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Abstract A coarse-grained model of polypeptide chains
confined in a slit formed by two parallel impenetrable
surfaces was studied. The chains were flexible heteropoly-
mers (polypeptides) built of two kinds of united atoms—
hydrophobic and hydrophilic. The positions of the united
atoms were restricted to the vertices of a [310] lattice. The
force field consisted of a rigorous excluded volume, a long-
distance potential between a pair of amino-acid residues
and a local preference for forming secondary structure
(helices). The properties of the chains were studied at a
wide range of temperatures from good to bad solvent
conditions. Monte-Carlo simulations were carried out using
the algorithm based on the chain’s local changes of
conformation and employing the Replica Exchange tech-
nique. The influence of the chain length, the distances
between the confining surfaces, the temperature and the
force field on the dimension and the structure of chains
were studied. It was shown that the presence of the
confinement chain complicates the process of the chain
collapse to low-temperature structures. For some condi-
tions, one can find a rapid decrease of chain size and a
second transition indicated by the rapid decrease of the total
energy of the system.

Keywords Coil-to-globule transition .α-helical globular
proteins . Lattice models . Molecular confinement . Monte
Carlo method . Replica Exchange method

Introduction

The question of the folding transition in globular proteins is
still far from being understood in spite of extensive
experimental and theoretical work [1, 2]. Protein folding
in a solution is rather a complicated phenomenon because
of the chains’ internal complexity: polypeptides consisting
of thousands of atoms can adopt an enormous number of
conformations but under certain conditions adopt only one
conformation known as the native state. The folding of
protein chains usually takes place in a crowded environ-
ment because of the presence of other biomolecules in cells.
This kind of environment must restrict the chains’ confor-
mational states, especially expanded ones, which are
characteristic for unfolded states, and thus, to stabilize the
native state. The formation of protein aggregates is also
affected by the effect of crowding [3, 4]. Recent experi-
ments were able to encapsulate a protein in pores of silica
glass [5], between layers of α-zirconium [6], in a gel [7]
and in a reversed micelle [8]. All confined proteins were
found to be more stable and the melting temperatures
appear to be considerably higher.

The problem of the influence of confinement on the
properties of proteins and polymers is also interesting from
the theoretical point of view. Simple theoretical consider-
ations concerning the influence of the confinement on the
stability of proteins in cages were given by Zhou and Dill
[9]. Minton calculated changes in the reactivity of macro-
molecules using hard-particle partition theory [10]. Kinjo
and Takada developed a density-functional theory of
proteins in crowded solutions [11]. Recent computer
simulations were focused on the stability of folded chains
and the changes of the folding temperatures and kinetics of
folding. Betancourt and Thirumalai [12], studied the
influence of chaperonins of Escherichia coli GroEL on
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the folding rates, Klimov et al. [13] simulated the folding of
β-hairpin proteins in a spherical pore, and Takada et al. [14]
simulated similar models of proteins confined in a
cylindrical cage by means of the Brownian Dynamics. All
these simulations concerned very simple Go-like models of
proteins. The above-mentioned theoretical considerations
and computer simulations showed that this kind of inert
confinement stabilized the fold due to the reduction of the
entropy of the unfolded state.

In this work, we present a different approach to the study
of polypeptide chains in confinement [15–17]. The con-
finement effect on the properties of the chain can be of
importance in view of the thin layer and nanotechnology
techniques. Also the ‘natural’ confinement (originating
from the walls of a biological cell) can change, to some
extent, the properties of macromolecules. This study is also
a stepping-stone as well as the state of reference for the
investigation of the ‘macromolecular crowding’ on the
properties of model chains. Contrary to other simulation
studies based usually on Go-like models, we did not
introduce any bias towards ‘native’ structures. Therefore,
our chains do not have native-like structures but a series of
conformations with low energy. The main goal of this work
was the study of the interplay between the two potentials
employed in the force field: a long-distance contact
potential and a local potential that favors certain conforma-
tions characteristic for real α-helical proteins. The balance
between these two potentials was expected to be distorted
by the presence of the confinement.

For this purpose we designed and developed a coarse
and simplified model of heteropolymers. In this model all
atomic details of polypeptide chains were suppressed and
we employed a united-atom representation of chains, where
chains were constructed of α-carbons only. These united
atoms were differentiated in order to mimic hydrophobic
and hydrophilic properties of real amino-acid residues. We
also introduced the lattice approximation of our model
chains in order to study the phenomena that appear on
larger time scales, like the entire process of the chain’s
collapse. We used a Replica-Exchange Monte-Carlo simu-
lation algorithm to determine the properties of the model
chains at a wide range of temperatures, from these
corresponding to a random coil state to those at which
dense packed globules resembling globular proteins were
formed. The bulk properties of such chains, the influence of
the sequence pattern and the local potential on the
secondary-structure formation and thermodynamic descrip-

tion have already been studied in detail for these models
[15–17]. The influence of partial confinement on the
polypeptides within the frame of similar models was also
studied: a polypeptide chain was threaded through a hole of
comparable size to that of the chain in an impenetrable wall
[18]. Scaling properties of the translocation times and the
structure of chains during the threading were determined
and discussed.

