-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Kyushu Institute of Technology of Academic Repository

gbobodobooobodooodn

*s Tl T2 A5 G B8 7K 1)

' Kyutacar

Fyushu Institute of Technology Academic Hepository

Phase transitions of a polymer threading a membrane coupled

Title to coil-globule transitions

Author(s) | Matsuyama, Akihiko

Issue Date | 2004-07-01

URL http://hdl.handle.net/10228/616

Rights Copyright © 2004 American Institute of Physics

Kyushu Institute of Technology Academic Repository


https://core.ac.uk/display/59244288?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 1 1 JULY 2004

Phase transitions of a polymer threading a membrane coupled
to coil-globule transitions

Akihiko Matsuyama?®
Department of Bioscience and Bioinformatics, Faculty of Computer Science and System Engineering,
Kyushu Institute of Technology, Kawazu 680-4, lizuka, Fukuoka 820-8502, Japan

(Received 23 February 2004; accepted 13 April 2004

We theoretically study phase transitions of a polymer threading through a pore imbedded in a
membrane. We focus on the coupling between a partition of the polymer segments through the
membrane and a coil-globule transition of the single polymer chain. Based on the Flory model for

collapse transitions of a polymer chain, we calculate the fraction of polymer segments and the
expansion factor of a polymer coil on each side of the membrane. We predict a first-order phase
transition of a polymer threading a membrane; polymer segments in one side are discontinuously
translocated into the other side, depending on solvent conditions and molecular weight of the
polymer. We also discuss the equilibrium conformation of the polymer chain on each side of the

membrane. ©2004 American Institute of Physic§DOI: 10.1063/1.1758939

I. INTRODUCTION a solution*®!’ Then it is important to study the coupling
between a polymer threading a membrane and a coil-globule
transition.

In this paper we study the equilibrium properties of a
polymer threading a membrane, taking into account interac-
tions between polymer and solvent molecules, based on the
Flory model for coil-globule transitions of a single polymer

Translocation processes of polymer moleculdsoxyri-
bose nucleic acidDNA), ribonucleic acidRNA), proteins,
and biopolymerk threading through a pore imbedded in a
membrane play an important role for many biological

processésand for biological applications. Examples include
1819 The polymer segments on one si@tegion 1 of

the translocation of RNA through nuclear pcresd the in- chain
membrane can translocate to the other Gielgion 2 by

corporation of proteins into membranes in nearly all c&lls. the
In vitro experiments show that single-strand DNA ponmersgoing through a pore in the flat membrane, depending on the
interaction between polymer and solvent molecules. The in-

can be driven through a singtehemolysin pordinside di-
ameter~2 nm) by an external fieldt” . teraction between polymer and solvent molecules in region 1
Thg prpblems of a p_oly_mer threading a membrane hav 2) can be described in terms of the Flory—Huggins interac-
both_ klnlestlcs and qulllbnum aspects. Recent t_heoret|c ion parametery; (x,). In a thermal equilibrium state, the
SFUd'ET‘é have described the p0|ymer transl(_)canons as olymer segments are partitioned into the two regions, where
diffusion processes t?{?éjgh a pore !mbedded ina _fl_at MEMhe conformation of the polymer are determined by the bal-
brane. .DlMarZ|oet al. =" have considered the equmbr_lum ance between the elastic free energy and the interaction en-
proper_ues .Of a polymer molecule whose_ FWO ends re_5|de O@rgy. We calculate the fraction of polymer segments and the
oppo.sne _S|des c.)f a membrane or partition separating tW((?,\xpansion factors of a polymer coil on each side of the mem-
solutions in the limit of no self-excluded volume. They havebrane and predict a first-order phase transition of a polymer

pointed out that the polymer threading a membrane transitithreaoling a membrane, depending on the solvent conditions
is coupled to the other phase transitions of a single polymey  + 1o molecular weidht of the polymer
chain, such as a helix-random coil transition, collapse tran- '

sitions, and adsorption onto a surface, and showed many

possible translocation pair couplintfs.
The insertion of a single polymer chain into a pore oc-!!- FREE ENERGY OF A POLYMER THREADING

