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Abstract

We theoretically study the translocation time and the mean velocity of a lon
tric field. Theoretical method, which explicitly takes into account the nucleag
model. We overcame the previous theory’s defect which did not consid
length scale of a pore plays a very important role in the process of po

those of previous experiments.
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0 of chain molecule threading through a
membrane is aQ@plicated phenomenon. At present, most
theoretical models suppose that the polymer chain is made
of N monomers in order to explain these experimental find-
ings, which provide useful insights for understanding the
basic features of a polymer threading membrane. W. Sung
and P.J. Park utilized the Fokker—Plank equation to study
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the Gaussian chain translocation dynamics through a pore
embedded in a flat membrane where the monomer friction
across the pore is proportional to the length scaling of the
polymer [12-16]. M. Muthukumar dealt this process with
nucleation theory [17-19]. G.F. Oster group used modified
one-dimensional drift diffusion equation to build a Brown-
ian ratchet mechanism for protein translocation [20,21].
Lubensky and Nelson also studied one-dimensional drift
diffusion equations incorporating a simple model of mono-
mer-pore interaction [22]. E.A. Di Marzio studied thermo-
dynamic phase transitions for an isolated polymer molecule
in the limitation of infinite molecular weight [23-25]. Pu.
Tian carried out Brownian dynamics simulation study of
the translocation of single polymer chain across a nano-
pore [26]. C.-M. Chen used off-lattice Monte-Carlo simula-
tions to study the driven translocation dynamics of a
polynucleotide chain through a nanopore [27]. A. Matsuy-
ama theoretically studied the phase transitions of a poly-
mer escaping from a pore based on the Flory theory of
the coil-globule transitions of a single polymer chain [28—
30]. Ambjornsson et al. [31] took into account the nano-
pore length and studied both the polymer entrance into
the pore and the translocation process. K.L. Sebastian
viewed the polymer translocation as the motion of a
kink, which travelled in the direction opposite to polymer
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transport [32]. And S. Chern’s three-dimensional model
illustrated that it is indeed impossible to capture many
essential features of the translocation process by using an
appropriate one-dimensional model [33]. And Y.J. Xie
[34] used metropolis molecular dynamics simulation
[35,36] combined with the bond-fluctuation method to
study the dynamics process of single DNA chain through
an entropic trapping channel driven by an electric force.

In this paper, we overcame the previous models’ defect
which employed the classic theory without considering
the realistic length of the pore [3,17,18,30] in order to study
the threading of polymer through a pore imbedded in a
membrane on external electric field. Based on our polymer
expanded model [37], we numerically calculated the overall
time of polymer translocation and the velocity of
chain through a pore, which is agreement with the previous
result [5].

Materials and methods

Suppose a single long polymer with N monomers (each of size a) moves
from region I to region III through a membrane pore of length /y(=nga)
and diameter D, as shown in Fig. 1. « is the length of each monomer. In
realistic experiments [5], a, ng are equal to 4 and 12 A, respectively. The
monomer segments can be divided into region I, II, and III. The free
energy of polymer can be derived from the classic nucleation theory [18].
Under the experimental condition, we suppose that the monomer ca;
return when it enters into the pore in the external electric field. We si
assume that the interaction between the polymer and the pore can
ignored and chemical potential inside the pore is uniform. Let the chemic

end when the end of monomer leaves the pore. Th&
divided into process I, process II, and proceg;

Fig. 1. Schematic representation of an N-monomer polymer in the process
of translocation through a cylindrical nanopore of length /) and diameter
D. n is the number of monomers on one side; ny is the number of
monomers on the nanopore. AV is the potential energy (about 50-200 mV)
in realistic experimental condition.

assume the length of polymer to be much larger than the pore’s, that is,
N> no.

Consider the free energy associated with a translocation of a polymer
of N monomer from region I to III. The free energy of the polymer chain
can be expressed by

F=Fi+Fy+ Fu, (1)

where Fy, Fyp, and Fpp are free energies of the polymer on region I, II, and
111, respectively. Based on the partition function [3] and our analysis, the
overall free energy of polymer is given by

(1 =y In(N — n) + nAey

(1=7)B " IV —n) + (1 = 5)p™"
+(n — n())A831

Y gained by moving
the external field and

1bing the properties of end-
equal to 0.5, 0.69, and 1 for

chains, respectively [3].
d Aezp = ¢3 — &, are the chemical potential

Dy and £3.

rgy is not a continuous function for the parameter
in Fig. 2 with our assumption N =100, no = 12 for
N Agy = Agy = Agyy =0, ) =7, = 0.5, the free energy is
in the whole polymer translocation process, see Fig. 2. But, the
mes asymmetric if A¢# 0. The chemical potential difference is
crucial for determining the tendencies of polymer free energy. This is
illustrated in Fig. 2. When the leading monomer reaches the region 111 and
he end of monomer escapes from the region I, the free energy of polymer
as a transition, which illustrates that the structure of polymer has
undergone a large transformation.

