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We note in this connection that earlier, Rojnuckarin et 
al.13 obtained the folding times of a four-helix bundle 
protein model by carrying out the BD simulations. Their 
study showed the reliability of the minimalist models in 
obtaining the qualitative features of the protein folding. 
We also study the HP-36 protein unfolding by model-
ling the interactions, to account for the salt effects or 
the effects of urea – that is, the commonly known cold 
denaturation. 
 In this work, we study the HP-36 protein using the 
hydropathy scale of the constituting amino acids. A rep-
resentative stable structure of this protein (obtained 
from the Protein Data Bank) is shown in Figure 1. The 
reason for studying this particular protein is that it is the 
smallest monomeric polypeptide characterized, consist-
ing of only naturally-occurring amino acids, that 
autonomously folds into a unique and thermostable 
structure without disulphide bonds or ligand binding14. 
 We model HP-36 protein as a necklace of different 
kinds of beads. Each bead in the sequence represents  
the corresponding amino acid in the protein sequence. 
There are 36 beads in the chain, since the number  
of residues in the original protein sequence 
(MLSDEDFKAV FGMTRSAFAN LPLWKQQNLK 
KEKGLF) is 36. All the beads are assumed to be of the 
same mass and size. 
 As pointed out by Kauzmann15 and also Tanford16 
many years ago, one of the major driving forces of pro- 
 
 

 
Figure 1. One of the stable structures of thermostable chicken 
villin headpiece subdomain, a 36-residue (HP-36) protein (PDB 
code: 1VII). 

tein folding in aqueous media is the hydrophobic/ 
hydrophilic nature of amino acids. This can be best rep-
resented by the hydropathy scale16,17. This scale ar-
ranges the standard free-energies of transfer from 
aqueous solutions to pure liquid hydrocarbons and pro-
vides a measure of hydrophobicity. In a certain sense, 
the hydropathy scale provides a quantitative measure of 
the liking of a particular amino acid for water. Depend-
ing on the hydropathy values we have categorized all 
the amino acids present in the HP-36 sequence into 
three classes; (i) hydrophobic, (ii) weakly hydrophilic, 
and (iii) strongly hydrophilic. In Table 1, the classifica-
tion of amino acids is presented. The classification is 
done according to the following criterion. If the hydro-
pathy value is positive, the amino acid is hydrophobic. 
On the other hand, among the hydrophilic amino acids 
(hydropathy value is negative), if the hydropathy value 
is smaller than –2.5 it is strongly hydrophilic, otherwise 
it is weakly hydrophilic. In Figure 2 a, a schematic rep-
resentation of the hydrophobic scale is presented. Fig-
ure 2 b shows a pictorial representation of the colour 
code of the hydropathy values of both the original se-
quence and the simplified sequence due to the present 
categorization. 
 It should be made clear at this point that the transfer 
of hydropathy scale to intermolecular potential is to be 
understood as a ‘solvent-averaged potential’. This can 
also be considered as a potential of mean force, well- 
known in colloids. Also, such a transfer of hydropho- 
bicity to inter-atomic potential was perhaps first done 
by Dill18 and coworkers in their lattice simulations. As 
can be seen from Table 2, interaction between two 
strongly hydrophilic groups is least favoured because 
water will shield them, while that  between two hydro-
phobic groups is strongly attractive. Thus, these poten-
tials are all water-averaged. In Table 2 we list the 
 
 
Table 1. Classification of the amino acids constituting the HP-36  
  protein, according to the hydropathy values 

Amino acid Category 
 
AFLMPV  Hydrophobic  
GSTW  Weakly hydrophilic 
DEKNQR  Strongly hydrophilic 

 
 
Table 2. Interaction parameter (εi,j) value for all the six different  
  interactions in the folding of model HP-36 protein 

Nature of the interaction εi,j  
 
Hydrophobic–hydrophobic  2.0 ε 
Weakly hydrophilic–weakly hydrophilic 0.3 ε 
Strongly hydrophilic–strongly hydrophilic  0.3 ε  
Hydrophobic–weakly hydrophilic  1.0 ε 
Hydrophobic–strongly hydrophilic  0.8 ε 
Strongly hydrophilic–weakly hydrophilic  0.3 ε 
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Figure 2. Schematic representation of modelling of the HP-36 protein (shown in Figure 1) by using the hydropathy 
values. a, Schematic representation of the hydropathy scale. The hydrophilic nature decreases from blue to red;  
b, Pictorial representation of the colour code of the hydropathy values of both the original sequence and the simplified 
sequence used in the present study. 