Model and methods

We studied model chains built of N=100 residues. Each
amino-acid residue in the chain was represented by a united
atom located at the α-carbon position. The united atoms were
allowed to be put in vertices of a quasi-crystalline lattice
only. For the purpose of the polypeptide chain representation,
we chose lattices of a [310] type with the coordination
number ζ=90 [15]. Chains constructed on this lattice
resemble conformations of real proteins: one can represent
real structures with an accuracy (RMSD) close to 0.7 Å. This
best fit was found for a lattice unit equal to 1.22 Å. The
chains were put into a slit formed by two parallel surfaces.
These surfaces were impenetrable for amino-acid residues.
No other interactions between the surfaces and the chains
were assumed. The surfaces were parallel to the xy plane and
periodic boundary conditions were imposed in the x and y
directions. The scheme of the model system is shown in
Fig. 1. The size of the Monte-Carlo cell was chosen large
enough to avoid interactions of the chain with itself, and
hence its edge was L=200 lattice units (244 Å).

The model chain consited of two kinds of residues:
hydrophilic (polar, P) and hydrophobic (non-polar, H). The
distinction between these two kinds of residues can be
made by their interaction potential. This potential had the
following form:

Vij ¼
"rep for rij < r1
"a for r1 � rij � r2
0 for rij > r2

8><
>: ð1Þ

where rij was a distance between a pair of residues, r1=3 (in
lattice units) and r2=5 (in lattice units). The ɛa potential
took the following values for three different types of
residue–residue contacts: ɛHH=−2kBT and ɛPP=−1kBT,
ɛHP=0, where kB=1 is the Boltzmann constant [15, 19].
The rigorous excluded volume effect was softened in order

Fig. 1 A scheme of a polypep-
tide chain built on a [310] lattice
and confined to a slit formed by
a pair of two parallel impene-
trable surfaces
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to help the chain to rearrange its conformation in a
collapsed state and the repulsive potential between a pair
of residues was assumed to be ɛrep=10kBT. This large value
of the repulsion potential was introduced in order to avoid a
larger number of conformations with self intersections of
the chain, when the polypeptide is highly squeezed by the
slit. The next component of the force field was the local
potential ɛloc, which expressed the tendency of the chain to
form α-helical structures. In the model chain, N united
atoms were connected with N-1 vectors νi. In order to
identify the presence of a helical structure in the chain, one
has to check the mutual orientation of three consecutive
vectors νi−1, νi, νi+1. The following expression was
calculated for this purpose:

r�2
i�1; iþ2

¼ νi�1 þ νi þ νi�1ð Þ2 � sign νi�1 � νið Þ � νiþ1ð Þ ð2Þ

A right-handed α-helical state corresponds to values of
r*2i−1,i+2 between 9 and 25 [15]. The appearance of a right-
handed α-helical state in the chain during the simulation
run was associated with the energy loss ɛloc.

The properties of the model chains were determined by
means of Monte-Carlo simulations. We used the Replica
Exchange-Monte-Carlo method (REMC) [17]. In this
technique simulations of the m=20 chains (replicas) are
performed simultaneously at different temperatures [17,
20]. Each replica chain was a subject to classical Metropolis
sampling and the changes of the chain conformations were
made using a set of local motions. This set consisted of
one-residue motions, two-residue motions and two-residue
end reorientations. A Monte-Carlo time unit was defined as
one attempt of each micromodification per residue. Each
simulation run lasted for 107 time units and the exchanges
between replicas were performed for every 10 time units.
The results for different simulation runs were repeatable,
with the standard error not exceeding 3%. The distribution
of temperatures was linear and during the simulation the
replicas at the neighboring temperatures were exchanged
with the probability [17]:

pij ¼ min 1; exp �Δð Þð Þ ð3Þ

Δ ¼ 1

kBTi

� 1

kBTj

� �
� Ej � Eið Þ ð4Þ

where Ti and Tj are the temperatures of the i-th and j-th
replica respectively while Ei and Ej are their total energies.

The Replica-Exchange simulation method was chosen
since this algorithm is capable of crossing energy barriers,
which is important for protein simulations, where the
energy landscape is especially rugged [20]. The simulations
started from a random conformation of the chain for each

replica. For each set of parameters 25–30 simulations were
carried out using different starting conformations.