curs in most biological cells which can transport polymersA MEMBRANE

across membrane to function. The number of conformations Consider a polymer threading through a pore imbedded

of a polymer can produce an entropy force tending to pull thg, 5 membrane. The segments of the polymer on one side
chain out of the pore. It is well known that, in polymer (gije 1 of the membrane can translocate to the other side
physics, the conformation of a polymer chain degends Oflside 2 only by going through this pore whose diameter is

solvent conditions, temperature, and ionic st_rerjratﬁ. Ina  comparable to the size of the chemical repeat units on the
good solvent condition, a polymer is in a coiled state, Wh'lepolymer. In a thermal equilibrium state, the monomer seg-

in a poor solvent region a polymer has a globular conformagenis are divided among side 1 and side 2 as shown in Fig.

tion. The change in temperature and solvent conditions caQ 14 derive the equilibrium conformation of the polymer
undergo a coil-globule transition of a single polymer chain ingnq the fraction of polymer segments on each side of the

membrane, we consider the thermodynamics of the system
dElectronic mail: matuyama@bio.kyutech.ac.jp based on the Flory—Huggins theory for polymer solutibhs.
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FIG. 1. A polymer molecule consisting of monomers is threaded through
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Fi=Fi et Fi mix: (5

whereF; o shows the elastic free energy due to the deforma-
tion of the segment distribution from the ideal state. This free
energy is given by Flory

(6)

whereB=1/kgT, T is the absolute temperature, aglis the
Boltzmann constant. The second term in Eg). shows the
free energy for a mixing of a polymer chain with solvent

molecules on side i and is given by the Flory—Huggins
theory'®

BFi e=3[3(a’—1)—Ina;],

R}
BFi mix="3[(1—=¢)In(1— i)+ xidi(1— i) ],

a3

@)

wherey; shows the Flory—Huggins interaction parameter be-
tween a polymer segment and a solvent molecule on g)de (
The translational entropy termg{/n)In ¢, of the polymer
chain can be neglected since the center of gravity of the
polymer chain is fixed near a membrane in a thermal equi-
librium state. The prefactd®®/a® is the total number of unit

a pore in a flat membrane. The hole is sufficiently small that double threadce"S in the sphere of the I’adilE ]

ing does not occur.

Let n be the number of segmentsach of sizea) on a

The free energy of the segments in the pore is simply
given by

BFo=Beono, (8

polymer andh; andn, are the numbers of segments on sideswhere ¢, is the interaction energy between a polymer seg-
1 and 2, respectively. The polymer chain can translocatéenent and a pore. We assume here that the diameter of the
through a membrane with finite thickness corresponding tgore is of the order of the segment on the polymer. Then we
any. Then we haven=ny+n;+n,. The free energy of the can choose the value of, as one numerical parameter char-

polymer chain is given by

F:F1+F2+F0, (1)

whereF, (F,) shows the free energy of the polymer on side

acterizing the thickness of the membrane. In this assumption,
the free energy E(q8) becomes a constant, but it is an im-
portant factor for the dynamics.

When the interaction energy between a polymer segment

1 (side 2 andF, is the free energy of the segments in theand a pore is weak, the polymer can escape completely from

pore.

the vicinity of the membranéor either sidg¢ because of the

Let R; (Ry) be the mean radius of the occupied regionconformational entropy of the chain. In our model, however,

of the monomer segments on sideg(2). Then the volume
fraction of the segments in the sphdgis given by

¢i=3ma’n /(3R =an;IR?,

)

where (4/3)ra® corresponds to the volume of an unit seg-

ment on the polymer. Hereafter the suffigshows side 1 or 2
(i=1,2). We here define the expansion facigiof the poly-
mer chain in region as

=R /Ry;, 3

whereRy; =a\/n; is the radius of gyration of the ideal chain
with n; segments. The volume fraction, Eg), of the mono-
mer segments in the spherés then given by

i 1
a\ny’
The presence of the surfadenembrang may change the
polymer conformation. The chain is stretched by a faefor
in the perpendicular directio?.In our model, we neglect the

stretching of the chain near the wall.
The free energyr; on sidei(=1,2) is given by

(4)

the chain is tethered to the membrane. This would occur for
a polymer chain which has a large end group on the both
ends.