 
 
Table 3. Interaction parameter (εi,j) value for all the six different  
  interactions in the unfolding of model HP-36 protein 

Nature of the interaction εi,j  
 
Hydrophobic–hydrophobic  0.3 ε  
Weakly hydrophilic–weakly hydrophilic  1.0 ε 
Strongly hydrophilic–strongly hydrophilic  1.0 ε  
Hydrophobic–weakly hydrophilic  0.8 ε 
Hydrophobic–strongly hydrophilic  0.8 ε 
Strongly hydrophilic–weakly hydrophilic  1.0 ε 

 

 
interaction strength parameter values for all the six dif-
ferent interactions. 
 It is well-known that a protein can be denatured or 
unfolded from its native state by adding salts (like gua- 
nadenium chloride) or chemical agents like urea. This is 
sometimes called cold denaturation. It is believed that 
these agents modify the interactions of water at the pro-
tein–water interface. Recent computer simulation stud-
ies19 seem to suggest that the role of urea is to provide 
an energetically favourable environment of the hydro-
phobic groups in water. This provides the required driv-
ing force for unfolding. In the context of our 
hydropathy scale, an aqueous solution containing urea 
makes the hydrophobic groups less attractive to each 

other. Therefore, to motivate the unfolding of the folded 
protein, we have changed the interaction among the dif-
ferent residues (polymer beads) to reflect the altered 
scenario in the presence of urea in solution. This gives 
rise to a nice unfolding of the folded state, whose dy-
namics has been reported here. The modified interaction 
parameters for this case are listed in Table 3.  
 The beads in HP-36 interact via a site–site Lennard–
Jones (LJ) potential. Neighbouring beads are connected 
via harmonic springs. The total potential energy of the 
chain can be written as, 

 U = Ub  + ULJ + Us, (1) 

where Ub represents the bonding potential, 
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with κ = 9 in this study. N is the number of beads in 
chain and ri is the position of bead i. The interaction 
between non-bonded beads is represented by the L–J-
like potential, 
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Figure 3. Variation in (a) mean square radius of gyration and (b) 
energy during the folding of a model HP-36 protein obtained from 
BD simulations is shown as a function of time.  
 
 

 

Figure 4. Histogram representation of the number of configurations 
found in BD simulations with the energy between E and E + ∆E.  

 
where σ is the LJ collision-diameter and εi,j represents 
the interaction strength. The stiffness is introduced 
through the bending potential Us, 
 
 Us  = S(cosθ –  1)2, (4) 

 
Figure 5. Energy landscape (the funnel) for the model HP-36 pro-
tein obtained from BD simulations. Configurations correspond to 
various energy states (unfolded, transition and native state). X-axis 
denotes the number of configurations with energy E.  
 

 
Figure 6. Full 3-dimensional plot of energy landscape obtained 
from BD simulations for a model HP-36. Q represents the distance 
from the native state in terms of topological contacts, while N repre-
sents the number of configurations. 
 
 
where we set the chain stiffness S = 1. For convenience, 
we define ε* = ε/kBT, where kBT is the thermal energy. 
The unit of time, τ, is b2/D0, where the single-bead dif-
fusion coefficient is denoted by D0. The length is scaled 
by b, the bead diameter, as usual. 
 The time evaluation of the model protein is done ac-
cording to the following equation of motion20, 
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Figure 7. Snapshots of the unfolding of a model HP-36 protein as observed in BD simulations. Interaction 
parameters for the unfolding case are listed in Table 3. 

 
 
where rj(t) is the position of the jth bead at time t and 
the systematic force on j is denoted by Fj(t). The ran-
dom Brownian displacement, ∆XG(t), is taken from a 
Gaussian distribution with zero mean and 2∆t variance.  
 For each trajectory, an initial configuration is se-
lected from the Monte Carlo-generated equilibrium con- 
figurations at ε* = 0.1. The temperature of the initial 
configuration is then instantaneously reduced by 0.1ε, 
after 2.5 × 105 BD steps. Five such quenches, each with 
a gap of 2.5 × 105 steps have been incorporated, to fa-
cilitate the folding. Further simulations for 2.5 million 
BD steps are carried out (subsequent to the quenching) 
to obtain the final configuration. Such a procedure is 
repeated for the model proteins with 1000 different con-
figurations. More details on the simulation scheme can 
be found in a similar study on homopolymers20,21.  
 In each simulation run, after choosing an initial con-
figuration, the folding is followed till a stable final state 
is reached. It is important to note that in each simulation 
only one protein is simulated to obtain the correspond-
ing final energy. In Figure 3, the variation in mean 
square radius of gyration (Figure 3 a) and energy (Fig-
ure 3 b) during the folding of a single model protein is 
shown. Oscillations in both energy and Rg

