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Global and Local Structural Changes of 
Proteins Characterized by a Multi-group 
Unfolding Process

Equilibrium unfolding behaviors of cytochrome c and lysozyme induced by presence of urea (0 to 10 M) 

as well as changes in temperature (295 to 363 K) or pH (1.8 to 7) are examined via small-angle X-ray scattering 

(SAXS) and spectroscopic techniques including circular dichroism (CD) and optical absorption. Denaturant and 

temperature effects are incorporated in the free energy expression for a general multi-group unfolding process. 

Results indicate that there are at least four unfolding groups in temperature-, urea- or pH-induced unfolding of 

cytochrome c: two of these are related to the prosthetic heme group whereas the other two correspond respectively 

to unfolding of ( -helices and global changes in protein morphology that are largely unaccounted for by the first 

two groups. In contrast, unfolding of lysozyme approximately follows a simple one-group process. A modified 

mean-field Ising model is adopted for a coherent description of the unfolding behaviors observed. Thermodynamic 

parameters extracted from simple denaturing processes, on the basis of the Ising model, can closely predict 

unfolding behaviors of the proteins in compounded denaturing environments.

Introduction 

Structures and structural evolutions of proteins during 

folding-unfolding carry critical information in under-

standing correlations between structures and functions 

of the proteins. Such correlations are helpful in search of 

possible remedies for diseases caused by protein misfolding 

such as Alzheimer's and Creutzfeldt-Jacob diseases. 

Controlling environmental parameters such as temperature 

and/or denaturants, can selectively stabilize a protein at 

a specific partially folded conformation, which allows a 

convenient and close observation on partially folded or mis-

folded protein structures of interests. In the study of protein 

solution structure, optical spectroscopies including circular 

dichroism (CD), light absorption, fluorescence, resonance 

Raman scattering, and NMR, have often been used to reveal 

specific aspects of local structural changes of proteins in 

various denaturing environments. Compared to the optical 

spectroscopies mentioned, small-angle X-ray scattering 

(SAXS) can be a more direct tool in extracting global 

structural information of proteins in unfolding. Recent 

studies have shown the apparent advantage of combining 

global and local structural tools in addressing correlations 

between the local-local structures and local-global 

structures; with the information, a better description of the 

protein unfolding process as well as a better understanding 

of intermediate states or partially folded structures can be 

expected.
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Unfolding of cytochrome c

Unfolding behaviors of the two model proteins, 

cytochrome c and lysozyme, induced by the presence 

of denaturants or changes in pH or temperature have 

been investigated by a combination of structural tools 

of SAXS and spectroscopy measurements of CD and UV-

Vis absorption. In this study, the mean-field Ising model 

was applied to provide new insights, based on the non-

collective local and global structural changes observed 

in our designated unfolding processes of single and 

compounded denaturing environments.  

Shown in Fig. 1 are urea- and temperature-dependent 

SAXS data for cytochrome c. All the data can be fitted 

systematically with monodisperse ellipsoids on the absolute 

intensity scale. Due to inter-particle interactions, Guinier 

approximation is inapplicable but the Rg value may still be 

deduced from fitted a and b values via Rg = [(a2+2b2)/5]1/2 

(cf. inset of Fig. 1a or 1b); the aspect ratio a/b of cytochrome 

c as a function of urea concentration or temperature can 

be derived as well. The aspect ratio extracted for the native 

cytochrome c, with Rg = 13.1 (±0.5) Å, is close to unity, 

indicating a globular envelope. The globular morphology 

is stable up to 5 M urea or 338 K; the envelope elongates 

gradually to an ellipsoidal shape of aspect ratio ~6 at 10 M 

urea or 358 K, leading to a large Rg of 30 (±2) Â. 

We have also examined the ellipsoidal shape obtained 

for the partially folded cytochrome c using the dummy 

residue simulation. 

Simulated envelopes based on the SAXS data measured, 

as shown in Fig. 2, can be roughly projected into ellipsoids 

with sizes and aspect ratios similar to those obtained from 

our ellipsoid model fitting in which local structural details 

below a few angströms are smeared for the analytical shape. 