In a thermal equilibrium state, the expansion facters
of the polymer in side(=1,2) are determined by minimiz-
ing the free energyl) with respect tog; :

(9F13a1)a, 0, =0, ©
(9F19@3) g, 0, =0. (10)
These lead to
) 1
a1_1+n1 ¢T|n(1—¢l)+l+)(1d)1 :0, (11)
1
) 1
a2—1+n2 ¢_In(1_¢2)+1+X2¢72 =0. (12)
2

The numbem; of the segments in side 1 is determined
by

(aF/any) 0, 13

a21,a2,:
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FIG. 3. Expansion factors plotted againgtwith y,=0.1 for various values

FIG. 2. Fraction of polymer segments on each side of the membrane plotte@f - The solid curve shows the expansion factqrand the dotted curve

against the Flory—Huggins paramejgrwith xy,=0.1. The numben of the
segments on the polymer is varied. The solid curve shows the fratcfiom
and the dotted curve correspondsnta/n.

where we have used,=n—ngy—n, before the differentia-
tion. We then obtain

af [ (3= d)IN(1— 1)+ 31+ x1¢1(1— 31)]

= a5\, (3 — $o)IN(L— o) + 5 ot xadho(1— 321,

(14

where the volume fractions are given by
1
d)l:af N (15
1

¢2=m- (16)

The equilibrium values ofr;, a,, andn; are deter-
mined from the three coupled Eqd.l), (12), and(13).

Ill. RESULTS AND DISCUSSION

corresponds ta, .

at y1=x». On increasing the molecular weight of the poly-
mer, the width of the jump becomes larger. Figure 3 shows
the expansion factor of the polymer chain on each side of the
membrane plotted againgt with y,= 0.1 for various values

of n. The solid curve shows the expansion factqrand the
dotted curve corresponds te,. When y,=0, the value of
the expansion factaw, in region 1 is large and the polymer
is in a coiled state. On increasing, the value of the ex-
pansion factora, is decreased and jumps g{= x,=0.1.

For x1>x»,=0.1, the polymer in region 2 is in a coiled state
with a expanded conformation becayge=0.1.

Figure 4a) shows the fraction of polymer segments on
each side of the membrane plotted agaigst with x,
=0.5. The numbemn of the segments on the polymer is
changed. The solid curve shows the fractioyyn and the
dotted curve corresponds g /n. Forn=10, the fraction of
polymer segments in region 1 is continuously decreased with
increasingyy,; and the polymer segments in region 1 are
translocated into region 2 through a hole in the membrane.
For larger values ofi, we find the first-order phase transition
of the polymer threading a membrane. When the solvent con-

In this section we show some results of our theory. Herealition becomes poorer, the polymer segments of a short poly-

we putng=1 and assume that the value of the paramgger

in region 2 remains a constant when the paramgtein
region 1 is changed. The Flory—Huggins paramgtean be
changed bypH,
temperature?®

mer chain are continuously translocated into region 2. Figure
4(b) shows the expansion factors of the polymer chain on
each side of the membrane plotted agajpstwith y,=0.5

ionic strength, solvent conditions, and for n=10,100. The solid curve shows the expansion factor

a4, and the dotted curve correspondsdg. On increasing

Figure 2 shows the fraction of polymer segments ony,, the value of the expansion facte; is decreased and
each side of the membrane plotted against the Flory-slightly jumps aty;= x,=0.5. As shown in Fig. &), the