Results and the discussion

We studied models of α-helical proteins and the chains
were therefore constructed of amino-acid residue sequences
typical for this kind of protein: an idealized helical septet —
HHPPHPP—was repeated through the entire chain. The
temperature was varied in the range from T=1 to 4
according to the previous findings: one could find chain
in a random coil state at temperatures above T=3 (no helical
potential) or above T=3.5 (very strong helical potential)
while collapsed (folded) structures of the chain were found
to be stable at T<2.5 for all values of the helical potential
[16, 17]. The helical potential ɛloc was assumed to take the
values 0, −2, and −8 as it has been shown that for ɛloc

between 0 and −8 one can observe an interplay between the
two parts of potential in forming a dense globule and in
forming secondary structures (helices) [17]. The size of the
slit was changed between d=5 and 50 in order to study
highly squeezed chains and chains that are almost unaf-
fected by the confining surfaces [21].

The location of the coil-to-globule transition of a
polymer chain can usually be identified by the analysis of
the changes of its size with temperature. However, one has
to remember that in our model of confined chains the effect
of the transition from three-dimensional to two-dimensional
chain caused by the presence of the slit can influence the
course of the coil-to-globule transition under certain
conditions. The size of a chain is described as usually by
the mean-squared radius of gyration <S2> and the mean-
squared end-to-end distance <R2>. Figure 2a–c show the
changes of these parameters with temperature for some
values of the local potential and for some widths of the slit.
Values of <R2>/6 were added to the Fig. 2 in order to
visualize the deviation from the theoretical values of the
ratio <S2>/<R2>=1/6. The size of the slit was chosen as
d=50 (the chain is not squeezed but it ‘feels’ the presence of
the confinement), d=30 (size of the slit is approximately
equal to the free chain diameter) and d=5 (the chain is
highly squeezed). In all cases shown, the curves had the
typical S-shape similar to that of free chain, although the
rapid decrease of chain’s size is shifted towards lower
temperatures [17]. This behavior suggests the presence of a
transition from a coil to a more compact and dense globule
for confined chains too. The increase of the local potential
shifts the transition point towards higher temperatures. The
same behavior was observed for unconfined chains, for
which the coil-to-globule transition temperature also
depended on the magnitude of the local potential [17].
The reason of this behavior will be discussed below. The

J Mol Model (2007) 13:327–333 329



changes of the chain’s size are much slower compared with
those for the unconfined case. The influence of the
confinement was more pronounced for narrow slits than
for wider ones. The impact of the confinement on the size
of the chain was more pronounced for narrow slits than for
wider ones. The differences between the case of the chain

that is not squeezed (d=50) and the chain in the slit of size
two radii of gyration (d=30) are rather small and thus we
will discuss the latter case only. The above behavior of the
model polypeptide is different from that found in a study of
homopolymer molecules confined between adsorbing sur-
faces but under good solvent conditions. It was found that
in the latter case macromolecules expand their dimensions
for wider slits and remain almost constant for narrow slits
[22].

The more precise location of the coil-to-globule transi-
tion is usually determined by analysis of the heat capacity
of the system. The heat capacity of the model chain Cv/kB
was calculated as a variance of the mean total energy. In
Fig. 3, we show the heat capacity as a function of the
temperature T for various sizes of the slit and varied values
of the local potential ɛloc. One can observe that the curves
are almost smooth with well-defined maxima on each.
However, one can notice a significant difference in the
location of peaks as the results for different values of the
local potential are concerned. For all sizes of the slit under
consideration, one can observe that for the helical potential
ɛloc=0 and −2 the peaks are located at lower temperatures
(close to T=1.5) while for ɛloc=−8 the peak appeared
between T=3 and 3.3. The latter peak corresponds appar-
ently to the rapid changes of the chain’s size visible in
Fig. 2. The shift of the folding transition was also found in
real experiments [7] as well as in computer simulations of
Go-like protein models [14]. The location of the peaks for
lower helical potential is rather surprising. The size of the
slit almost does not change the location of peaks, although
for the smaller slit the peaks for ɛloc=0 and −2 are
considerably less pronounced and wider. The location of
these peaks quite below the temperatures where the size of
the chain diminishes rapidly is apparently caused by further
rearrangement of the chain structure. During this rearrange-
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Fig. 2 The mean-square radius of gyration <S2> (solid symbols) and
the mean-squared end-to-end vector <R2> (open symbols) versus the
temperature T. The values of <R2> are divided by the factor 6. The
values of local potential ɛloc are given in the inset. The case of the slit
d=5 (a), d=30 (b) and d=50 (c)
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Fig. 3 The heat capacity Cv/kB versus the temperature T. The size of
the slit d and the values of local potential ɛloc are given in the inset
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ment, the global size of the chains did not change
significantly.

