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Simulation studies of polymer translocation through a channel
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Monte Carlo simulation studies of the translocation of homopolymers of lengthN driven through a channel
have been performed. We find that the translocation timet depends on temperature in a nontrivial way. For
temperatures below some critical temperatureuc , t;T21.4, whereas forT.uc , t increases with temperature.
The low temperature results are in good agreement with experimental findings as is the dependence oft on the
driving field strength. The velocity of translocation displays the same characteristics as found in experiment but
the N dependence oft shows the linear relationship observed in experiment only for large values ofN. A
possible reason for this is suggested.
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I. INTRODUCTION

In recent years there has been much interest in the s
of the translocation of biopolymers through channels un
the influence of external fields. For example, Kasianow
et al. @1# showed that an electric field can be used to dr
single stranded RNA or DNA molecules through a narr
ion channel in a lipid bilayer membrane. They found that
channel blockade lifetime was proportional to the me
polymer length and inversely proportional to the appli
voltage. Melleret al. @2# extended these investigations
study the temperature dependence of the translocation d
tion. Subsequent investigations@3# found that the velocity of
the biopolymers in the channel depended on the relative
of the polymer compared to the pore length.

In parallel with these experimental investigations, the
have been numerous theoretical and computational studie
polymer translocation. These have, in the main, been
stricted to considering the one-dimensional~1D! drift-
diffusion model@4–6#. Chuanget al. @7# performed numeri-
cal simulations and showed that translocation times of s
avoiding two-dimensional chains scale with the size of
chain,N, in the same way as the diffusion times. They p
dicted the average pulling velocity of the polymer to depe
on N. Chern et al. @8# performed 3D Monte Carlo~MC!
simulations of a polymer translocating through a hole in
planar slab. However, in this case the slab thickness
taken to be the intermonomer separation and so may no
directly comparable with the experimental studies referred
above in which the channel was of the order of a few int
monomer separations. The related problem of the transl
tion of a confined polymer through a hole was considered
Muthukumar@9#.

We have endeavored to construct a model in order to
form simulations of polymer translocation, which may
compared with available experimental data. The model
the simulation techniques are outlined in the following s
tion. This is followed by a presentation of the results sho
ing how the translocation times of a polymer depend on
temperature at which the simulation is run and on
strength of the external field. The dependence of the tran
cation times and velocity on the length of the polymer is a
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addressed. Finally, the results are discussed with referen
other simulation studies and experimental observations.

II. MODEL AND SIMULATION TECHNIQUES

In trying to model the translocation of a DNA~or RNA!
molecule through aa-hemolysin pore in a membrane,
minimalist approach was taken. The molecule, of cont
lengthL5Na, was treated as a homopolymer comprisingN
beads, each representing a base, with nearest neighbor
length, a. Two potential forms, the Lennard-Jones a
Morse, were used to describe the intermonomer interacti
Both gave similar results for the distributions of transloc
tion times, but the distributions at low temperatures with t
Morse potential resulted in better defined peaks. Since th
necessary to extract reliable peak translocation times, the
sults given in this paper are those obtained using the Mo
potential

Vi j 5e$exp@22a~r i j 2a!#22exp@2a~r i j 2a!#%, r i j ,r c ,

Vi j 50, r i j .r c ,

wherer i j is the distance between two monomersi and j. All
the distances in the simulation were taken in units of
bead radiuss defined through the conditionVM(s)50.
Similarly, takinge to be unity establishes the unit of energ
and the temperature of the simulation is then given in un
of e/kB . By taking the cutoff radiusr c to be 1.5s and the
parametera to be 10/s, this potential allows for the model
ing of the different conformations of polymers as the te
perature is varied, and in particular, gives rise to a globu
extended chain transition at theu temperature@10#.

The bond energy associated with adjacent monomei
and i 11 was represented by the potential

Vb520.5gRmax
2 ln@12~r i ,i 11 /Rmax!

2#, r i ,i 11,Rmax.

