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Abstract A simplified model of polypeptide chains was
designed and studied by means of computer simulations.
Chains were represented by a sequence of united atoms
located at the positions of the a-carbons. A further
assumption was the lattice approximation for the chains.
We used a (310) lattice, which was found useful for
studying properties of proteins. The force field used
consisted of a long-range contact potential between
amino-acid residues and a local preference for forming
o-helical states. The chain consisted of two kinds of
residues: hydrophilic (P) and hydrophobic (H) ones
forming model helical septets —-HHPPHPP- in a se-
quence. The chains were placed near an impenetrable
surface with a square hole in it. The size of the hole was
comparable or smaller than the size of a chain. The
properties of these model chains were determined using
the Monte-Carlo simulation method. During the simu-
lations, translocation of the chain through the hole in
the wall was observed. The influence of the chain length,
the temperature differences on both sides of the wall and
the force field on the chain properties were investigated.
It was shown that the translocation time scales as N>
and it was found that the presence of the local helical
potential significantly slows down the process of trans-
location.

Introduction

The structure and the properties of polymer and poly-
peptide chains at interfaces are extremely complicated
and thus interesting from the theoretical point of view.
Some of them are the process of transport of chains
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(proteins, DNA, RNA and drug delivery) across a
membrane, translocation of proteins through an endo-
plasmic reticulum or into mitochondria as well as the
formation of signaling protein in a cellular membrane.
These processes are very important because of their
biological implications [1]. One has to remember that
threading a chain through a pore is governed by the
presence of an entropic barrier at least because of the
limited number of chain conformations inside and near
the pore, which slows the chain dynamics down. The
influence of an electric field usually has also to be taken
into consideration. The process of the translocation of
polymer chains through a pore was recently the subject
of numerous theoretical studies [2-8] and various com-
puter simulations [9-11]. These studies were mainly fo-
cused on the mechanism of translocation and scaling
properties of the translocation time. Most of the above
models were based on one-dimensional diffusion [12]. It
was pointed out that the translocation of a polymer
chain can be coupled with many other phenomena like
adsorption, polymerization, collapse, random coil-helix
transition etc. [13]. Di Marzio and Kasianowicz [§]
showed exact solutions for all possibilities of such cou-
plings. Recently, Binder and co-workers presented the-
oretical considerations and computer simulation studies
concerning the translocation induced by adsorption,
which revealed the dynamics of this process [14]. They
found that the translocation time’s scaling exponent was
2.18, correcting previous theoretical [3] and simulation
results [15].

It was recently shown that naive and rather coarse
models of a polypeptide were introduced some years ago
could be a very useful tool for studying fundamental and
general behavior of these chains [16]. The polypeptide
chains were approximated by a sequence of united atoms
and by a lattice representation. The Monte-Carlo sim-
ulations of these models showed the interplay between
tertiary interactions and the formation of secondary
structures. The dynamic behavior of chains built of
different sequences and the thermodynamic description
of the folding transition were also studied. These simple
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models were then extended by maintaining the proper
level of the helical content and by improvement of some
features of the folding transition [17].

In this work, we have developed a new model based
on the (310) lattice representation of polypeptide chains.
In this new model, polypeptide chains pass through a
hole in an impenetrable surface. Beside this confinement,
the chains had all the features of polypeptide chains
from our previous models. Thus, the model system can
be treated as a crude representation of a polypeptide
translocating through a nanopore in a thin and rigid
membrane. The properties of free polypeptide chains
and polypeptides attached to a surface have already
been determined within the frame of (310) lattice model
[16-18]. Therefore, the results obtained for chains
translocated through a pore could be compared with
properties of ‘free’ polypeptides. The main goal of this
work is to study the effect of various interactions on the
properties of chains passing through a pore on a fun-
damental level. This paper was organized as follows. In
the next section The model and the simulation method we
outline the assumptions of the model and describe the
simulation method used. In the section Results and dis-
cussion we present the results of simulations compared
with results obtained for this model for a free chain as
well as with other theoretical predictions and real
experiments. In the last section Conclusions we present
the most important and general conclusions as well as
their meaning for studying protein-like systems.

