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Abstract

The elastic behavior of a single compact chain transporting through an infinite adsorption channel is investigated using the pruned-enriched-
Rosenbluth method (PERM). In our model, single compact chain is fixed with one of its first monomer at a position in an infinite adsorption
channel, is then pulled slowly along the direction of z-axis. We first calculate the chain size and shape of compact chains transporting through an
infinite channel, such as mean-square end-to-end distance per bond (R%/N, mean-square radii of gyration per bond (S%)/N, (SZ)Xy/N and ($%),/N, and
shape factor (6) for the changes in the size and shape of compact chains during the translocation process. If there are strong adsorption interactions
between the monomers and the channel, some special behaviors for the size and shape of compact chains are obtained during the process. On the
other hand, some thermodynamics properties are also investigated, such as average energy bond, average Helmholtz free energy per bond, elastic
force per bond fand energy contribution to elastic force per bond fg. During the translocation process, elastic force fis less than zero, and has some
plateaus in some special regions for strong adsorption interaction, which may explain how the adsorption interaction drives chains through narrow
channels or pores in many biological systems because /<0 means that the translocation process need no external force on the chains. These
investigations can provide some insights into the mechanics of proteins infiltrating through membrane. In the meantime, by recording and
comparing these force-extension curves, we may also investigate the complex interactions between biopolymers (such as protein, RNA, and

DNA) and the membranes, and determine indirectly the complicated structure of the channel.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The translocation of biopolymers such as RNA, DNA and
protein molecules through narrow channels or pores is an
important phenomenon in many biological systems and
industrial processes. This progress is controlled by membrane
proteins, which act as selective channel transporters. Salient
examples include the transport of RNA and protein across
nuclear pores in order for cell to produce new protein codes
[1,2], protein translocation into mitochondria which cannot
produce their required proteins and must import them across
two protein membranes from cell cytoplasm [3], the injection
of phage DNA into bacteria [4,5]. In fact, DNA migration
through microfabricated channels and devices [6,7], gene
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therapy, and drug delivery [8] are widely applied in the
biotechnology. Furthermore, this translation phenomenon has
been used to distinguish different single homopolymer strands
[9], which can offer the tanlatizing prospect of using biological
membranes and pores for rapid DNA sequencing or filtering.
For this importance and practicability, in recent years there has
been much interest in the study of the translocation of
biopolymers through different channels. Understanding this
process enables us to deepen our comprehension of many
fundamental problems in cell biology, and may also contribute
to the development of promising biotechnologies.

Using electrophysiology techniques there have been many
experimental efforts to directly investigate a single molecule
translocation process [10-12]. Especially the experiment
scientists have shown that it is possible to drive a single
stranded DNA and RNA through a narrow channel (or pores)
by applying an electric field [13,14]. As the actual system is
more complicated, the translocation mechanisms are not only
limited to one certain cause. At the same time, the driving
mechanisms for this biopolymer translocation processes have
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been a subject of intense discussion; such as ratchet
mechanisms [15-17], electric fields [18,19] and chemical
potential gradients [20-22] and selective adsorption inter-
actions [23,24] were analyzed by experimental and theoretical
methods. However, a few studies show that protein transloca-
tion across the membrane is significantly affected by the
surrounding environments and membrane—protein interactions
[25,26].

In this paper, we investigate the elastic process of single
compact polymer chains transporting through an infinite
adsorption channel and our aim is to know how the attraction
interactions influence the translocation process. Our results
imply that the translocation of compact polymer chains through
a narrow channel is more complicated and this process also
includes the stretching of compact polymer chains inside the
channel. In the meantime, comparing force-extension curves,
which can be obtained directly from atom force microscopy
(AFM), we can also investigate the complex interactions
between compact polymer chains and the membranes, and the
effect of the shape of channel on the translocation of compact
polymer chains.

2. Method of calculation

According to the model of a self-avoiding chain of length N
on cubic lattice, the total energy of a compact chain with
adsorption interactions between the monomers and the channel
can be defined as:

