) along with equilibrium signal at time t=∞ (�) are plotted with denaturant. 

The equilibrium transition observed under these conditions (see Figure 8d) is reproduced here for 

comparison. 

 

Figure 9d also shows the denaturant dependence of fluorescence signals at t→0 

and t→∞ obtained from the unfolding kinetic traces (Figure 9b) are very similar, 

suggesting that the unfolding burst product is structurally similar to the initial native 

state. By comparing this unfolding burst case developed at pH 2 (Figure 9d) with that at 
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pH 7(Figure 6d) one finds that unfolding under the latter condition involves a high-

energy kinetic intermediate. This difference in both structure and energy of the two 

unfolding intermediates is not surprising because, notwithstanding the difference in 

proton inventory at different pH conditions, unfolding at pH 7 begins with all three 

domains of BSA folded, whereas domain III at pH 2 is already unfolded. The available 

results for the pH 2 condition are consistent with the mechanism  

         

                     Scheme 5 

 

 

where the collapsed ensemble undergoes rapid interconversion, the rates of which are not 

resolved by their conversion rate to the native state. The submillisecond unfolding 

intermediate IU discussed above appears similar to the native state both structurally and 

energetically. 

3.4.5 Lysozyme.  In the light of ample scholarly studies of this protein in the past
93,99-106

 

experiments here are limited to examine folding kinetics primarily under subdenaturing 

conditions. The objective emanates from the results of previous equilibrium folding 

experiments that point to a rollover in the urea dependence of conformational stability 

indicating ruggedness toward the bottom of the folding funnel.
107

  

Refolding kinetics of lysozyme at pH 5 under low denaturant conditions consist of 

a fast phase of fluorescence emission decay followed by a slow phase of fluorescence 

increase, and a slower phase of further increase (Figure 10a), consistent with earlier 

report.
106

 As conditions turn from strongly native to denaturing due to increase in 

denaturant in the refolding medium the fluorescence increase associated with the slow 

phase gradually changes to a decrease (Figure 10a, inset). With increasing denaturant the 

amplitude of the fast phase continue to decrease at the expense of the slow (Figure 10b), 

and under unfolding conditions the fast phase reappears with increase in fluorescence 

(Figure 10b, inset). Earlier studies have assigned the fast refolding phase to the formation 
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of an intermediate (I) where the α-helical domain is structured substantially, but the chain 

segment corresponding to the β-sheet domain remains unstructured.
102,103

 However, some 

molecules of unfolded lysozyme refold fast without involving the intermediate,
106

 which 

has been rationalized by the minimal mechanism
93     

 

                                                          

                                                   Scheme 6 

                       

that describes the denaturant dependence of the two observed rates corresponding to fast 

and slow phases (Figure 10c). The collapse process (U→ U′) has been added here for 

consistency in data interpretation. The rollover region of the folding chevron clearly 

indicates population of I at < 2 M GdnHCl.  

 To study the accumulation and stability of the intermediate further, refolding of      

lysozyme initially unfolded in a solution containing 2.4 M GdnHCl and 5 M urea was 

allowed in the presence of final 0.6, 1.1, 1.5, and 1.9 M urea while varying GdnHCl at 

each urea. The GdnHCl dependence of the two k values (Figure 10d-g), show features of 

a folding chevron most prominent at 1.1 and 1.5 M urea (Figure 10e,f). To note, this 

‘sub-chevron’ feature is reproduced in another set of dependence of hydrodynamic 

experiments, where kinetics of refolding of 5.5 M GdnHCl-unfolded lysozyme to 

subdenaturing amounts of GdnHCl was studied by varying urea (Figure 11). As shown 

below, the ‘sub-chevron’ indicates the folding-unfolding of the intermediate (I) between 

N and a relatively less structured intermediate or even a group of partially folded 

structures before it disappears at higher GdnHCl, say 1.9 M (Figure 10g), where 

intermediate(s) do not accumulate.  

                                                

                                                

                                                             Scheme 7 
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While the observation of sub-

chevron is a rare result, the 

ensemble of differently struct -

ured intermediates, I1 through 

In, has been introduced for 

consistency with the earlier 

finding of rollover in the ∆Gº 

vs denaturant curve for 

lysozyme folding that has been 

interpreted to arise from 

multiple intermediates, and 

hence ruggedness toward the 

bottom of the folding funnel. 