The model and the simulation method

The model chain consisted of N residues. Because the
times of translocation of single-stranded RNA and
DNA through a membrane channel in real experiments
are of the order of milliseconds it is impossible to sim-
ulate full atom-chain models on such time scale [19-21].
Therefore, we assumed that chains were built of struc-
tural elements that could be treated as an approximation
of amino acid residues: each amino acid residue was
represented by a single united atom located at the a-
carbon position [16, 17]. An additional speed up of the
calculations was gained by using the lattice approxima-
tion for model chains. We used a lattice which has been
used frequently recently in simulations of proteins and
polypeptides [16—18]. In this model united atoms of the
chain are connected by vectors of the type [£3, £1,
+1], [£3, £1, 0], [£3,0, 0], [£2, £2, £1] and [£2,
+2, 0]. This lattice is very flexible as its coordination
number is 90 and the angles between the bonds repro-
duce conformations of real peptides and proteins with
great accuracy. It was shown that the model chains were
represented with the accuracy of 0.6-0.7 A comparing
with real polypeptides when the lattice unit was assumed
to be 1.22 A [16].

The properties of polypeptide chain are determined
by their primary structure, i.e. the sequence of the amino
acid residues in the chain. We limited our studies to

simple heteropolymers and thus for the purpose of our
investigations the model chains consisted of two kinds of
residues only. We called them hydrophilic (or polar)
residues, denoting them as P and hydrophobic (or non-
polar), denoted as H. These two kinds of residues could
be distinguished by an interaction potential. This po-
tential was non-zero for distances between a pair of
residues higher than 4.35 A and lower than 7.40 A (32
and 5 in lattice units, respectively). We chose the fol-
lowing set of interactions: HP interaction potential exp
= 0, HH interaction potential eyzp = —2 kT, while for
PP the potential was eyzp = —1 kT [16-18]. This par-
ticular choice was made in order to obtain a hydro-
phobic core for low-temperature collapsed chains. These
values of potential were also chosen because they allow
one to refer the results to a homopolymer with attractive
potential —1 kT [16]. We would like to stress that these
interactions should be precisely described as ‘strongly
hydrophobic’ (H) and ‘weakly hydrophobic’” (P) [17]. It
has been shown that this choice of the force field is more
suitable for polypeptide chain models than the pure
hydrophobic/hydrophilic potential [10]. The excluded-
volume effect was also introduced into the model: a pair
of non-bonded residues for distances shorter than
4.35 A (3" in lattice units) interacted with the repulsive
potential €., = 5 kT [16-18].

In the model we have also introduced the parameter
€10» Which characterizes the local property of the chain
to form a helical structure. It was previously shown that
the existence of this helical potential led to the proper
amount of helical structures for given amino acid se-
quences [16]. The helical state formed by three consec-
utive vectors can be identified by the specific vector
expression as follows:

2

Fpin = (Ui + U+ U )? sign((vi-1 X 07) v;1) (1)

where vy, v;, v;+1 stand for three consecutive vectors
connecting residues from i-1-th to i+ 2-th. Since there
are two possible helical structures (left-handed and
right-handed helices), we decided to introduce the pref-
erence for the formation of right-handed helices only (as
in real proteins). A right-handed a-helix conformation in
our model chain corresponds to the values of 2 142
located between 9 and 25 [16]. The appearance of a
right-handed helical conformation in the chain during
the simulation was associated with an energy loss equal
to €, < 0.

The above-described model was studied by means of
the Monte-Carlo simulations. The polypeptide chain
was put into a Monte-Carlo box with the edges large
enough not to use periodic boundary conditions (L =
200). One of the surfaces forming the box was impene-
trable for the chain (for this purpose we chose the sur-
face located at x = 0). A square hole with the edge d was
made in the middle of this wall. The starting confor-
mation of the chain was generated at random but one of
chain ends was always located in a lattice vertex next to
the hole in the impenetrable surface. Then, the confor-
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Fig. 1 Changes of chain’s conformation used in the simulation
algorithm: 1-residue flip (a), 2-residues flip (b) and 2-residues end
reorientations (c)

mation of the chain was randomly modified using the
usual set of local motions: [16] 1-residue flip (a), 2-resi-
dues flip (b) and 2-residues end reorientations (c), which
are shown schematically in Fig. 1. A new probe con-
formation was accepted with a probability proportional
to exp(—AE/kT), where AE is an energy difference be-
tween a new and an old chain conformation. The driving
force parallel to the x-axis and independent on the x
coordinate was introduced into the model in order to
emulate a static electric field. This potential was included
into the Metropolis criterion only but was not counted
in the total energy of the system. The value of this force
was —0.2 kT what was negligible when compared with
the total energy of chains (in order of 100 kT)