E =Y eA(r;—r)+V=Ec +E, (1)

i<j

where ¢;; is the contact energy between monomers i and j and r;
represents the three-dimensional coordination (x;, y;, z;) of ith
monomer, A(r;,—r)=1 if r; and r; are adjoining lattice sites
with i and j not adjacent along the chain, and A(r;,—r)=0
otherwise. Here, we suppose ¢;;= —1 (in the unit of kgT) [27],
and therefore the effect of temperature is ignored. The compact
polymer chain is important because it is the principal
configuration of the native state of globular protein [27]. V in
Eq. (1) represents adsorption interactions between compact
chains and the channel [28,29], and also in the unit of kgT. The
adsorption interaction of chains is realized by an introduction
of attractive potential between the channel inner wall and chain
monomers. In Fig. 1, we draw the schematic diagram of
compact chains transporting through an infinite adsorption
channel along the direction of z-axis. The surface of z=0
divides the infinite adsorption channel into two different parts
with the radius of R; and R, (R,>R);), respectively. The
channel inner wall and the z=0 surface have adsorption
interactions. In our model, one of its first monomer of compact
chain is fixed at one position along z-axis and the other
monomers are simulated on cubic lattice by the law of self-
avoiding chain and not allowed to penetrate through the
boundary. Fig. 1(a) and (b) represent two conformations which
one of its first monomer is at different positions z; and 25,
respectively. When z increases step by step, we can simulate

z-axis (a)

X-axis

********************** A2 f 5 axis (b)

Fig. 1. A model of compact chains transporting through an infinite adsorption
channel along the z-axis under the influence of an external force. Here, (a) and
(b) represent two conformations of three-dimensional compact chains during
the transporting process with one of its first monomer at different positions z;
and z,, respectively. R, and R, represent the radii of the large channel and the
small one, respectively.

the translocation process. Of course, if this translocation does
not happen spontaneously, we assume that an external force
acts on the chain, and pulls the chain along the z-axis direction
slowly. Once one monomer is adsorbed on the boundary, there
exists a adsorption energy of e. According to this model, the
additional item V in Eq. (1) can be written as:

e if z=0 and R} <x?+yI <R3

e if z>0 and X +y} =R}
V= (2)
e if <0 and X7 +y? =R3

0 elsewise

where (x;, y;, z;) represents the coordination of i-monomer of
compact chains (i=0,1,2,...,N), and ¢<0. In the past few
years, scientists have shown that for the bacterial a-hemolysin
(a-HL), the membrane channel serves as a model system for
the translocation process [9-14,30-32]. Thus, this simple
model is always adopted for the translocation process of the
actual complicated biologic system according to the real shape
of membrane. Another reason why we adopt such a model is
that the incorporation of membrane proteins into lipid bilayers
always occurs spontaneously because there exist different
shapes (such as different radii) of channels with varying
adsorption energy [30-32]. Our aim here is to investigate how
the membrane—protein adsorption interaction drives the
compact polymer chain through the channel.
At the same time, the partition function Z is

Z =" exp(-E) 3)

where >, is the sum of conformations whose z-axis
coordination of one of its first monomer of a chain is z, and
E;is in the unit of kgT. The partition function is very important,
and is widely used to study thermodynamic properties of
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polymer chains. As the number of conformations is very large
for long compact chains, it is difficult to calculate the partition
function by the enumeration calculation method. Here, we use
the pruned-enriched-Rosenbluth method (PERM) [33,34]
instead. Grassberger used this algorithm for simulating flexible
chain polymers and their results illuminate that this method is
the most efficient for three-dimensional polymers on the
simple-cubic lattice [33]. Therefore, we adopt the PERM to
investigate statistical properties of compact chains here.

The Helmholtz free energy of compact chains is derived
from the partition function

A=—kgTInZ 4)

Elastic force f can be obtained from the dependence of A on
the elongated distance along the force direction (i.e. z-axis)
[35-38]:

0A

According to Newton’s third law, elastic force f'is the force
which is stored in the compact chains. Energy contribution to
the elastic force fg is also defined as

_0<E>
0z

here (E) is the average energy of compact chains which is
defined in Eq. (1). In fact, elastic behaviors of general polymer
chains have been investigated for a long time [37,38].
However, the elastic behavior of polymer chains transporting
through an infinite adsorption channel may be different from
general polymer chains.

fe (6)

3. Results and discussion
3.1. Chain size and shape

Mean-square end-to-end distance (R%) is important, and we
first plot the characteristic ratio of end-to-end distance (R*)/Nb*
as a function of zy for compact chains transporting through an
infinite channel with different radii of the small channel R; and
different adsorption energy ¢ in Fig. 2. Here, we employ

adsorption interaction energies of ¢=0,—1,—3, and bond
length b=1. We define zj as
z
——— 7
= @)

where z is the z-coordinate of one of its first monomer, and the
influence of N may be ignored here if z, instead of z. The left-
side channel is fixed at the radius of R,=6, and the
translocation process starts from large channel to small one
because the incorporation of membrane proteins into lipid
bilayers is always the process of proteins moving from
large confinement size to small one. In Fig. 2(a), the curves
of e=—3 are far different from the other cases with ¢=0,
and — 1. Here, we first discuss the case of e= —3. At the
beginning of elastic process, (R%/N changes a little and the
value is about 6.33. In fact, when the compact polymer chain is
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Fig. 2. Characteristic ratio (R%/N as a function of z, for compact chains with
different radii of the small channel R, and different adsorption energy ¢. Here,
N=40 and R,=6.