For changes of R g with urea concentration and 

temperature, two unfolded fraction profiles fu,SAXS = (Rg−Rg,N)/

(Rg,N−Rg,U) with the value of Rg,N obtained at 0 M urea and 

Rg,U at 10 M urea are shown in Fig. 3a and 3b, respectively. 

Also given are unfolded fraction profiles fu,CD derived from 

circular dichroism (CD) and fu,abs from optical absorbance. 

These fu profiles  represent global to local structural 

changes during unfolding as viewed from tools of different 

emphases, the equation is presented as, 

To consistently extract parametric values 2 T, 2 m, 

and T1/2 for each unfolding group based on Eq. 1, we have 

jointly fitted the three urea-dependent fu profiles in Fig. 3a 

together with the three temperature-dependent fu profiles 

in Fig. 3b. In the joint fitting algorithm of strong constraints 

on the fitting parameters, two unfolding groups G1 and G2

are used in fitting fu,abs and one group G3 for fu,CD, whereas 

fu,saxs represents the global structural change with minor 

contributions from G1 to G3 and dominant contribution 

from the fourth group G4 (as shown by the  values in Table 

1). Using the fitted values of 2 T and T1/2, we have further 

extracted the thermal unfolding free energy Go(T) = 2 T(T

−T1/2) for each group, as also given in Table 1.    

The clearly different T1/2 values (at fu = 1/2) of the three 

temperature-dependent fu profiles in Fig. 3b indicate a 

multi-group unfolding process of cytochrome c at thermal 

equilibrium, with an unfolding sequence of the heme, 

Fig. 1: SAXS results for cytochrome c solutions at pH 7. (a) Urea-
dependent, and (b) Selected temperature-dependent.  (scattered 
points). The fitted curves (lines) are used by the ellipsoid model, 
and the inset shows the corresponding Rg values. 

Fig. 2: (a) Urea-dependent envelopes of cytochrome c are obtained 
by dummy residue simulation, as compared with the crystal 
structure of the protein. (b) Corresponding pair correlation 
functions. (c) Comparison of the urea- and temperature-
dependent Rg  values extracted from the dummy residue 
simulation and the ellipsoid model fitting of the SAXS data.

where

cytochrome c
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the -helix, and the global structure, under the present 

experimental conditions of gradually increased temperature.

With the denaturant and temperature effects in-

corporated in the free energy expression (Eq. 1), we may 

predict the unfolded fraction of cytochrome c at arbitrary 

temperature and/or urea concentrations. As demonstrated 

in Fig. 3b, the calculated fu profile matches well with the 

independent SAXS observation of cytochrome c in 6 M urea. 

In pH-induced unfolding of cytochrome c , SAXS 

profiles reveal pronounced charge interactions  between 

partially folded protein molecules, in the pH range of 3.3 

to 2.0. In fitting the SAXS profiles with non-trivial inter-

particle charge interactions for the a, b, and Rg values of the 

ellipsoidal form factor, we have included the commonly 

used S(Q) in macro-ion solutions in the data fitting. Based 

on the Rg values obtained from the SAXS analysis and the 

corresponding CD and absorption results for cytochrome c, 

three pH-dependent unfolded fraction profiles (fu,SAXS, fu,CD, 

and fu,abs, cf. Fig. 4a) are obtained. 

In the acid-induced unfolding, the two heme-related 

groups G1 and G2 are identified from fu,abs, whereas G3

(associated with  helices) is identified by fu,CD. Furthermore, 

the fu,SAXS profile reveals two additional groups G0 and G4. 

The thermodynamic parameters are given in Table 2. We 

note that the non-trivial J values manifest the unique 

feature of inter-unit coupling in the Ising model, which is 

not accounted for in the conventional two-state model or 

its modification with intermediate states. Interestingly, this 

coupling effect is revealed only in the case of pH-induced 

unfolding, suggesting that inter-unit coupling is specifically 

mediated by protonation; the growth and decay of protein-

protein interactions observed via SAXS in pH-induced 

unfolding are caused by internal charge interactions, which 

redistribute internal and hence surface charges.

Validity of the thermodynamic parameters extracted 

for pH-induced unfolding of cytochrome c is reaffirmed 

by comparison of calculated and experimental results 

(by SAXS) in compounded temperature- and pH-induced 

unfolding of cytochrome c, given in Fig. 4b. 