It is necessary for us to evaluate the mean translocation time from the
previous experiments [4-11]. Following the nucleation theory [38], the
transport of the polymer across the nanopore can be described by a
Master equation [17]
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Fig. 2. Plot of F in unit of f~' against n. (1) N=100, ny=12,
”,’/1 = “/,2 = 057 A£21 = ASZI = A821 = O, (2) N= 100, ng = 12,
"//1 = "/’2 = 05, NﬁASZl = NﬁAS}Z = 72, NﬁA63| = 74, and (3) N= 100,
ng = 12, "/Il = ’})/2 = 05, NﬂA£2l = NﬁAS]z = 2, NﬁA£31 =4.
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%P,,(i, t) = kn—lpnfl (iu t) - k:,Pn(l t) - knPn(iv t) + k;+an+l (iv t)v (3)
where P,(i, t) is the probability of emerging a “core” of n segments in re-
gion i = I, IT or III at time . k,, is the rate constant associated with the lo-
cal friction in transferring one monomer through the hole so that a nucleus
of n monomers grows into n + 1 monomers, and &/, is the rate constant of
removing one monomer from the » monomers. Here, we assume that the
rate constant k, is independent of n and can be indicated by the ratchet
potential arising from the details of the pore. Following the Fokker—
Planck Equation [H. Riskin, The Fokker-Planck Equation (Springer-Ver-
lag, Berlin, 1984)] and Smoluchovskii equation [39], therefore, we obtain,

0

) 0 oF,; .. o .
&P,,(l,l) - 67 knﬁﬁpn(l;t) + knipn(ht) ’ (4)

On

where the first term is polymer drift contribution. When the first term in
this (11) dominates the problem, the mean translocation time 7 can be
driven as a sum of mean first-passage times in each region, that is,
t=1+ 11 + T T, T, and Ty are mean first-passage times in region
1, 11, and III, respectively. The translocation time can be expressed by
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(5)

Here, we assume that k; = K" (i = I, II, 1II) is taken to be a nonuniversal
constant independent N. As clearly seen from the Ref. [17,18], the poten-
tial chemical difference controls the polymer translocation time t.

For simplicity, if the chemical potential gradient is absent, that is,
Agy; = Agy; = Ae3» = 0, the exact expression of the translocati
(=11 + 711 + 7111) can be obtained from:
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Here, a is a constant depending on

he pore length n under this
e length of the pore deter-

Cscapes the pore. If we consider that the
e was measured only when a current passing through
the pore droppc&@a level below 65% of an open channel current in the
experiments of M¢ et al. [5] So, based on considering the transloca-
tion process starting when 35% of the polymer entered into the pore and
ending when only 35% of the polymer was left in the pore, the whole
translocation time can be expressed by being based on the polymer
expansion model [37]

N ( 0.30m, N
kI\A821| kII|A831\

translocation

0.30n,
ki |A832 \

. (N> m). (7
)

Here, we use 0.30 ng, N + 0.3 ny instead ny and N + n, respectively. So the
polymer translocation velocity is given by
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+ ny. We assume that e total length of polymer and pore is 100a
i#lly. And the monomer size is given by a =4 A. The fit-
that AiJz] = A632 =29 ﬁil, AS}] =538 ﬁil, k[
| ki = 1.58 x 10* us. This predicts that for long poly-

markably with decreasing polymer length, which is in
lent qualitative and quantitative agreement with experiments when-
odified model and original model.

Discussion

In this paper, a simple model of polymer threading
through a long pore was presented on the external electric
fields. We have derived explicit expression for the translo-
cation time and the mean velocity of polymer translocation
across a pore without considering the interaction between
the polymer and the pore and the fluctuation of the

104 —e— (1) Theory Result

—4— (2) Theory Result(modified)
m  (3) Experimental Result
(A.Meller.PRL 2001 86 3435)
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Fig. 4. Translocation velocities as a function of polymer size, the filled
squares being experimental data from Ref. [S]at an external field of 120 mV.
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chemical potential inside the pore. Both the length scaling
of polymer and pore are crucial factors for dynamics of
polymer translocation. The original theoretical model and
modified theoretical model predict the mean velocity of
polymer translocation for experimental condition. It is
found that short polymers move faster than long polymers
whose velocity is nearly constant, which is in excellent
agreement with previous experiments results qualitatively
and quantitatively.

We have provided a reasonable model for polymer
translocation, but there are many factors that have not
been considered in this paper, such as interaction between
the polymer and the pore, temperature of the solvent, elec-
trostatic interaction, and realistic geometry of pore. We
hope that our results encourage further experimental and
analytical studies of forced translocation including these
factors. In particular, how to control the polymer velocity
is helpful to develop new DNA sequencing methods.
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