 

Figure 10. Refolding kinetics of 

lysozyme in 20 mM sodium acetate, 

pH 5, 24(±0.5)ºC. (a) Typical refold- 

ing kinetics shown here for refolding 

in the concomitant presence of 0.6 M 

urea and 0.45 M GdnHCl from the 

initial condition of 2.4 M GdnHCl 

and 5 M Urea. The trace shown is fitted to two exponentials after truncating the very slow phase (shown by 

the dotted vertical line). The inset plots some traces for refolding to 0.6 M urea in the presence of indicated 

concentrations of GdnHCl to show the changing sign of the amplitude for the slow phase. (b) Refolding 

traces to show that the slow phase amplitude continues to increases at the expanse of the fast one as the 

conditions turn increasingly denaturing. Under highly denaturing conditions the amplitude of the fast phase 

changes sign (inset). (c) The rate-GdnHCl plot under identical conditions of pH and temperature, but 

without the inclusion of urea, shows rollover in the folding arm of the slow-rate chevron. The inset shows 

the equilibrium transition under these experimental conditions. (d-e) The GdnHCl dependence of observed 

refolding rates (�, fast, and �, slow) in the presence of urea fixed at 0.6, 1.1, 1.5, and 1.9 M. 

0.01 0.1 1 10

F
lu

o
re

sc
en

ce
 (

a
u

)

3.3

3.8

4.3

4.8

5.3

0.01 0.1 1 10
3.3

3.8

4.3

4.8

5.3

Folding time (s)

0.01 0.1 1 10

0.01 0.1 1 10

4.3

4.8

5.3

5.8

b

d

a

10-1

100

101

102

f

GdnHCl (M)

0 1 20 1 2

10-1

100

101

102

e g

GdnHCl (M)

0 1 2 3 4 5 6

k
o

b
s 

(s
-1

)

10-4

10-3

10-2

10-1

100

101

102

0 2 4 6
0.5

1.0

c

0.6 M urea

1.1 M 1.9 M

1.5 M urea

1.6 M GdnHCl 
1.4
1.2
0.6
0.3

1.3 M GdnHCl 
1.1

1.0
0.6
0.4
0.3

1.9 M Urea 
0.7 M GdnHCl

0.6 M Urea 
0.4 M GdnHCl



Chapter 3 

71 

 

Figure 11. Urea dependence of the fast (circles) and 

slow (squares) rate constants for refolding of lysozyme 

to 0.6 (�,�), 1.0 (�,�), 1.4 (�,�), and 1.9 (�,�) M 

GdnHCl, 20 mM sodium acetate, pH 5, 24(±0.5)ºC. 

 

3.5 DISCUSSION 

3.5.1 The Collapse Model of Folding 

Kinetics. Two ideas of polymer principles are 

widely used to model the initial event in the 

folding of an unfolded protein. One, 

dimensions of a homopolymer with N mono- 

mers follow the scaling law by which the 

radius of gyration Rg of the polymer in good 

and poor solvents are given by ~N
3/5

 and 

~N
1/3

, respectively,
36

 which is in reasonable agreement with studies of hydrodynamic 

radii (RH~0.64Rg) of native and denaturant-unfolded proteins. For a chain behaving as a 

self-avoiding walk, RH~N
3/5

.
108

 Two, the transition between homopolymer phases in good 

and bad solvents is second order and continuous,
77,109

 which is also the case at least for 

the unfolded state of some proteins that undergoes continuous expansion with increments 

of the denaturant.
34,53,54,56,57,69,110,111

 There are reports however that some unfolded protein 

chains do not exhibit expansion with higher levels of the denaturant.
68,112

 This point is 

illustrated in Figure 12 that maps denaturant dependence of NMR-determined <RH> of 

ferricytochrome c and lysozyme − the former appears to expand continuously with 

GdnHCl, but the unfolded state of the latter does not, although it initially contracts and 

then expands when subdenaturing concentrations of urea is used.
107

 Hydrodynamic data 

for BSA and myoglobin could not be obtained due to extremely poor NMR spectrum of 

the former and dimerization of the letter under unfolding conditions. Further, denaturant 

dependence of <RH> of unfolded cytochrome c are different when determined by NMR 

(Figure 12) vis a vis observed by SAXS.
68

 Similar inconsistency in single molecule 

2.0

2.2

2.4

Urea (M)

