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Adsorption-assisted translocation of a chain molecule through a pore
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We analyze the free energy for translocation of a polymer from the outside of a spherical vesicle to the
inside. The process is assumed to be driven by the adsorption of the polymer on the inner surface of the vesicle.
We argue that in the case where the polymer is adsorbed on the outer surface too, the entropic barrier for
translocation is absent. We analyze the adsorption process and find the free energy profile for the translocation.
We argue that the motion corresponds to a polymer crossing a region with a change in free energy per segment.
Based upon our earlier analysis of the behavior of kinks in such a problem, we conclude that the translocation
can occur with a crossing timg,s~N.

PACS numbgs): 87.16.Dg, 36.20.Ey, 83.10.Nn, 05.4a

Park and Sund1] have studied the translocation time It has to satisfy the conditionsZ(r,ry;n)—0 as
tirans Of @ polymer through a small pore in a spherical vesicley oo If  V(r)=0, Zy(r,r';n)=(Lirr gamn)exp—(r?
(see Ref.[1]). They assume both the inner and the outer,2)/4a2n}sinh(r,/2a?n). The presence of a spherical sur-
surfaces of the vesicle to be hard walls, which repel the unitg;.e atr =R with a short range attractiver repulsive po-
of the polymer. They argug) that the membrane curvature (gnia| can be accounted for by imposing a boundary condi-
drives the polymer out of a spherical vesitig capture of @ o [5] (see below It is easier to work with the Laplace
polymer of N segments into a small bud takes a very Iongtransform of the Green's function Z(r f0:5)
time (exponentially dependent d), which can be reduced .. sn)a—Sn . no
to N® or even toN? by free energy differences between the =JodnZ(r.ro;n)e ", which obeys
inside and the outside. In this paper, we consider the case

where there may be adsorption on both the surfaces. We )
construct a free energy profile for the translocation process. s— a irzi f(r ro:s)= ié(r—r ) (1)
We show that in this case, the entropic barrier for penetration p2 dr oJr n o r2 o

in to the pore is absent. Following Ref2-4] , we suggest

that translocation, when driven by the free energy difference

due to the different adsorption strengths can occur with a We now solve Eq(1) for the region outside the sphere

translocation timet,ns~N. (r>R). The boundary condition that is to be imposed may
We make use of the approach of de Ger{&dso treatthe  be found[7] by imagining that the region<R is a hard

adsorption of the chain molecule on the surfg@&]. We go  wall, whereV(r)=«, and within a spherical shell witR

beyond the results of Park and Suid and find the exact <r<R+b (b assumed to be smalthere exists an attractive

partition function for a chain restricted to the outside of apotential equal to/(r)=—w andV(r)=0 for r>R. Then

sphere and having an attractive interaction with the surfacg . ¢ s A1 Z-(r,ro:9)/dr), _p=— 1R+ (7/2) (m/2b— W)

of the sphere. For a chain molecule confined to the innefg,, Appendix A of Refl7]). We can write the above as
region of the sphere and interacting with the surface, we giv

the exact result for the Laplace transform of the partition
function. We analyze the condition for the existence of an (

iIn[rf>(r,r0;s)] =c, 2

adsorbed state and find that they are different for the two 5
r

cases. Partition function is found in the limit of a long chain
and this is used to calculate the free energy of the adsorbed
polymer. From this, we construct the free energy profile for
the translocation process. wherec is determined solely by the nature of the interaction
The partition function for a chain af segments confined of a monomer with the surfadeur definition ofc is differ-
to the outer or inner region of a sphere can be calculateént from that of Ref[7]—c(ours)=c(of Ref. [7])+1/R ].
from the Green’s functioi3(r,rqy;n), obeying the equation With this definition, if c<0, there is a bound state on the
[9/on—(b%16)V2+V(r)]G(r,ro;n)=48(n)8(r—r,)  (see surfacec—o corresponds to a hard wall. However, in con-
Refs. [1,6]). V(r) is the potential of interaction arising trast to the situation on a plane watk=0 does not represent
from the sphere. The partition function may be calculatecheutral surface. Rathec,=1/R represents a neutral surface
from the angle averaged function Z(r,ry;n) (see below Solving the Eq.(1) subject to Eq.(2), we get
=[Zdof3"d¢ sin(@)G(r,ro;n). This averaged Green's Z-(r,ro;8)=(1/2arrg\/s)(e~I"rol a4 g=Ir+ro—2R|\S/a)
function  obeys [1]  [d/an—(a%/r?)(alar)r?alar  —[c/rro(ac+ yS)ysle I"TTo2R¥a On inverting this, we
+V(r)]Z(r,ro;n)=(1r2)8(n)8(r—r'), where a=b/\6.  get for a chain oh segments
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We now find the partition function for the polymer with