far away from the surface of zp=0 (i.e. z=0), it is only
attracted by channel inner wall and impossible for any
monomers to touch the z=0 surface, therefore the shape and
size of polymer chain keeps unchanged. However, there exists
an abrupt increase for (R%/N from 6.33 to 15.6 in the range of
0= —0.85~ —0.65 for R;=2 and 4, respectively. It may be
thought that some monomers of compact polymer chains begin
to be adsorbed on the z=0 surface when —0.65>z,> —0.85.
This z=0 adsorption surface is vertical to the inner wall and
the chain can be elongated not only by the channel walls but
also the z=0 surface. Therefore, (R’}/N increases greatly.
When we continue to pull the compact chains along the z-axis
direction, the characteristic ratio decreases sharply from 15.6 to
0.36 in the range of zo= —0.65-0.0, and this result is contrary
to that in the range of zp= —0.85~ —0.65. This means that
when the chain is close to the z=0 surface, the chain is
compressed in order to pass through the narrow channel.
Furthermore, when zo <0, the curves with solid and hollow star
symbols are almost identical. After compact polymer chains
are pulled through the z=0 surface, (Rz)/N increases to another
maximum again. Because of the effect of small radius Ry, the
characteristic ratio reaches a maximum of 10.0 at zo=0.575 for
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R, =2 while the value climbs to another maximum of 16.5 at
20=0.725 for Ry =4. Here, we select the case of R; =2 because
it is representative. For small radius of R;=2, the compact
chain is easy to be adsorbed on the inner wall. Therefore, (RZ)/N
decreases to the value of 0.47 when z,=0.575. Although one of
its first monomer has passed through the z=0 surface, the other
monomers are still adsorbed on the z=0 surface. Only after
passing through zo=0.575, is the compact chain free from the
restriction of the zp=0 surface and it reaches the stable value of
0.47 even if zy increases again. If R;=4, the position of
maximum value of {(R?)/N is zo=0.725 and the stable value
of(R?)/N becomes 7.32. Comparing with these three stable
values for Ry=2, 4 and R, =6, we can find the results do not
change monotonously with the increasing of channel radius.
On the other hand, in order to show the results of e=0, and — 1
in more detail, we plot them in Fig. 2(b). When ¢=0, two
curves with square symbols are all about 0.31 when z, <0, and
they become 0.61 and 0.29 for Ry =2 and 4, respectively when
20> 0. It is obvious that under this condition the shape of chain
is only related to the channel radii of R; and R;. (RZ)/N changes
a little except for the range of zo= —0.85~0.575. Otherwise,
the compact chain keeps a constant value of (R*)/N. The change
of the chain size reflects the change of the shape of channel.
Therefore, we can predict the shape of protein membrane from
(R®/N as a function of z, during this process.

We also calculate the perpendicular ((Sz)xy) and parallel
({5%),) mean square radii of gyration of compact chains, which
are defined as:

1 N

<Sz>xy = <N_+1 Z [(xi _Ccm)2 + (yi _ycm)2}> (8)

i=0

1 N
(%), = <— 62 —zcm>2> 9)
N+1 ;

(8% = ($%)y +(57)., (10)

where (Xcm, Yems Zem) 18 the position of the center of a compact
chain, and the angular brackets () denote thermodynamic
average. (S°)/N, (Sz)xy/N and (S%)./N as a function of z, for
compact chains transporting through an infinite channel with
different channel radii R, and different adsorption energy ¢ are
shown in Fig. 3. (S%/N is shown in Fig. 3(a), and the curves
with strong adsorption interaction are completely different
from the others. We first discuss the case of ¢=—3. When
70< —0.85, the ratio of (S*}/N keeps a stable of 0.87. This range
is consistent with the results in Fig. 2. With the increasing of z,
the curves do not change monotonously, so the ratio first
increases to 2.0 at zop=—0.65 and then decreases to the
minimum at zo=0. When z, is close to 0, {S°}/N becomes 0.11
and 0.18 for Ry =2 and 4, respectively. If compact chains are
pulled through the surface of z,=0 and into the small channel
(i.e. zo>0), (S?)/N first keeps unchanged in small range, then
increases abruptly and decreases again, until it keeps a stable
value. When ¢=0, (S?}/N changes from 0.093 (zo<0) to 0.11
(z0>0) for Ry=2. The result of e=—1 is quite similar to
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Fig. 3. Mean-square radii of gyration per bond (S%Y/N (a), (§*),,/N (b), and
(SZ)Z/N (c) as a function of z,, for compact chains with different radii of the small
channel R; and different adsorption energy ¢. Here, N=40 and R,=6.