The initial conformation of the chain underwent a
large number of micromodifications. The motion of the
entire chain was monitored during the simulation. When
it diffused away from the hole, the simulation was
paused and the chain was placed again in the vicinity of
the hole. When the entire chain passed through the hole,
the process of simulation was repeated from the begin-
ning starting from a different chain conformation. The
simulations were continued until the given chain passed
through the hole 100 times. It was previously shown that
one attempt of each local motion per one amino acid
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Fig. 2 The model chain passing through a hole in a rigid, thin and
impenetrable surface

residue defined a time unit. This choice has already been
tested: It was shown that the chain’s dynamics are
Rouse-like, i.e. correct [14]. A model chain on the (310)
lattice near the impenetrable wall passing a hole from
the cis side (right) to trans side (left) is shown in Fig. 2.

Results and discussion

In this study, we present the simulation results for
polypeptide chains built of N = 10-100 amino acid
residues. All chains were built of typical helical septets -
HHPPHPP-, which can be found in real helical pro-
teins. The helical potential ¢, was assumed to take
values 0, —4 and —8. In our previous studies concerning
free polypeptide chains, we showed that these values of
the helical potential covered the range from fully flexible
chains to very strongly helical ones, like in polyalanine
[16]. It was also assumed that there is a difference in
temperatures on the cis side (where chains are located
initially) and on the frans side. On the cis side, the
temperature was chosen to 7' = 4, corresponding to a
random coil state of the chains, while it was low (T = 2)
on the trans side. It was shown that at these tempera-
tures chains were collapsed, forming a dense ordered
globule [16-18]. The edge of the square hole was d = 15
lattice units corresponding to 18.3 A. This choice means
that the size of the chains was comparable or smaller
than the hole, but much larger than the diameter of the
o-helix.

In order to demonstrate the properties of the chain
observed during the translocation, we present a series of
flowcharts taken from the simulation trajectories. The
flowcharts contain the data recorded at time intervals
equal to two, so that for the trajectory of the length
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40,000 time units we have 20,000 data. The trajectories
shown in the flowcharts were taken for that fragment of
the simulation for which the translocation took place.
We decided to present the flowcharts for two values of
the local potential ¢, = 0 and ¢, = —8, to demon-
strate the dramatic changes in the properties of the
system as this potential is introduced. In Fig. 3, we show
the squared radius of gyration of the entire chain S° as a
function of time for the total chain. This parameter
describes the size of the polypeptide chain. One can
observe that the radius of gyration value fluctuates.
However these fluctuations are much larger for the case
of the chain without the local potential. Its presence
causes the formation of secondary structure, which is a
stable fragment and therefore the dimensions of the
chain remain also more stable. The introduction of the
helical potential even stabilizes the size of chains on
the cis side. It is seen especially when one compares the
changes of the radius of gyration for the chain with ¢,
= —8. At the moment when the translocation starts, the
S? values begin to fluctuate. This is the case when one
part of the chain remains in the cis position while the
other is in trans state. The beginning of the translocation
is denoted by an arrow (empty head). After the trans-
location is complete, the fluctuations of S? almost dis-
appear for the case of the strong helical potential. This is
the result of the presence of the helical secondary
structure, which is a compact and stable. In contrast to
the latter, the chain without the local potential almost
does not change its S? qualitatively and its value fluc-
tuates regardless of the translocation process.

The secondary structure of the chain plays an
important role as the properties of the chains are dis-
cussed. Therefore, we analyzed of this parameter. A
typical flowchart showing changes in helicity of the
system during the passage through the nanopore can be
seen in Fig. 4. The helicity, which we define as the
fraction of all residues forming a helical structure, is
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Fig. 3 The changes of the squared radius of gyration S* with time.
The case of chain consisted of N = 60. The values of the local
potential ¢,. are given in the inset
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Fig. 4 The changes of the helicity of chains with time. The case of
chain consisted of N = 60. The values of the local potential ¢, are
given in the inset

shown for the case of ¢,, = 0 and ¢, = —8. One can
observe that in the case of the presence of a strong
helical potential in the cis state, the helicity fluctuates
around the value 0.4, while after the translocation it
increases up to 0.9. Also, the fluctuations in the trans
state are much lower than in the cis one. The arrows
denote the start and the completion of the translocation
of the chain. The plot of the helicity for the case without
a helical potential is also shown. The mean value is
around 0.1 and does not change during the translocation
process.