The maximum bond length over which this interaction
nonzero was taken to be the same as for the Morse poten
Rmax51.5s and taking the constantg to be 30e/s2 results in
a fairly rigid bond.
©2003 The American Physical Society13-1



re

er
th
te

a

ller

tial
ith

LOEBL et al. PHYSICAL REVIEW E 67, 041913 ~2003!
The a-hemolysin pore through the membrane was rep
sented by a cylindrical tube of lengthW512a and
width small enough~a! so as to ensure that the polym
was stretched out in the tube. This discounts
possibility of hairpin translocations that are not expec
to take place. The membrane itself was set up as
ly-
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impenetrable wall~Fig. 1!. The dimensions of the pore
are consistent with the self-assembled nanopore of Me
et al. @3#.

The external driving force was modeled as a poten
difference applied linearly across the length of the pore w
the profile in the manner described by Chernet al. @8#,
Vmem55
2kx, x>2W/2 and x<W/2 and y21z2<R2

2kW/2, x.W/2

kW/2, x,2W/2
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whereR is the radius of the pore andk is the strength of
potential.

To begin the simulation of the translocation of the po
mer through the pore, from left to right as shown in Fig. 2
chain is placed on one side of the pore with one end of i
the pore. This is accomplished by constructing the polym
chain as follows. The first monomer is initially positioned
the pore entrance and the positions of the monomers c
prising the rest of the chain obtained from a self-avoid
random walk on a cubic lattice of spacinga. The walk is
constrained so that it does not cross the membrane w
Thus, at the start, the whole chain is to the left of the po
The chain is then allowed to reach an equilibrium conform
tion using the standard Monte Carlo method, but with
constraint that the first monomer, placed at the pore edg
fixed. The move set employed is to pick a monomer at r
dom and then allow it to make a trial move of 0.05s in either
6x,6y, or 6z direction. The probability of accepting
move taking a monomer from one state to another is gi
by the Metropolis criterion.

Once the polymer is in its equilibrium configuration, th
first monomer at the pore entrance is released from its c
straint and the simulation of the polymer moving through
pore begins. For a set of starting parameters, the lengt
time taken for the molecule to move through the pore is

FIG. 1. Schematic illustration of the membrane with the po
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translocation time. Not all simulations result in a success
translocation and even when they do, the times vary ove
wide range. The success rate, defined as the fraction of
cessful runs, depends on the temperature at which the s
lation is run. At high temperatures, the chain entropy is h
and when it acts against the potential difference across
membrane, the chain drops out of the tube. This does
course depend on the fraction of the chain that is outside
tube. At low temperatures, the pulling force is not stro
enough to uncoil the globulelike polymer making transloc

.

FIG. 2. Snapshots of the polymer~a! at the start of a transloca
tion run, ~b! during the simulation, and~c! once the translocation
has been completed. The pictures were created using the v
molecular dynamics package@11#.
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tion impossible. Thus, at high and low temperatures, the s
cess rate is much less than unity. In order to have a consis
way of determining the translocation time at each tempe
ture, we have followed the prescription of Melleret al. @3#,
hereafter referred to as MNB, and takent to be the most
probable translocation time from a set of at least 500 sim
lations.

It is not easy to relate a MC step to a duration in real tim
However, we can consider each accepted move, a move
satisfies the Metropolis criterion, to be equivalent to a fr
tion of a vibration of the monomer. Thent5t0nA , wheret0
is the time taken for a monomer to move the 0.05s associ-
ated with an accepted move andnA the number of steps
taken for the translocation to be completed. We estimate t
taking an average monomer mass to be 100 amu, at r
temperature this is of the order of 0.1 ps. As the numbe
steps required for a typical translocation is of the order
107, this results in translocation times of the order of micr
seconds. This is of course much too fast when compa
with experiment, but it must be noted that our simulations
not take into account any drag or polymer-wall interactio
Such effects will, in general, have the effect of increasing
factor t0 manyfold. In the presentation of our results, w
have takent0510210 s. This gives translocation times of th
order observed in the experiments making comparis
easier.