%ﬁmﬂg)
osn ———
a

Z_(r,rg;8)=

X

similar to the expression for the case of adsorption on gne end fixed at the inner surface of the sphere and the other
planar surfacg1]. As the surface of the sphere becomesgpq free by putting ;=R and integrating over all the values

repulsive €—), the above reduces to

Z-(r,ro;n)=(1/2arrg\mn){exd — (r —rq)%4a®N]
—exfd —(r+ro—2R)%4a’n]}.

The partition function for the polymer with one end fixed at

rois

Q=(ro,n)=[gdrZ.(r,ro;n)r?
=(1llcrg){1-cR+crg
+(1-cR)Er[(R—rg)/2ayn]
+eol@’en-RH10(—1 4 ¢R)

X Erfc[(2acn—R+rg)/2a\n]}.

of r inside the sphere. We get

Js—tanhRys/a)a/R
s[Js+adtanhRy/s/a)]’
(5

_ R _
Q<(R,s)=J r2drZ_(r,R;s)=
0

The parti@n function is then Q_(R,n)
zfﬁiﬁdsean<(R,s)/(27ri), where y is taken such that

the line of integration is to the right of all the poles of

Q-(R,s). To find the poles of)_(R,s), we have to solve
the transcendental equatiofis+adtanh®y/s/a)=0. We
consider two different possibilities.

(1) d is sufficiently negative so th&®d<—1. Then one
solution, s, exists for real, positive value of If R|d|>1,
then sy~ (ad)? is the solution. For large values of the
major contribution toQ_(R,n) comes from this pole and
henceQ_(R,n)~e%" and the free energy of the adsorbed
chain is —kgTsyn. The free energy per unit length of the
adsorbed chain is-kgTs. In contrast to the outer surface,
there is a critical value for the logarithmic derivative, for an

Asro—, Q-(rg,n)—1, which s the value for a free poly- 54qarhed state to exist. The reason for this critical value is
mer. Also, ifc=1/R, thenQ.(ro,n)=1, thus showing that g, ite simple. In the absence of an attractive interaction, the
c= 1{R corresponds to a neutral surface. In particular, if ongy.qq energy of the polymer inside the sphere is not zero, due
end is on the surface {=R), then to entropic reasons. An attractive interaction with the surface
would lead to a negative free energy only if this entropic
effect is overcome by the attractive interaction and hence a
critical value ford exists.

(2) dis positive. In this case, all the poles hasxs0 and
there is no adsorbed state. There are several states inside the
spherical vessel, and the Bromwich integration leads to an
infinite sum for the partition function. This type of problem
has already been considered in Rgff] and we shall not
discuss this case further.

1 2.2
Q=(Rn)= o[1+e"“"(~1+cR) Erfc(acyn)]. (4)

Q-(R,n) is always positive, as it should be. We now con-
sider the limit wheren—o. If ¢c<0, then we can approxi-
mate the above a®-(R,n)~(2/Rc)(Rc— 1)e32”°2. In this
limit, the free energy of the polymer, with one endFRais Now we consider the free energy profile for translocation.
F(_”)_:_kBTlg Q2>(R’”)2_kBT32”C2- The free energy per i it is confined to a spherical vesicle, with the outer and
unit is —kgTa“c* for the chain on the outer surface of the jnner walls of the vesicle having no affinity to its units, then
sphere. This free energy comes from the adsorbed state 9@ free energy inside would be greater than on the outside.
the surface of the sphere, which would be there as long agonsequently, if there is a pore on the wall of the vesicle, the

c<0.

molecule would move from the inside to the outside. But

For the case where the polymer is inside the vesicle, thghere are examples where the molecule does the reverse

boundary condition we impose & In[rZ(r,rq;s))/dr},—g=
—d. Note that we have put a negative sign in front cf
[compare Eq(2)] as increasing the value ofmeans one is
moving towards the surface. On solving Edj) we find

[8—10]. This would require either a motor driving the chain

in, or a situation where the chain has a lower free energy
inside the vesicle. We consider the latter situation, and we
assume that the polymer can adsorb on inner walls of the
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0 1 2 3
n/N (varies from 0 to 1) >
ro/R (varies from 1 to §) ->

FIG. 2. Plot ofF/(kgT) as functions of /R (varies between 1
FIG. 1. Translocation in the case where there is adsorption o@nd 9 andn/N (varies between 0 and) for cR>1 andcR<1.

the inside as well as outside touches the surface. This increase is due to the lowering of

rghe entropy as the chain end is brought near the surface. Thus
there is an entropic barrier for the approach of the end of the
olecule to the surface. As portions of the chain go through

vesicle.(It is not necessary that the adsorption should be o
the walls, it can be anywhere inside the vesijcle.

