
Monatshefte f€uur Chemie 137, 977–985 (2006)

DOI 10.1007/s00706-006-0485-1

Folding Behavior of Polypeptides. A Monte
Carlo Study of Simplified Models

Andrzej Sikorski� and Piotr Romiszowski

Department of Chemistry, University of Warsaw, Warsaw, Poland

Received July 4, 2005; accepted January 23, 2006

Published online June 2, 2006 # Springer-Verlag 2006

Summary. A simple model of polypeptide chains was designed and studied. The chains were con-

structed on a flexible [310] lattice and consisted of united atoms located at the position of alpha

carbons. Each united atom represented amino acid residues of two kinds: hydrophilic and hydrophobic.

The sequence of the residues was assumed to be characteristic for �- and �-type of proteins. The force

field used consisted of the long-range contact potential between polymer segments, the short range

repulsion, and the local potential preferring conformational states characteristic for �-helices and �-

strands. The Monte Carlo simulations of this model were carried out using the replica exchange

technique coupled with the histogram method. The influence of temperature and the local potential

on the size and internal structure of collapsed low temperature chains were studied. Thermodynamics

of these systems consisting mainly of � and � secondary structures were determined. The properties of

the coil-to-globule transition were presented and compared with other theoretical predictions and

simulation results.

Keywords. Coil-to-globule transition; � and � globular proteins; Lattice models; Monte Carlo

method; Replica exchange method.

Introduction

The question of the folding transition in globular proteins is still far from under-
standing in spite of the enormous amount of experimental and theoretical work
[1, 2]. The protein folding process is a very complicated phenomenon because of
its internal complexity: heteropolymer chain molecules consisting of some thou-
sands of atoms that can take enormous numbers of conformations but at certain
conditions take only one (native) conformation. The theory of the coil-to-globule
transition was developed by Grosberg and Kuznetsov [3] but even for much simpler
systems like a homopolymer chain model it was shown that three different transi-
tions can be found: gas-liquid, liquid-solid, and polymorphic solid-solid [4, 5]. The
most simplified models of protein folding were introduced and developed some
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years ago, mainly by Dill and Shakhnovich [6, 7]. In these models, the compactness
of the chain at low temperatures induced the presence of secondary structures.
Some theoretical considerations and computer simulations of stiff homopolymers
showed that for certain stiffness the collapse transition became discontinued. The
low temperature structures, in the latter case, appeared to be not only dense glo-
bules but also torus-like species [8–13]. The differentiation of the structural ele-
ments of the chain led to the increase of the number of transitions during the
annealing process [14]. Monte Carlo simulations of lattice heteropolymer chains
with a more complicated force field led to the fold, which were �-barrel type
proteins [15].

In this work we continue a different approach to the protein folding problem
[16–18]. For this purpose a simplified model of polypeptides was designed and
developed. In this model we used a united atom representation of polypeptide
chains. In order to mimic real polypeptides, we also differentiated these united
atoms (that represent amino acid residues). To speed up the calculations we intro-
duced the lattice approximation of our model chains. We used a replica exchange
Monte Carlo simulation algorithm to determine properties of the model chains for a
wide range of temperatures from a random coiled state to dense packed globules
resembling globular proteins. Thus, within the frame of this model we can study
the interplay between both potentials: a long-distance square-well contact potential
and a local potential that prefers certain conformations characteristic for real pro-
teins (�-helical and �-type states).

The Model and the Method

Each model chain under consideration consisted of N¼ 100 residues. Amino acid
residues in our chains were represented by united atoms located at alpha carbon
positions. The positions of the amino acid residues in the chain were restricted to
vertices of a lattice of a [310] type, which was frequently used in simulations of
systems containing polypeptides and proteins [17]. Chains on that lattice resemble
conformations of real proteins and one can represent real structures with great
accuracy – RMSD close to 0.7 Å where the lattice unit was equal to 1.22 Å.
In our model the chain consisted of two kinds of residues only: hydrophilic (or
polar – denoted as P) and hydrophobic (or non-polar, denoted as H). The distinc-
tion between these two kinds of residues was introduced by the interaction poten-
tial. This potential had the following form (Eq. (1)) where rij is a distance between
a pair of residues, r1 ¼ 31=2 (lattice units) and r2 ¼ 5 (lattice units).