III. RESULTS OF SIMULATIONS

A. Variation of t with temperature

To determine howt depends on the temperature, we co
sidered a polymer chain of lengthN530 which is two and a
half times the length of the pore. The strength of the driv
potential was taken to be equal to 5e. It turns out to be the
optimum strength, being the smallest field which gives fai
fast translocation times thereby making the studies feas
The simulations were performed for a range of temperatu
0.2<kBT/e<1.0 and at each temperature at least 500 sim
lation runs were carried out and the translocation time dis
bution plotted as a histogram@Fig. 3~a!#. The variation of the
most probable translocation timest ~the peaks in the histo
grams! with temperature is shown in Fig. 3~b!. It can be seen
that there are two distinct regions. ForT greater than some
critical temperatureuc ~the temperature corresponding to t
minimum in t), t increases withT. By contrast whenT
,uc , t decreases with increasingT. In this latter region, the
variation is well fitted by an inverse power law relationsh

t;T21.36, T,uc . ~1!

In order to understand these observations, one notes
there are two components that present a barrier to the pu
force arising from the potential difference across the me
brane. The firstEc is due to the intermonomer potential o
Eq. ~1!, which makes it energetically favorable for the pol
mer to adopt compact conformations. If the polymer is
such a conformation, the pulling force has to first unwind
polymer by breaking the intermonomer interactions bef
dragging it through the pore. The other arises from the te
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perature fluctuations and is an entropy barrierEe . Whereas
Ee increases with temperature, the cohesive energy ba
Ec will reduce asT is increased. The consequence of this
that the net barrier to pulling displays a minimum at t
critical temperatureuc ~Fig. 4!.

In their study of DNA polymers electrophoretically drive
through a nanopore, Melleret al. @2# found a T22 depen-
dence of the translocation process. The fact that we fin
much less strong temperature dependence is a reflectio
the simplistic way in which the drag was incorporated. Ho
ever, it is clear that the low temperature variation found
our simulations is a direct consequence of the intermono
interactions. A model of the type sketched above would a
explain the striking differences observed between the dif
ent polymers in the experimental study@2#.

B. The effect of varying the field strength

Having established the effect of temperature on the tra
location process, we proceeded to determine the influenc
the field strength ont. Kasianowicz, Brandin, Branton, an
Deamer~KBBD! @1# found that the channel blockade life
times were inversely proportional to the applied voltage.
contrast, the studies of MNB on the polymer velocities d

FIG. 3. The~a! distribution of translocation times,~b! the varia-
tion of the most probable translocation timet with temperature, for
a polymer of lengthN530 with an applied force constantk/e
55.
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ing translocation suggest a quadratic dependence on the
plied field. If there is a barrier to translocation, in the mann
suggested above, there should be a minimum field stre
below which no translocation is possible. We carried ou
series of simulations for a fixed polymer length (N530) and
temperaturekBT/e50.3, for a range of values of the forc
constant, 1,k/e,10. The translocation times thus obtain
are shown in Fig. 5. For the small values ofk, there are very
few successful runs and those that do make it through
pore tend to take a very long time. For large values ofk, the
times do not vary much which is an indication that the fie
strength is so strong that the barrier effects are not seen.
results point to an inverse power dependence of the fort
;(k2k0)2n and we did indeed find a reasonably good fit
the data withk050.15e andn51.0. The inverse dependenc
on the applied field is in good agreement with the results
KBBD. It may be noted that the value ofn appears to depen
on the intermonomer potential used. For example, usin
different ~Lennard-Jones! intermonomer potential we foun
that the field dependence of the translocation time was w
fitted by an inverse quadratic form. However, both these

FIG. 4. Schematic showing the variation of the cohesive ene
and entropy barriers resulting in a minimum atuc .