Huggins parametey,; with y,=0.1, which means the solu-

value of the fractiom, is almost constant whep,<0.5 and

tion of region 2 corresponds to a good solvent condition fordrastically changed near; = y,=0.5. The polymer chain in

the polymer. The total humbear of polymer segments is

varied. The solid curve shows the fractiop/n and the dot-

region 1 is condensed with increasigg and most polymer
segments remain in region 1 far<y,. At xy;=x»=0.5,

ted curve corresponds to,/n. The dash-dotted line shows the polymer segments in region 1 are translocated into

the unstable region fan=10. Wheny;<x»,, most polymer

segments is in region 1. At;= x, we find that the polymer

region 2.
Figure 5a) shows the fraction of polymer segments on

segments in region 1 can be translocated into region 2 bgach side of the membrane plotted agajpstwith x,=0.7

changing the solvent conditiog, in region 1. A first-order

for various values ofi. The solid curve show the fraction

phase transition of the polymer threading a membrane occurs, /n and the dotted curve correspondsrg/n. Whenn
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FIG. 5. (a) The solid curve shows the fractian /n and the dotted curve
corresponds tm, /n plotted againsjy; with x,=0.7. The numben of the
segments on the polymer is varigd) The expansion factor plotted against
x1 With x,=0.7 for various values afi. The solid curve shows the expan-
sion factora, and the dotted curve correspondsag.

FIG. 4. (a) The solid curve shows the fractian /n and the dotted curve
corresponds ta, /n plotted againsk; with xy,= 0.5 for various values af.
(b) The expansion factor plotted againgt with xy,=0.5 for n=10, 100.
The solid curve shows the expansion factgrand the dotted curve corre-
sponds toa, .

than that in region 2 foj ;> x,. We find that the radius of
=10, the fractiom,/n of the polymer segments in region 1

is continuously decreased with increasjpg For larger val-  tinuously changed when the first-order phase transition of a
ues ofn, we find the first-order phase transition of the poly- polymer threading a membrane takes place.
mer threading a membrane @t= y,=0.7. As increasing the

number of segments on a polymer, the width of the jump
becomes larger. Figure® shows the corresponding expan- o
sion factors plotted againgt, with y,=0.7 for 10,100,1000.
For n=100 and 1000, the expansion factef is sharply
decreased negy,;=0.5 and the conformation of a polymer
chain in region 1 is changed from a coiled state to a globular
one. At y;=x»=0.7, the radius of the polymer chain on
each side of the membrane is discontinuously changed. I
From Eq. (3), the gyration radiusR; of the polymer 05
chain in regioni(=1,2) is given by

Ri/a=a;n;. (17
Figure 6 shows the radiuR; plotted againsty; with n -

=100 for y,=0.1, 0.5, and 0.7. The solid curve shows the ol i —
radius R;/a and the dotted curve corresponds Ry/a. 00 0.2 04 0.6 08

When y1<x-, the radius of the polymer coil in region 1 is X1

larger than that in region 2. Ak, =Y, it is switched the FIG. 6. RadiusR; plotted againsj; with n=100 for y,=0.1, 0.5, and 0.7.

radius O_f the polymer coil in _re_gion 1 and that in region 2. the solid curve shows the radif /a and the dotted curve corresponds to
The radius of the polymer coil in region 1 becomes smaller,/a.

Ri/a

Ror/a
)
A
\\
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@ (b) © <x», most polymer segments is in region 1. pd= y, we
=0 %»=0.1 =0 %=05  x,=0 x=07 find that the segments on the polymer in one side can be
translocated into the other side by changing the solvent con-
dition. A first-order phase transition of the polymer threading
a membrane occurs &4 = y,. We also have found that the
radius of the polymer coil on each side of the membrane is

x1=02 x=04 X1=06 discontinuously changed when the first-order phase transi-
Oo tion of a polymer threading a membrane takes place. When
the solution of region 2 is in a poor solvent conditiog, (
>0.5), a continuous phase transition of a polymer threading
x, = 0.6 x,=0.8 a membrane can occur for short polymer chains. In this paper

°© we have focused on the dependence of the phase transition
on molecular weight and solvent conditions. On increasing
the value ofng (thicker membrangsthe first-order phase

FIG. 7. Schematically shown the conformation of the polymer occupied intranSItlon becomes the Cor?tm_uous pne. . )
regions 1 and 2 in a thermal equilibrium state. The equilibrium values of the ~ Our results may offer insights into a invasion of RNA

radius for each sphere are given in Fig. 6. Circles show the occupied regiogiruses into cells, incorporation of membrane proteins into a
of polymer segments and the vertical line shows the flat membrane. |ipid bilayer and drug delivery systems
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