2 reveal that 
the protein experiences barriers during folding. We will 
discuss this point in detail later. In order to obtain a list 
of final energies, we had to repeat such simulations for 
N number of independent single proteins sampled from 

an equilibrium distribution. In other words, we have 
carried out N different simulation runs with independent 
protein configurations (with the same sequence) to ob-
tain N number of final energies. 
 After the execution of the simulation, the energy 
landscape is obtained in the following fashion. The en-
ergies corresponding to the final states obtained from 
BD simulation are distributed into the bins of width 
0.5 E. This gives an energy versus NE histogram, where 
NE is the number of configurations with energy E. This 
is shown in Figure 4. These histograms are then reor-
ganized in the ascending order of number of configura-
tions (NE). The result, the evolution of funnel-like 
energy landscape, is shown in Figure 5. In the same 
figure, configurations corresponding to the native state, 
misfolded, unfolded and metastable states are also 
shown. This figure shows that the fast formation of na-
tive state requires funnel landscape. It is important to 
note that this funnel is multi-dimensional E(N, Q), as 
shown earlier by Bryngelson and Wolynes4 and also by 
Chan and Dill6, and N and Q represent the number of 
configurations and the distance from the native state in 
terms of topological contacts, respectively. In Figure 5, 
we have also shown Q values for a few states. Figure 6 
shows the full 3-dimensional picture of the energy land-
scape. Recently, Gutin et al.10 also obtained a qualita-
tively similar multi-dimensional energy landscape by 
carrying out the lattice Monte-Carlo simulations. These 
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two figures clearly demonstrate that the present mini-
malist model is reliable in obtaining the qualitative fea-
tures of protein folding. This is one of the main results 
of the present study. 
 The native configuration (corresponding to the mini-
mum in the energy funnel) is chosen for the unfolding 
study. The protein unfolding simulation is carried out in 
an exactly opposite manner to that of the folding, but 
with different interactions (given in Table 3). In the 
study of unfolding, the interaction energies among the 
various amino acids are changed instantaneously at time 
t = 0. Snapshots of the unfolding of the HP-36 protein 
found in BD simulations are shown in Figure 7. As 
shown in this figure, the completely folded initial con-
figuration gradually unfolds by breaking the native con-
tacts to reach the fully extended state. To emphasize 
this point, in Figure 8, we have plotted the number of 
topological contacts as a function of time. For compari-
son, the variation in Ntopo during the folding is also 
shown (inset). As shown in the main figure, Ntopo is 
maximum at t = 0 which corresponds to the native state. 
In the unfolding case, variation in number of topologi-
cal contacts (main figure) shows exactly the opposite  
 
 

 
Figure 8. Variation in the number of hydrophobic topological con-
tacts shown as a function of time. The main figure shows the result 
for unfolding, while the inset represents that for the folding. As can 
be seen, during the unfolding, Ntopo shows an opposite trend to that 
observed in case of folding.  

 

Figure 9. Time dependence of energy and mean square radius of 
gyration during the unfolding of a model HP-36 protein obtained 
from BD simulations. 
 
 
trend to that of the folding (inset). On the whole, Ntopo 
decreases during the unfolding, while it increases dur-
ing folding. This figure clearly demonstrates the role of 
topological contacts intern the importance of the hydro-
phobic forces in protein folding/unfolding. 
 In Figure 9, the increase in energy during unfolding is 
shown. In the inset we show the same for the mean 
square radius of gyration. It is interesting to note the 
oscillatory dynamics, also recorded for topological con-
tact formation in Figure 8. Such oscillations seem to 
indicate that the polymer, when unfolding, faces a bar-
rier. Note that oscillations in the energy and in the mean 
square radius are larger for folding. Of course these 
oscillations may be very much dependent on the effec-
tive potentials used in this study. They indicate the 
presence of barriers along folding and unfolding, except 
that there seem to be more barriers during folding and 
also the pathway seems to be more complicated. In par-
ticular, the dynamics during folding shows considerably 
more oscillations in the final stage of folding, which is 
relatively smooth for unfolding.  
 Given the complexity of the real protein-folding 
problem, the ability of such a minimalist model to cap-
ture many of the essential features of protein folding is 