Vij ¼
"rep for rij<r1

"a for r1�rij�r2

0 for rij>r2

8<
: ð1Þ

We have assumed that the "a potential took the following values for different
types of contacts: "HP¼ 0, "HH¼�2kT, and "PP¼�1kT. The rigorous excluded
volume effect was softened in our model and the repulsive potential was "rep¼ 5kT.
This choice was done in order to help the chain to rearrange its conformation in a
collapsed state. The other part of the force field was the local potential "loc, which
characterized the tendency of the chain to form �-helical or �-type structures. Let
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consider the orientation of three consecutive vectors �i�1, �i, and �iþ1 using the
following expression (Eq. (2)).

r�
2

i�1;iþ2 ¼ ð�i�1 þ �i þ �iþ1Þ2 � signðð�i�1��iÞ � �iþ1Þ ð2Þ
A right-handed �-helical state corresponds to the values of r�

2

i�1;iþ2 located between 9
and 25 while �-type state corresponds to �86<r�

2

i�1;iþ2< � 57 and 57< r�
2

i�1;iþ2<91
[16]. The occurrence of the right-handed �-helical or �-type conformation in the
chain during the simulation run was associated with the energy loss equal to the "loc.

The properties of model chains were determined by means of Monte Carlo sim-
ulations. We employed replica exchange Monte Carlo method (RMC) where the
simultaneous simulations of the chains (replicas) are performed, each at the different
temperature [19]. The distribution of temperatures is linear and each replica was a
subject to the classical Metropolis sampling. The changes of the chain conformations
were done using a set of local motions. This set consisted of: 2-bond motions, 3-
bond motions, and 2-bond end reorientations (Fig. 1). During the simulation the
replicas at neighboring temperatures were exchanged at random with the probability
Pij (Eqs. (3) and (4)) [18, 19] where Ti and Tj are the temperatures of the i-th and j-th
replica, respectively, while Ei and Ej are their total energies.

pij ¼ minð1; expð��ÞÞ ð3Þ

� ¼
�

1

kBTi
� 1

kBTj

�
� ðEj � EiÞ ð4Þ

It was shown that the RMC simulations can be coupled with the histogram method
in order to give the thermodynamic description of the system. In this method one
collects histograms, showing the distribution of the total energy of the system.

Then, the entropy of the system can be determined using the definition of the
function given by Eq. (5) where SðEÞ is the entropy and JðEÞ – the energy histo-
gram [15, 18].

SðEÞ=k ¼ lnðJðEÞ þ E=kT þ constant ð5Þ
The other thermodynamic functions, like the free energy can be calculated by

applying the relation of Eq. (6).

FðE; TÞ ¼ EðTÞ � T � SðE; TÞ ð6Þ

Fig. 1. A scheme of a polypeptide chain on a [310] lattice with examples of the two-bond motion

(A), 3-bond motion (B), and 2-bond end reorientation (C)
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Results and Discussion

The simulations were performed for chains consisted of N¼ 100 amino acid resi-
dues. In our investigations we studied pure � and � proteins and, thus, our chains
had amino acid residue sequences typical for both kinds of proteins. In the first
case, it was an idealized helical septet -HHPPHPP-, which was repeated through
the entire chain. For � polypeptides a -HP- sequence was chosen and repeated
in the entire chain as a characteristic �-type structure. The temperature was varied
in the range from 1 to 4 based on previous findings, in order to cover the random
coil state of the polymer at high temperatures as well as the folded structures at low
temperatures. The local potential "loc took values 0, �1, �2, �4, and �8 in both
cases of polypeptide chains under consideration.

The folding transition (coil-to-globule) of a polypeptide chain can be identified by
the analysis of the changes of polymer size with the temperature. The size of a chain is
described by the mean-squared radius of gyration hS2i. Figure 2 presents the changes
of this parameter with the temperature for � and � chains for some values of the local
potential. In all cases under consideration all curves have the sigmoidal shape what
suggests the presence of the coil-to-globule transition. The size of chains at high
temperatures is considerably larger for � case apparently because of the presence
of larger number of expanded (�) conformations. The increase of the local potential
changes the hS2i curves in the following way. First, it shifts the transition towards
higher temperatures for � chains and towards lower temperatures for � chains. The
reason of this behavior will be discussed below. Second, the changes of the chain’s
size at high temperatures caused by the local potential are quite opposite to those of �
and � chains. The size of low temperature structures does not depend on the strength
of the local potential but in general for � chains it is more than twice larger than for �
chains. One has to note that for � chain with "loc ¼ �8 its size increases when the
temperature is lowered. In general, the transition is more rapid for �-helical chains.

The heat capacity of a polypeptide chain was calculated as a variance of the
mean total energy. In Fig. 3 we present the heat capacity C�=k as a function of the

Fig. 2. The mean-square radius of gyration hS2i versus the temperature T for the alpha (left) and beta

(right) polypeptides; the strengths of the local potential are given in the inset
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temperature T for various values of the local potential "loc. One can observe that the
curves are rather smooth with one well-defined maximum. The positions of peaks
on Fig. 4 are in full agreement with rapid decrease of the radius of gyration what
confirms the presence of the folding transition. The values of C�=k at peaks for �
chains are larger than for � chains but their widths are smaller. This was apparently
caused by the more rapid coil-to-globule transition for � chains.