The explanation of the behavior of the changes of
chain’s size described above and the heat capacity can be
elucidated by studying the z-contribution (perpendicular to
the surfaces) to the radius of gyration. In Fig. 4a–b we
show the changes of this component of the radius of
gyration. One can easily observe the difference between the
cases for the weak and strong local potentials. For the
narrow slit, the size of a chain along the z-axis increases
considerably for the weak local potential. This rapid
increase occurs at a temperature close to T=1.5 and thus
corresponds to the heat-capacity peak. The changes of
<S2>z for the strong local potential are less pronounced. For
the wide slit, the changes of the size component perpen-
dicular to unconfined dimensions are almost the same as for
all values of the helical potential.

Further insight into the phenomenon of the coil-to-
globule transition of confined polypeptides during the
annealing process can be gained from analysis of the number
of residue–residue contacts. Figure 5a–c show the mean
number of hydrophobic–hydrophobic, hydrophilic–hydro-
philic, and hydrophobic–hydrophilic contacts, respectively,

as a function of the temperature. One could expect that the
number of contacts in general should increase during the
annealing and this effect is observed in our simulations.
However, there are quantitative differences between the
number of contacts for chains with weak and strong helical
potentials, even at high temperatures: for a weak helical
potential the number of all types of contacts is considerably
lower when compared to the case of the strong potential.
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Fig. 5 The mean number of HH (a), PP (b) and HP (c) contacts
versus the temperature T. The size of the slit d and the values of local
potential ɛloc are given in the inset
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For chains with a weak helical potential, the increase of the
number of HH contacts is the most pronounced, while for
the second case the process of chain collapse competes with
the stronger preference to form helical conformations. The
increase of the number of contacts for ɛloc=0 corresponds to
the increase of <S2>and to the location of Cv peak.
Diminishing the slit’s size reduced the number of contacts
in all cases. One can observe that, for the weak helical
potential, the most rapid increase in the number of contacts
is located near the corresponding heat-capacity peak (see
Fig. 3).

The last question concerned the influence of the
confinement on the formation of α-helices in polypeptide
chains. It was previously shown for unconfined chains that
in the absence of specific longrange interactions, low-
temperature states are not unique and, moreover, helical
fragments in formed dense globules are quite unstable [2,
15, 16]. In Fig. 6 the changes of the mean fraction of
α-helical states with the temperature T are shown for some
widths of the slit. One has to remember that the annealing
of model polypeptide chains causes an increase in the
number of helical states even if the helical potential is
turned off, because the compact structure of the chains
generates some secondary structure [2, 15, 16]. The same
effect was found for the confined fully flexible chains
(ɛloc=0), where for both confinements the helicity increases
slightly from 0.14 to 0.16 (d=5) or from 0.15 to 0.19
(d=30). For chains with non-zero local potential, the
increase of the number of helical states is considerably
higher. For a weak helical potential ɛloc=−2 the increase of
the helicity is more pronounced: from 0.2 to 0.6, but the
influence of the confinement is also small. For chains with
a strong local potential (ɛloc=−8) the differences in helicity
for both confinements can be found in the entire range of
temperatures but these differences are also rather small.

Therefore, the influence of confinement on the presence of
secondary structures is significant only for model chains
with a moderate value of the helical potential (ɛloc=−2) at
low temperatures. In this case, one can consider two
possible folding mechanisms in the annealing process: in
the first, the formation of the secondary structure is
followed by the subsequent rearrangement of the structural
elements. In the second, the formation of the secondary
structure takes place after the dense hydrophobic core is
formed. A clue to the answer can be obtained after
analyzing the results shown in Figs. 2 and 3; the position
of the peak on the Cv curve is located at T=1.6, while the
collapse of the molecule takes place at significantly higher
temperatures. This result suggests that the final number of
secondary structures is achieved as an effect of rearrange-
ments taking place in the collapsed structure.

Conclusions

We have studied the properties of simplified models of
confined polypeptide chains. The chains were modeled as
linear sequences of united atoms located at the positions of
the α-carbons. The chains were put into a slit formed by a
pair of two parallel impenetrable surfaces. The model was
studied by means of Monte-Carlo simulations using the
Replica-Exchange method. It was shown that the size of the
slit had a significant influence on the size of the chains.
Changes in the strength of the local potential also led to the
different size and the local structure of chains. Introduction
of the helical potential leads to the formation of signifi-
cantly higher numbers of helical structures during the
annealing of the system but the resulting low-temperature
structures were not unique.

The most important conclusion is that under certain
conditions the polypeptide model chain collapses into two
stages. In the first stage, the size of the confined chain
diminishes smoothly. In the second stage, the size contri-
bution perpendicular to unconfined dimensions increases.
In this stage, the change of the size along the z-axis is
coupled with an increase of the number of residue–residue
contacts, i.e. a decrease in energy.
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