0 2 4 6 8 10

k
2 

(s
-1

)

0.0

0.5

1.0

1.5

 k
1

 (
s-1

)



Chapter 3 
 

72 
 

FRET- and SAXS- measured chain dimension of protein L in the 1.4−5 M range of 

GdnHCl has been reported.
67

 Such results put a constraint as to what extent the solvent-

dependent polymer transition ideas are applicable to protein folding, because the coil-

globule transition event associated with transferring a homopolymer from a good to a 

poor solvent is widely used to model the submillisecond collapse of the unfolded protein 

chain when driven to fold by diluting the denaturant. It is also not clear if the expansion 

of a protein unfolded not by denaturant, but otherwise, is similar to polymer expansion 

with solvent quality. It has in fact been 

pointed out that the notion of collapse 

transition of the unfolded protein chain as the 

initial event of protein folding remains 

inconclusive.
67,72

 Nevertheless, earlier reports 

of submillisecond chain collapse in the 

folding of several proteins,
33,38,51,63,113-115

 and  

observations of overwhelming submillisecond 

signal change in kinetics of all four proteins 

examined here leads to assume the occurrence 

of some ultrafast event(s), which at this stage 

is operationally taken as a chain collapse or 

contraction transition. 

  

Figure 12. Denaturant dependence of hydrodynamic 

radius for (a) ferricytochrome c, and (b) lysozyme 

determined by pulsed filed gradient NMR at 

24(±0.5)ºC.  

3.5.2 Specificity of Burst Phase Kinetics Examined by the m-value Test. The folding 

problem could be considerably narrowed if polypeptide collapse is universally the earliest 

step in folding kinetics and the collapse process is deterministic. Desolvation and 
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redistributed backbone φ−ψ angles in such an overly ideal collapse product would reduce 

the conformational search problem dramatically. The idea pronounces that the initial 

polypeptide chain undergoes a barrier-limited collapse transition
46,116,117

 specifically to a 

distinct thermodynamic state − an intermediate or a molten globule-like species − that 

makes a transition to the native state later,
38,46,118-123

 thus simplifying the folding reaction 

to the minimal U⇋I⇋N model, where I is the collapse product given as U′ in this study. 

Similar argument appears to emerge from the work of Lapidus et al,
33

 who used 

microfluidics to study submillisecond kinetics of cytochrome c, apomyoglobin, and 

lysozyme. The double perturbation millisecond kinetic experiments presented here and in 

an earlier study with ferrocytochrome c
87

 provide a low-resolution basic test for the 

folding intermediate attribute of U′. The test relies on comparing the kinetic m-values 

(mf
‡
=RT ∂lnk/∂[denaturant]) for folding of a set of U′ states, distinguished from each 

other by the content of the primary denaturant, to different final concentration of the 

secondary denaturant, the transition state for folding being invariable. If it is an 

intermediate, the U′ state would be increasingly stabilized with lowering denaturant, and 

hence its folding as a function of another denaturant would produce increasingly larger 

value of mf
‡
, because mf

‡
 measures the surface area buried in the transition state relative 

to that in the U′ state.
124

 

The recorded mf
‡
 values in the presence of the secondary perturbant for different 

concentration of the primary perturbant are more or less uniform for all four proteins. For 

cytochrome c where the chain collapse to the U′ state occurs in ~17-500 µs,
33,38,46,49,125

 

and which is the burst phase of our stopped-flow kinetics, the uniformity of mf
‡
 values 