In Fig. 4 one can observe the influence of the temperature on the mean fraction
of �-helical and expanded (�) states. At high temperatures chains contain ca. 12%
of right-handed �-helical states and ca. 15% of � (expanded) states. In all cases of
� chains under consideration these fractions (called helicity) increase during the
annealing. One can observe a distinguished rapid increase of the helicity at the
transition temperatures. It is interesting that even for "loc¼ 0 the helicity increased
more than twice during the annealing. This means that the tertiary interactions plus

Fig. 3. The heat capacity C�=k versus the temperature T for the alpha (left) and beta (right)

polypeptides; the strengths of the local potential are given in the inset

Fig. 4. The mean fraction of � and � states versus the temperature T for the alpha (left) and beta

(right) polypeptides; the strengths of the local potential are given in the inset
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the proper helical-like sequence induced at low temperatures some helical states
but the number of these states are much smaller than in real �-helical proteins.
Hence, the low temperature chains with stronger local potential have some features
of �-helical globular proteins. The introduction of the very strong local potential
generates the helicity on the level 70–80%. The behavior of the fraction of
expanded states in � chains is different. For the local potential "loc¼ 0, �1, �2,
and �4 the curves have similar shapes. Above the transition the fraction is almost
constant or increases slightly. At the transition temperature the fraction of � states
decreases rapidly and the degree of this decrease is proportional to the strength of
the local potential. Further annealing does not change the fraction significantly.
This behavior suggests that during the transition the chain collapses to a small
dense globule destroying most of the expanded states. For "loc ¼ �8 the fraction
of expanded states increases during the entire annealing process approaching the
value 95%. This increase of � states takes place in spite of the fact that the size of
the chain remains small as for other values of the local potential. Thus, for the
strong local potential the low-temperature chain has the features of a folded glob-
ular � protein. Of course, one has to remember that all low temperature structures
obtained for the model under consideration, for � as well as for � chains, are not
unique as in real proteins. Although in our model chains the number of � and �
states is rather high, no longer �-helices or �-strands were found, similarly to the
results obtained for other models with fully flexible heteropolymer chains [16, 20].

Figure 5 presents examples of the distributions of different energy levels, i.e. the
energy histograms JðEÞ. The histograms shown were collected at the temperatures
at the folding transition. For the transition temperature the population of the higher

Fig. 5. The energy histogram JðEÞ of the � chain for the local potential "loc ¼ �1; the temperatures

are given in the inset
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energy (unfolded) states is the same as that for lower energy (folded) states. For
temperatures quite close to the transition (0.08 in our units) one can observe one
peak only while the second one almost disappeared. At temperatures below the
transition the peak corresponding to lower energies is higher than that correspond-

Fig. 6. The free energy F versus the total energy E; the case of � chain with the local potential

"loc ¼ �8 (a) and of � chain with the local potential "loc ¼ �1 (b); the temperatures are given in

the inset
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ing to higher energies whereas at temperatures above the transition an opposite
effect is observed. The comparison of the heights of the peaks can give the estima-
tion of the transition temperature more precisely than hS2i or C�=k curves.

According to the Eqs. (5) and (6) we calculated the entropy S and then the free
energy F of the system as a function of the total energy E. In Fig. 6 we present plots
of the free energies as functions of the energy for some temperatures from the
vicinity of the folding transition for � and � chains respectively.

All free energy curves have almost the same shape with two minima corre-
sponding to unfolded (on right) and folded (on left) states. Between these two
states one can observe a free energy barrier. The free energy barriers between these
two states of chain are similar for � chains and � chains and changes between 15kT
and 20kT . The influence of the temperature on the location of a free energy curve is
much more pronounced for � chains. One can observe that the influence of the
temperature on the barriers is rather weak what suggests that the barriers are
predominately of the entropic origin. The temperature also affects the location
of the minima on the energy scale. One can also conclude that the higher value
of the local potential increases the distance between free energy curves for differ-
ent temperatures.

Conclusions

In this paper we studied the properties of simplified models of polypeptide chains.
These chains were modeled as a linear sequence of united atoms (beads) that
represented aminoacid residues. The interplay between a tertiary potential and a
local potential was studied by means of replica exchange Monte Carlo simulations.
It was shown that in general the collapse transition differed for both sequences
under consideration. The changes of the strength of the local potential did not
change the size of collapsed chains significantly but shifted the coil-to-globule
transition towards lower temperatures. For the �-helical polypeptides the introduc-
tion of the local potential leads to the formation of significantly higher numbers of
helical structures during the folding process. For the �-type polypeptides a very
strong local potential enforced similar behavior. The low-temperature conforma-
tions for both types of chains were not unique although they contain huge fraction
of secondary structures. The histogram of energy obtained for one replica in the
vicinity of the transition conditions served as a source of data for determining of
thermodynamic characteristics of the system near the coil-to-globule transition.
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