FIG. 5. The variation oft with the field strengthk ~in units of
e) for a polymer of lengthN530 (d) at temperaturekBT/e
50.3.
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of results point to a inverse power law dependence withn
somewhere in the range 1–2. This is in broad agreement
both KBBD and MNB. Assuming that these simulations co
respond to room temperature results, we estimate the thr
old k0;13 mV. Although this is a bit lower than that est
mated by MNB, the agreement between the two
encouraging especially given the simplistic form of the p
tential used.

To further test our hypothesis of the existence of a bar
of the type speculated above, we performed simulations
determine the dependence ofuc on the field strength. Since
increasing the field strength would have the property of
ducing the effectiveEc barrier but no effect onEe , uc should
correspondingly decrease. This is indeed what we obse
in our simulations, the results of which are shown in Fig

C. Dependence of the translocation on polymer length

In order to determine theN dependence of the transloca
tion times and velocities, we performed a series of simu
tions on polymers of different lengths at temperaturekBT/e
50.3. The choice of temperature was influenced by thet(T)
results in Fig. 3 which show clearly that the experimen
data, with which our results are compared, relate to the
temperature region of our simulations. The resulting trans

y

FIG. 6. The dependence of the critical temperatureuc (d) on
the force constantk ~in units ofe) is well fitted by a quadratic form
~line!.

FIG. 7. The variation of the translocation times with the numb
of monomers,N, for k/e55 andkBT/e50.3. ForN>50, the data
are well fitted by a straight line.
3-4
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cation time dependence onN ~shown in Fig. 7! is clearly
nonlinear forN smaller than the pipe length. For larger pol
mers, however,t appears to increase linearly withN which is
in agreement with the experimental observations@1,3#. The
average polymer velocity was determined by simply dividi
the length of the pore plus the polymer length by the tra
location time,v5(L1W)/t. For polymers longer than th
pore length, the velocity plateaus out showing its indep
dence onN ~Fig. 8!. The plateau value itself is dependent
the temperature at which the simulations are run. AtkBT/e
50.3, the velocity for large (N>50) polymers plateaus a
0.3 Å/ms. For the shorter polymers~below the pore length!,
the velocity is found to increase nonlinearly for decreas
polymer lengths. Although both these features are in ag
ment with the findings of MNB@3#, the very high velocities
of short polymer chains are not. In order to understand
discrepancy, we made a detailed examination of the tran
cation process. We found that the short polymers appeare
keep to a very rigid conformation whilst moving through t
pore in contrast with the longer chains that executed und
tions during their progress through the pore. This differen
in behavior may be attributed to the polymer segment outs

FIG. 8. The variation of velocityv with the number of mono-
mers,N, for field strengthk/e55 andkBT/e50.3.
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the pore. Fluctuations and vibrations of the monomers in
outside segments are transmitted to those monomers in
the pore making it relatively slower.

IV. DISCUSSION

We have shown that a minimalist model of polymers c
be useful in simulating their translocation through pores.
obtain translocation times that are of the order measure
experiments, it is necessary to take into account the drag
polymer-pore interactions. However, these may be taken
account in a simplistic fashion by introducing a drag fact
Although we have taken this factor to be independent oN
and T, it would appear that the results are to some ext
meaningful and directly comparable with experiment. W
have been able to show that the translocation time depen
dence on temperature arises from the entropy barrier of
polymer having to squeeze into the pore and from intrapo
mer interaction which resists the unwinding necessary fo
to travel through the pore. This was borne out by our res
on the field strength dependence, which is in general ag
ment with experiment. We have also established that the
periments would correspond to the low temperature simu
tions. The velocity dependence onN was also found to be in
agreement with experiment, but only for largeN. The dis-
crepancies between experiment and the results of these s
lations may be attributed to two shortcomings in our mod
viz., the simple intermonomer potential used and the
sumption that the drag is the same at all temperatures. We
currently investigating this by performing Langevin molec
lar dynamics simulations in which the drag is not the same
all temperatures. Preliminary results suggest a tempera
dependence in better agreement with experiment@12#.
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