(Figure 3b) is consistent with the earlier report on ferrocytochrome c that addressed the 

same issue of intermediate nature of U′.87
 In the myoglobin case, collapse data for the 

holoprotein is not available, but apomyoglobin is known to collapse in <300 µs,
33,126

 and 

the kinetic m-value test shows that the collapsed state of holomyoglobin is not a folding 

intermediate (Figure 5b). Regarding BSA whose submillisecond kinetics accounts for a 

startling change in amplitude at both neutral and acidic pH, the variations of t=0 and t=∞ 
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signals with the denaturant are quite similar (Figures 6,9), providing firm evidence that 

the collapse product at the lowered denaturant and the unfolded chain at the initial higher 

denaturant are similar in energy. We use this as an evidence to suggest that the U′ state 

corresponds to a contracted unfolded chain rather than being an intermediate. The limited 

millisecond data at acid pH obtained for the folding of the U′ state at two different 

GdnHCl concentrations and variable urea (Figure 9c, inset) also lends little support to the 

notion of intermediate nature of the collapsed state. For lysozyme, the collapse to U′ at 

pH 7 occurs in the 20-300 µs range,
33

 and the m-value test for folding to different 

concentrations of a denaturant, each as a function of another denaturant (Figures 10d-

g,11) does not indicate structure content in the collapse product. 

That the U′ state may not represent a folding intermediate has also been argued by 

considering less substantiation of real-time collapse kinetics and interpretational 

ambiguities.
30,82,85,127

 In earlier claims, the U′ state of some proteins have been compared 

with contracted unfolded chains that are unlikely to harbor structural contacts,
30,87,127

 and 

can often exist in rapid equilibrium between differently contracted forms,
128-130

 similar to 

the equilibria thought for myoglobin, BSA, and lysozyme (Schemes 3,5,7). Non-specific 

chain collapse has been documented for the SH3 domain of P13 kinase.
131

 A study also 

appears to indicate that collapse specificity may be defined only in a restricted manner 

along part(s) of the polypeptide sequence,
63

 although documentation of this result for 

additional proteins is desirable. More is yet to learn, including universality of polypeptide 

collapse, for understanding the role of submillisecond kinetics. 

3.5.3 Chevron Rollover. Since the early suggestion that the curvature in the folding limb 

of the barnase chevron could originate from the presence of structural intermediate(s) 

whose folding rate-limits the overall rate observed,
24

 it has been generally thought that 

rollover is a reflection of transient accumulation of folding intermediate,
42,132-135

 depicted 

by the minimal U⇋I⇋N mechanism. Rollover observed for highly cooperative two-state 

(U⇋N) folders has been interpreted in the past by invoking landscape roughness,
26

 and 
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movement of the rate-limiting transition state ensemble in a denaturant dependent 

manner.
28,136,137

 Theory and simulations have also endeavored to explain the widely 

observed chevron curvatures.
27,138-140

 In the context of burst kinetics, interpretation of 

curvature in the folding limb would be quite simple if the polypeptide collapses 

specifically over a barrier to an intermediate structure, I (U⇋I⇋N), which rate-limits 

folding. This argument was, in fact, used in the past to correlate burst kinetics and 

rollover,
42,121,141

 but as it appears now the initial contraction/collapse response of the 

unfolded chain is more complex than a specific barrier-limited process. 

A particularly simple interpretation of chevron curvature in the folding limb 

emerges from the finding noted in the accompanying article that the linear free energy 

model (LFEM) used for the description of thermodynamics is invalid for the folding of 

myoglobin, BSA, and lysozyme, and very likely for many other proteins whose ∆G vs 

denaturant behavior has not been investigated at very low denaturants. Curvatures in ∆G 

vs denaturant curves of these three proteins shown in the accompanying article provide a 

clear indication that structural and energetic properties are gradually changing under 

subdenaturing conditions. This must be true also for cytochrome c whose hydrodynamic 

radius is seen to change gradually across the denaturant scale (Figure 12), even though 

the set of experiments employed in the accompanying article did not detect curvature in 

the ∆G vs denaturant plot. The chain dimension result for cytochrome c (Figure 12), 

consistent with denaturant dependence of gyration radius of several other proteins 

reported,
53,56,57,61,66,69,110,142,143

 provide evidence that the gradual change of structural and 

energetic properties occurs also at post-denaturing high denaturant. Thus inapplicability 

of LFEM is rife, which might be the case even at the transition state level. Changing 

structure and energy across the denaturant scale means both limbs of the chevron should 

show curvature, the degree of which will be determined by the details of free-energy 

landscape and thermodynamic cooperativity of folding. The argument already embraces 

the effect of internal friction of the folding structure on chevron curvature,
69,144,145

 the 

contribution of which is not expected to be as significant as that of ∆G-denaturant 
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nonlinearity. 