Comparison with unfolding of lysozyme

Shown in Fig. 5 are two unfolded fraction profiles 

derived from the Rg values obtained with the ellipsoid 

fitting of urea- and temperature-dependent SAXS profiles. 

Also displayed are relevant urea-dependent fu,flu and fu,CD 

profiles adapted from published fluorescence and CD 

studies. In contrast to the multi-group unfolding behavior 

of cytochrome c, the three unfolding profiles of lysozyme

overlap approximately. For comparison with cytochrome 

c, we approximate the lysozyme unfolding with a one-

group activity. Presumably, the local structures related to 

Fig. 3: (a) Urea- and (b) temperature-induced unfolded fraction 
profiles of cytochrome c, at pH 7, determined via absorption, 
CD, and SAXS measurements. Unsatisfactory one-group fits 
(dotted curves) to the profiles determined by absorption 
are given. Shown in (b) is the fu profile for the case of 6 M 
urea determined via SAXS, which is well-predicted by the 
Ising model (solid curve).

Fig. 4: (a) pH- and (b) temperature-dependent unfolded fraction 
profiles deduced from SAXS, CD, and absorption for 
cytochrome c, and fit based on the Ising model. Arrows in (a) 
denote completion of unfolding for groups G0 to G4. Shown 
in the inset of (b) are the individual unfolding profiles of G0

to G4, at pH 3.

Table 1: Fitted thermodynamic parameters of cytochrome c in 
urea- and temperature-induced unfolding.

Table 2: Fitted thermodynamic parameters of cytochrome c in pH-
induced unfolding.

Group
2

m

(kcal mol 1 M 1)
2

T

(kcal mol 1 K 1)
T1/2
(K)

Go(293K)
(kcal mol 1)

G1 0.011 0.92  0.2 0.138  0.015 333  11 5.9  0.6
G2 0.029 1.03  0.10 0.138  0.015 346  5 7.3  0.8
G3 0.12 1.30  0.21 0.167  0.026 354  1 10.2  0.8
G4 0.84 1.30  0.21 0.167  0.026 359  5 10.9  0.9

Group
2

m-pH

(kcal mol 1 M 1)
2

T

(kcal mol 1 K 1)
T1/2

(K)
J

(kcal mol 1 M 1)

G0 0.13 6.0 106 0.167 359 0
G1 0.011 7500  2000 0.138 333 0.25  0.05
G2 0.029 3000  400 0.138 346 0.3  0.05
G3 0.12 2000  200 0.167 354 0.25  0.05
G4 0.71 4500  1500 0.167 359 0.3  0.3

Table 1: Fitted thermodynamic parameters of cytochrome c in
urea- and temperature-induced unfolding.

Table 2: Fitted thermodynamic parameters of cytochrome c inc pH-
induced unfolding.
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the six Trp's (distributed somewhat evenly in the protein) 

may unfold collectively with the global lysozyme structure, 

despite some difference in the unfolding of -helices. Joint 

fitting of temperature- and urea-dependent fu,SAXS profiles 

(cf. Fig. 5) results in parametric values of 2 T = –0.14 

(±0.02) kcal mol–1 K–1, 2 m = –1.06 (±0.09) kcal mol–1 M–1, 

T1/2 = 338 (±4) K, and J = 0.00 (±0.05) kcal mol–1. Compared 

with lysozyme, the G4 group of cytochrome c processing 

higher T1/2 value of cytochrome c indicates better thermal 

stability, whereas the lower 2 m values indicate higher 

sensitivity in the presence of urea and especially in an 

acidic environment. Although the two proteins are similar 

in size and in net surface charge (~6) when dissolved in 

water, cytochrome c (containing a heme group) exhibits 

rich multi-group unfolding with non-trivial inter-unit 

coupling upon pH-induced unfolding, whereas lysozyme 

roughly undergoes monotonic one-group unfolding that is 

insensitive to proton concentration.  
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Fig. 5: Urea- and temperature-dependent unfolded fraction 
profiles of the SAXS data of lysozyme (at pH 2.9) are jointly 
fitted (dashed curves) with the one-group Ising model. 