&= —3, and it changes less than that of e= —3. In our model,
the direction of force acting on the chain is along the z-axis, so
the change of shape is different in three directions, i.e. x, y, and
z-axis. In order to analyze this elastic process completely, we
also calculated (Sz)xy/N and ($%),/N, and the results are shown in
Fig. 3(b) and (c). The result of (S?),/N is similar to {(S°)/N,
however, (Sz)xy/N is different from (S?)/N.

In order to investigate the shape of compact chains in more
detail, we here consider the radius of gyration tensor S, which is
defined as:
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Sxx xy SXZ
1 L,
§= N+1 ,-Z:;S’Si =15 Sy S| an
Szx zy 2z

Here, S;=col(x;, y;, z;) is the position of monomer i in a
frame of reference with its origin at the center of a chain. The
tensor S can be diagonalized to form a diagonal matrix with
three eigenvalues L},I5and L3 (L7<L3<L3). Solc and
Stockmayer first used these parameters (L3):({L3):(L3) to
measure the shape of flexible polymer chains [39,40], and they
estimated the ratio to be 1:2:7:11.7 based on a random walk of
100 bonds on a simple cubic lattice using Monte Carlo (MC)
technique. According to three eigenvalues from Eq. (11),
another parameter [41,42] of the shape of chain can be obtained
by combining the reduced components to a single quantity that
varies between 0 (sphere) and 1 (rod):

@F”_3ﬁ@+@$+ﬁ&
(L} + 13 + 13)?

(12)

(6) as a function of z, for compact chains with different channel
radii R; and different adsorption energy ¢ are shown in Fig. 4.
The value of {(0) for general compact polymer chain without
confinement should be zero, and it is a sphere. When ¢ =0, our
result is 0.15 for R; =4, while the value is 0.15 with z, <0 and
0.22 with zo>0 for R;=2. Those values are all greater than
zero. The reason may be that in our model the compact chain
has been compressed a little by the confinement condition. If
the channel radius is large enough, the compact chains can
come back to the globule shape. If there exist strong adsorption
interaction, the results are more complex. For e= —3, () is
equal to 0.71 when zo< —0.85, and the shape is close to a rod.
The reason may be that most of monomers are attracted by the
channel adsorption inner wall, so the shape looks like a rod
parallel to the z-axis. When we pull the compact chains slowly
towards the surface of z,=0, for example, from zo= —0.85 to
—0.65, (6) increase from 0.71 to 0.90. At this point, some
monomers begin to be attracted by the surface of zo=0, so the
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Fig. 4. (6) as a function of z, for compact chains with different radii of the small
channel R; and different adsorption energy ¢. Here, N=40 and R,=6.

shape changes abruptly and the chains are compressed in the
xy-plane. If we continue to pull compact chains along the
z-axis, (0) decreases abruptly from 0.91 to 0.12. When
the compact chain is close to the surface of zp=0, the shape
of compact chains is almost the globule. In order to show the
change of the shape in more detail, we add five sketch maps in
five different regions in Fig. 4. If the adsorption interaction is
e= —1, different results are obtained in Fig. 4.

Here, we analyze the change of the chain shape and size in
order to discuss the effects of different adsorption interaction
during the elongation process for compact chains transporting
through infinite channel. We can get two conclusions: (1) The
behavior of compact chains without adsorption interaction is
far different from that with adsorption interaction during this
process. (2) The adsorption interaction affects the shape and
size deeply, especially for strong adsorption interaction.

