
�

��
�

�

� � � ��
� � ��

� � ��
�

� ��

�
��

� ��

� ��

� �� �



�

��
�

Thermodynamics and Kinetics of Protein 

Folding-Unfolding 

M. Y. Tsai and S. H. Lin 

Recently we have developed an Ising model of protein 

folding-unfolding in which a protein is regarded as a topological 

ensemble of interacting units with each unit taking either folded or 

unfolded state.  The thermodynamics and kinetics of protein 

folding – unfolding are determined by the elementary processes of 

protein-unfolding of the protein units through their unfold fraction or 

fold fraction inside proteins.  With the folding – unfolding units 

built inside a protein, we can simply collect certain numbers of 

folding- unfolding units for forming groups (such as α – helix, β – 

sheet etc) in a protein to describe multi-group activities inside a 

protein.  As a consequence, units in the same group fold or unfold 

collectively. 

In the studies of protein folding – unfolding in solution, 

calorimetric experiment, NMR, AFM, X-ray diffraction and optical 

spectroscopies including circular dichroism, optical absorption, 

fluorescence and resonance Raman scattering have often been used to 

reveal local and/or structure changes of proteins induced by 

denaturants, PH, temperatures changes etc.  It is found 

experimentally that the free energy changes of protein 

folding-unfolding usually depend on the experimental techniques 

used in the experiment.  For example, for cytochrome c, the free 

energy changes determined by using fluorescence, optical absorption, 

RRS, and CD are different from each other, and their 

folding-unfolding behaviors are different from those determined by 

using low-angle XRD, differential calorimetry and AFM. 

Furthermore, in the kinetic studies the experimental curves of the 

folding (or unfolding) fraction of protein vs time for a given 

concentration of denaturants (or temperature) usually exhibit 



�

��
�

non-exponential behaviors which are different from those predicted 

by the conventional two-state model of protein folding-unfolding. 

Zipper Model 

In the proposed model, one can view the cyt c protein as a collection of 

interacting foldon units. These units, in turn, are collections of amino acid residues in 

the secondary structures. The fact that the free energy of the folding-unfolding 

transition for the different residues of a given foldon unit is the same indicates a high 

level of cooperativity at the level of secondary structure. Thus, cyt c folding can be 

approximated as an “assembling” of the tertiary structure from two-state structural 

units (foldons). The conformation of the cyt c molecule is represented, then, by a set 

of binary variables: 

{ } ( )1,0,..,1, ∈== ii xNixx          (1) 

where N=5 is the number of foldon units, 1=ix  or 0=ix  characterizing, 

respectively, the folded or unfolded state of the ith unit. The experimentally observed 

pathway of cyt c folding-unfolding via a series of partially unfolded intermediate 

conformations is presented schematically in Fig.1. The most recent HX experiments  

showed that the first three foldons fold by a stepwise sequential process, whereas the 

fourth and fifth do not follow a predetermined sequence. The assumed Hamiltonian, 
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which is (actually it is a free energy potential) reads: 
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where iε  and ji denote the free energy factors of the ith unit due to the solvent and 

coupling interactions, respectively. In other words ji describes all cooperative effects, 

while iε  is the sum of the residue-solvent effects over all residues of ith foldon. One 

can see that addition of the ith unit to the native structure is favored by coupling only 

if the zipper product ∏
=

i

k
kx

1

is equal to unity. The latter condition is fulfilled if all kx

units are in the native states, i.e. ikxk ,..,1,1 == . In this way, the sequence of cyt c

folding is assumed to be governed by the nonadditive manybody interactions of 

foldons. According to the minimal frustration principle, only native coupling is taken 

into account by the Hamiltonian in Eq. (2). The Nj  zipper product has been 

modified to account for the independent behavior of the fourth and fifth units. 

For N=5, the summation over 32 possible states to find the partition function or 

the equilibrium averages of physical values can be done directly; for the general case, 

the analytical solution of the Zipper model can be used. By employing a substitution 

( ) ( )1,1,2/1 −∈+= iiix σσ , the Zipper model is transformed into the GKI model: 
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For a system interacting with a heat bath and described by GKIH , the master equation 

in the single flip approximation reads: 
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where ( )txxxP Ni ,,.,,.,1  is the probability of occupying state { }Ni xxx ,.,,.,1=x  at 

time t, and the local flipping rate w is determined by the Fermi golden rule. In kinetic 

experimental measurements one observes the time evolution of an average of a 

physical value over all possible kinetic trajectories ( ) ( )∑=
x

xx tPftf ,)( . To analyze 

experimental results, it is especially important to know the time evolution of the 

folded fraction of the ith unit Nitxi ,..,1,)( = . The letter one is given by the solution 

of the set of differential equations: 
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where iE   
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and iτ  depends on the heat bath interactions and iE . It should be noted that for 

heterogeneous structural units, Eq. (5) generally predicts multiphase nonexponential 

kinetics. 

Conclusion 

Using the Zipper model, the nonadditive manybody interactions of experimentally 

observed foldon units were introduced in a phenomenological way to describe the “on 

pathway” classical folding of cyt c. Such nonadditive interactions can play an 

important role in describing protein folding on a coarse-grained level.
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Cytochrome c

Generated with Virtual Molecular Dynamics (VMD)
http://www.ks.uiuc.edu/Research/vmd/
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Fig. 1 The pathways of cyt c folding-unfolding via partially unfolded forms, as

detected in HX experiments: N, the native fold; { }ix=x , the conformation of the 

partially unfolded state; U, the fully unfolded state. 
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Fig. 2. Denaturant-dependent (GdmCl) probabilities of occupying the “on pathway” 

states (T = 300 K).  
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Fig. 3 The denaturant effect: comparison of the normalized optical signals due to the 

experimental measurements (scatters) and model calculations (solid lines) of cyt c
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equilibrium folding-unfolding in GdmCl: a, cd695; b, cd222. 
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Fig. 4 The temperature effect: equilibrium unfolding of cyt c measured by cd222

(scatter) and model calculations (solid line). The linear approximation for the native 

and unfolded signals was used in the calculations ( ) ( ) ( ) ( )TBATf UNUNUN
cd

,,,
222 +=

( ( ) ( ) ( ) ( ) 009.0,8.9;12559.0,0254.76 −=−==−= UUNN BABA ). 
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Fig. 5. Experimental (scatter) and model (solid lines) refolding kinetics of fully 

unfolded cyt c at 4.2 M [GdmCl] and by sudden dilution to 0.7 M [GdmCl]: a,

normalized cd222; b, normalized fluorescence. 
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