During the translocation through the nanopore the
energy of the system changes along with the progress of
the passage. Figure 5 presents the changes of the contact
energy of the system for two cases: ¢, = 0 and €, =
—8&. One can see that for both cases the energy decreases
with time. However, the changes in the presence of the
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Fig. 5 The changes of the contact energy of chain with time. The
case of chain consisted of N = 60. The values of the local potential
€0c are given in the inset
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Fig. 6 The changes of the local energy of chain with time. The case
of chain consisted of N = 60. The values of the local potential ¢,
are given in the inset

local potential are much more pronounced than for the
case €, = 0. One can also observe that the fluctuations
of the energy are much larger for ¢;,. = 0 than for ¢, =
—8. However, note that the substantial fluctuation of the
total energy for the strong helical potential corresponds
to very small fluctuations of chain’s size (see Fig. 3).
Figure 6 shows the changes of the local energy, i.e. the
changes of the contribution to the total energy related to
the helical potential. One can observe that there are no
quantitative differences between strong and intermediate
helical potential although the time of translocation are
quite different. Comparing the value of the local energy
with the contact energy (Fig. 5) for the strong helical
potential (¢, = —8) one can state that on the cis side,
the local energy governs the behavior of the chain as it is
three time lower than the contact one. This shows that
the formation of the secondary helical structure could be
a driving force of the translocation process [8].

Fig. 7 The snapshots of typical  a)
chain’s conformation obtained
during the simulation for chain
consisted of N = 60. The values
of the local potential ¢, = 0
(a) and —8 (b)
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Fig. 8 The translocation times t versus the chain length N. The
values of the local potential ¢, are given in the inset

In order to illustrate the chain during the transloca-
tion process, we show snapshots of the chain while it
passes through the window. The two cases are presented
in Fig. 7. The chains pass from the right side of the
square window to the left. Without the local potential,
the chain does not exhibit any helical structure on both
sides of the window. The presence of the local potential
changes the structure of the chain dramatically. The
chain on cis position has no helical elements, while its
part that passed the window is well organized and pre-
sents classical helices.

The translocation process is usually characterized by
the mean translocation time. In Fig. 7 we show the
dependence of the translocation times on the chain length
for some helical potentials. One can see that this time
scales with the chain length as N’. The scaling exponents
for all cases under consideration are close one to each
other: y = 2.11£0.15 (for ¢j,.= 0) and y = 2.27£0.29
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(for €, = —8). These values are in a good agreement with
theoretical findings that predict N* behavior [2, 14]
(Fig. 8). The increase of strength of the helical potential
led to considerably longer times of translocation through
the nanopore. This can be explained by the fact that the
secondary (helical) structures formed on the trans side of
the box are stable and therefore the diffusion of the
system is very slow in spite of the fact that the size of such
chains is even smaller on the cis side.

Conclusions

Monte-Carlo simulations of lattice models of polypep-
tide chains were carried out in order to find the influence
of the chain length and the force field on the passage of
chain through a pore and its properties on both sides of
the membrane. The reduced model of a polypeptide
(united atoms in alpha carbon positions only) appeared
to be sufficient for studying the properties of chains as a
whole and therefore was employed for our calculations.
The atoms representing residues interacted with a very
simple binary square-well potential. Some local prefer-
ences in the chain’s conformations were introduced in
order to obtain the proper amount of helical confor-
mations. The polypeptide consisted of two kinds of
residues only: hydrophobic and hydrophilic. The chains
were placed near an impenetrable wall with a hole in it.
The intention of introducing this confinement was to
mimic the translocation of polypeptide chains trough a
nanopore in a thin and rigid membrane.

It was shown that the translocation of a polypeptide
chains through a pore depends on the chain length and
on the size of the pore. The translocation time scales
with the chain length as N’ with y close to 2.2, in

agreement with theoretical predictions [4, 5]. The
strength of the helical potential did not change signifi-
cantly the above scaling but affected the value of the
translocation time. Translocation times for strong po-
tential are an order of magnitude longer.
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