3.2. Thermodynamics properties

We first investigate average Helmholtz free energy per bond
of compact chains during the elongation process. In Fig. 5, we
plot average Helmholtz free energy per bond (A) as a function
of zg for compact chains with different channel radii R; and
different adsorption energy e. Here, (A)=A/N When ¢=0,
average Helmholtz free energy per bond is —1.97 (zo<0) and
—1.87 (z0>0) for R, =2, while it keeps unchanged during the
whole process for R;j=4. These results explain that if the
channel has no interaction with compact chains, it is more
difficult for compact chains to move spontaneously from large
confinement size to small one. When there is the weak
attraction of e= —1, for small radius of R; =2, (A) remains
—1.97 for z5< —0.25, and then decreases from —1.97 to
—2.46 with zy increasing, until it increases to —2.34.
However, for large radius of R, =4, the change of {A) during
this process is smaller than that for small radius or R; =2. Our
results can explain how proteins transport through the channel
in the membrane by the adsorption interaction for the real
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Fig. 5. Average helmholtz free energy per bond (A) as a function of zq for
compact chains with different radii of the small channel R; and different
adsorption energy e. Here, N=40, and R,=6. zp— and zy 4 represent two
turning points for zo<0 and zo> 0, respectively.
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Fig. 6. Turning position zo — (or zo,+) as a function of chain length N for
compact chains with different radii of the small channel R; and different
adsorption energy ¢. Here, R, =6.

biologic system. If one of its first monomer passes through the
surface of zo=0, there would be a reverse process in which it
needs an external force to pull the chain sequentially until the
whole compact polymer chain enters the small channel
completely. This tendency is more obvious when e= —3.
Here, we define two turning points zo — and zo 4+ from which
(A) begins to change (zo,—) and {A) begins to keep unchanged
(20,+) (see Fig. 5). In Fig. 6, we show the results of turning
position zp — (20.+) as a function of chain length N with
different channel radii of R,. Here, the chain length is from 20
to 50, e=—3, and we find that both z,— and zp 4 are
independent of chain length N.

Average total energy per bond (E), average attractive energy
(E,), and average contact energy (Ec) as a function of z, for
compact chains with different channel radii of R; and different
adsorption energy ¢ are shown in Fig. 7. In Fig. 7(a), the curves
of total energy per bond (E) for compact chains without
adsorption interaction energy are parallel to the x-axis except
for the region of zo=0, and (E) for R;=2 is slightly greater
than that for R; =4. When it is the weak adsorption interaction,
(i.e. e=-1), (E) keeps unchanged for zo < —0.22, and decreases
as zo increases in the range of —0.22-0. It reaches the
minimum at zo=0, then increases with z; in the range of 0.0 <
70<0.22, until it keeps unchanged again when zo>0.22. When
adsorption interaction energy becomes — 3, the total energy per
bond (E}) is stronger than in the other cases, and the curves with
star symbols are ladder-shaped. In fact, the total energy
includes adsorption interaction energy and contact interaction
energy (see Eq. (1)), so we also plot average attractive energy
per bond (E,) and average contact energy per bond (E¢) in
Fig. 7(b) and (c), respectively. In Fig. 7(b), the curve of (E,) is
similar to (E), especially for strong adsorption energy of e= —
3, and the ladder shape is more obvious. However, in Fig. 7(c),
the curves of (E() are different from (E) or (E,), especially when
e=—3. In the range of —0.85~ —0.65, contact energy per
bond (Ec) for e=—3 increases slightly. From the above
discussion about the shape and size, we know that the
monomers in the chain may be attracted by the inner wall
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Fig. 7. Average energy per bond as a function of z, for compact chains with
different radii of the small channel R; and different adsorption energy ¢. Here,
N=40 and R,=6. (a) total energy per bond (E); (b) adsorption energy per bond
(E,); and (c) contact energy per bond (E¢).

and the z=0 surface. If the chain is elongated, the distance
between monomers may increase, and the number of contacts
decreases. However, when the compact chain is close to the
surface of zp=0, the shape is compressed so that the number of
contacts may increase accordingly.

In order to discuss the adsorption-driving, we calculate elastic
force f and energy contribution to elastic force fg according to



1738 L. Zhang, J. Chen / Polymer 47 (2006) 1732—1740

0.05 |
0.00 |
= | | 0, R=2
—a—g=0, =
- - 1
0.05 : —ag=1,R=2
; —+—g=-3,R =2
| —o—g=0, R =4
-0.10 - —s—g=1,R =4
——e=-3, R =4
-0.15 | !
1 1 1 ; 1 1 1

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Fig. 8. Elastic force per bond stored in the compact chains (f) as a function of zg
for compact chains transporting through an infinite channel with different radii
of the small channel R; and different adsorption energy ¢. Here, N=40, and
R,=6. For example, f=1 means f=42 pN here if bond length »=0.1 nm and
temperature 7=300 K.