3.5.4 Kinetic Unfolding Intermediates of BSA. The record of description of unfolding 

kinetic intermediates is sparse, partly due to rapidity of intermediate unfolding when 

placed under unfolding conditions.
146

 Nevertheless, kinetic intermediates in the unfolding 

of a few proteins, including RNAse A,
147

 DHFR,
148

 lysozyme,
149

 colicin E1 channel 

peptide,
150

 apomyoglobin,
151

 acyl-CoA binding protein,
152

 the cataract-forming F9S 

mutant of γS crystalline,
153

 a 139-residue fragment of ovine prion protein,
154

 and single-

chain monellin
155

 have been documented. These are small single-domain proteins 

compared to the size and domain structure of BSA for which kinetic unfolding 

intermediates, one each at pH 7 and 2, have been detected (Figures 6,9). There could be 

even more unfolding intermediates for the multidomain BSA; human serum albumin, 

which shares 76% sequence identity with BSA has three structural domains, each of 

which in turn has two subdomains.
156-158

 The pH 7 intermediate of BSA is a high-energy 

intermediate (∆G~5 kcal mol
-1

, Figure 6d), but the one detected at pH 2 is more native-

like (∆G~1 kcal mol
-1

, Figure 9d); the difference arises from partial loss of structure of 

domain III at pH 2.
98

 It should also be stated that the type of intrachain interactions and 

folding mechanisms for small single domain and large multidomain proteins could be 

very different. To cite, different domains of maltose binding protein fold at different 

times,
159

 and N-terminal loops of adenylate kinase close up faster than the β-strands 

before the transition barrier occurs.
160

 These observations underscore a detailed study of 

BSA domain folding.      

The unfolding energy difference for the pH-specific intermediates is pictured by 

1-D energy surfaces under unfolding conditions in Figure 13, according to which the 

intermediate occurs before the rate-limiting transition state. The occurrence of unfolding 

intermediate(s), whether before the rate-limiting step or after,
116

 is still unknown. The 

placement before the transition state (highest energy) here is based on the unfolding limb 

curvature in the upper chevron at pH 7 (Figure 6c). Here the curvature is indeed 

accentuated, which outweighs the mild rollover effects that may arise from denaturant 
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dependent dimension of the unfolded state. The formation of the intermediate is complete 

in the submillisecond regime encoded in the burst phase, and the unfolding of the 

accumulated intermediate over the transition barrier is slower. At pH 2, the intermediate 

is native-like because the titration of the burst amplitude with the denaturant is very 

similar to that for the native state 

(Figure 9d). Intermediates that occur 

after the transition barrier will unfold 

too fast in order to be rate-limiting.  

Figure 13. Schematic of one-dimensional free 

energy surface under unfolding conditions. 

The free energy difference between I and U 

corresponds to the value of ∆G measured by 

the titration of the burst amplitude with 

denaturant. 

 

 

3.6 CONCLUSIONS 

Whether the earliest event of protein folding can be modeled by polymer chain 

collapse transition is not clear at present, because all protein chains do not follow the 

tenet of expansion with increasing denaturant. By corollary, the response of the unfolded 

chain when placed under native-like conditions may not be consistent for all proteins. 

Inapplicability of the linear free energy model (LFEM) is a major factor for curvatures in 

chevron limbs, although the contribution of rate-limiting conversion of intermediates is 

not undermined. Validity of LFEM is best checked by equilibrium unfolding experiments 

that employ multiple perturbants, both GdnHCl and urea, for example. Kinetic version of 

double perturbation experiments performed here show that the earliest protein state 

formed during folding, say the collapsed/contracted state (U′), is little structured. Hence, 

U′ is not the prototype of a rate-limiting structural intermediate, and therefore cannot be 

implicated in chevron curvature. 
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