Egs. (5) and (6). In Fig. 8, we plot elastic force fas a function of z,
for compact chains with different channel radii R, and different
adsorption energy ¢. From Fig. 8, we can find that elastic force is
close to zero when ¢=0, and this means under this condition no
force is needed. When e= — 1, f has two short plateaus with the
values of —0.055 and 0.016 in the range of zp= —0.22~0.0 and
70=0.0~0.22 for R;=2, respectively, and for R;=4, these
plateaus become blurry. We all know that if f<0, this means that
the chains can move spontaneous along the z-axis, and />0
otherwise. When ¢= —3, f has six plateaus with the values of
—0.033, —0.13 and 0.044 in the ranges of zo= —0.78 ~ —0.22,
—0.22~0.0, and 0.0~0.63 for R, =2, respectively, and the
values of —0.024, —0.064 and 0.026 in the ranges of
z0=—0.78~—0.22, —0.22~0.0, and 0.0~0.77 for R,=4,
respectively. From many negative plateaus in Fig. 8, we can get
the conclusion that the adsorption interaction is one of the driving
mechanisms. Strong adsorption interaction and obvious differ-
ence of radii between two side channels can make the chain to

force

force

M ]

move more spontaneously. However, they need strong elastic
force to pull the chain continuously after transporting through the
surface of zp=0. Single-molecule force spectroscopy (SMFS),
based on atomic force microscopy AFM [43], has become a
versatile platform in studying intermolecular and intra—molecular
interactions with its extremely high force sensitivity [44]. Using
SMFS, a number of interacting topics such as protein unfolding,
force-induced conformational transitions, host—guest inter-
actions, single-polymer chain elasticity, and single-chain
desorption from a substrate have been investigated. In fact, it is
very important to investigate the interactions between biopoly-
mers and the translocation channel because it is of fundamental
importance both in basic science and in biotechnology.
Technological applications of biopolymer-channel interactions
include gel permeation chromatography [45] and the use of
protein pores as components of biosensors [46,47]. In the
meantime, comparing with the experimental results of force-
extension curves based on SMFS and our theoretical results, we
can also determine the interactions between compact polymer
chains and the membrane channels. For example, the interactions
between them in fact are more complicated, and the additional
item Vin Eq. (1) should be expressed in the more general form of

e(z) if zz=0 and R} <x}+y? <R}

&(z;) if z;>0 and )Cl2 + 12 =R?
e3(z;) if ;<0 and P4y =R

0 elsewise

Different expression of V can produce different force-
extension curves, and there exists a single corresponding
relationship between adsorption energy and force-extension
curve. By comparing this relationship, we can determine
indirectly the interactions between compact polymer chains and
the inner wall. On the other hand, statistical properties of compact
chains also depend on the shape of channels. Therefore, we can
also determine indirectly the shape of channels by considering
these force-extension curves. In Fig. 9, we give an explanation

force

l_|_|

Y \J force

Fig. 9. Prediction of the shape of the channel from the force-extension curve, i.e. force (f) ~z. Here, (a) and (b) represent two cases of different channel shape.
Comparing with these force-extension curves, we can determine the shape of channel.
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Fig. 10. Energy contribution to elastic force per bond fg as a function of z, for compact chains transporting through an infinite channel with different radii of the small

channel R; and different adsorption energy ¢. Here, N=40, and R,=6.

how to determine the shape of channels. In the left of Fig. 9(a), itis
aforce-extension curve, and in the right of Fig. 9(a), it is the shape
of the channel and there exists a corresponding relationship
between them. If we can determine the force-extension curve
such as the left of Fig. 9(b) using experimental method, we can
decide the shapes as similar to that in the right of Fig. 9(b). In the
meantime, we can also discuss the driving force in biopolymers
moving through protein membranes or holes such as molecular
motor [48]. Of course, there are also many intangible questions
for us in this field now. In Fig. 10, it is fg as a function of z, for
compact chains with different channel radii R, and different
adsorption energy ¢. Similar curves to Fig. 8 can be seen in this
figure. There are also several plateaus during the transporting
process and these plateaus also fluctuate with different adsorption
energy and different channel radii. Through our calculation, we
find that the compact polymer chain can voluntarily move with
the adsorption interactions, which prove that the adsorption
interaction is one of the driving forces in the translation of
proteins. This investigation can provide some insights into the
elastic behavior of proteins through narrow channels or pores.
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