The process that we cor_1$|der IS given In the Fig. 1. Th he pore, the free energy of the chain decreases. On the other
translocation from the outside to the inside may be though . . . .
of as occurring in two steps. The first consists of the ap- and, ife<1, there is no such ba”'ef-. Thus an attraction to
proach of one end of the molecule to the outer surface of th&he outer surface would actually facilitate the translocation
sphere and the second is the passage of the segments of ffgcess by completely removing the entropic barrier for_ the
polymer through the pore. We now consider a chain of totafipproaqh of the end of the chain to the S“”‘?CG: If_there IS no
N segments and denote t'he number of segments left Outsi(%isorptlon on the outer surface, translocation is improbable
by n. Assuming the segments to be adsorbed strongly enou X the end o_f the chain would have to overcome the entropic
on the inner surface so that one need to take only the bou rmer and find the pore through which it has tq trgnslocate.
state contribution to the free energy for the portion inside the 0, in the following we assume that the chain is weakly

sphere. the total free enerav for anv value\ok the sum of adsorbed on the outer surface. However, if it is strongly ad-
tt?e coﬁtributions from thgiegmer)r/nsoutside and the re- sorbed with a barrier for motion parallel to the surface hav-
maining (N—n) inside. It is F/(ksT)=—InQ.(ro.n) ing heightAV, then translocation would become difficult.

. B')™ >\'0»

—a?d(N—n). We now use the radius of gyraticR of a Thus we have the conditiors<1/R and AV,<kgT, under

olymer havingN segments, given bR, =ayN. Using the which translocation is facilitated.
polymer 9 gm 9 9 : 9 Even though our analysis above has been done for a
dimensionless quantities,=ry/R, Ry=Ry/R, c=cR, d

- - e —9 = —  spherical vesicle, one can take the liRit-oc, and obtain
=Rd n=n/N, andF=F/(kgT), we rewrite the above as the results for the planar case too. Now we consider the

1 14t actual translocation through the pore. The translocating chain
= —In{—1 (= — f 0 may be thought of as divided into three portions—first is the
F n (—1+c)| —1+Er _ . .
- [ - 2\/n—Rg portion adsorbed on the outside, second, the portion on the
- 5 inside, and the third is the portion inside the pore. We imag-
c(~1+roten R) grfc| — 1+ro+2cn Ry ine that the polymer is adsorbed on both the surfaces, and the
tes TTor==SEnc 2n R, *tCro adsorption(physisorption is such that it is easy for the seg-

ments to move in the direction parallel to the surfaces, but

- Rg d?(1—n). movement in the perpendicular direction, away from the sur-

- N face would cost energy. Hence the net effect is to reduce

Figure 2 shows the plot of free energy for two valuescof dimensionality of the motion in directions parallel to the sur-
(1.1 and 0.9 The first corresponds to a repulsive outer sur-face. We already have expressions for the free energy per
face while the second is an attractive one. In both the casegsegment of the chain molecule when it is inside or outside
the inner surface is taken to be attractive, with —2 and  and in our considerations above, we did not include the con-
the radius of gyration of the polymer taken to be half the sizeribution to the free energy from the portion that is inside the
of the sphere Ry=1/2). If the chain is completely outside pore. The portion that is inside the pore, is not adsorbed
the spherer is greater than unity and=1. In the figure, anywhere and consequently, the free energy per segment is
the portion with abscissa varying from 3 to 1 represents théigher. Often, the pores have a repulsive interaction with the
change inry as the end of the chain approaches the surfaceshain segments, and hence the most reasonable form for the
Oncer attains the value unity, the chain can go through thefree energy per segment for a translocating chain would have
pore and this would cause to decrease from unity. So, in the appearance shown by the full line of Fig. 3. An alternate
the same plot, we show how the free energy changes, as scenario would be to have a pore which has affinity towards
varies from 1 to 0. The plots show thatdf>1, there is an the molecule, as a result of which the free energy per seg-
increase in the free energy as the end of the polymer iment follows the dotted line in the Fig. 3, for segments inside
brought near the surface reaching a maximum when the eritie chain.
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Outside ; In the pore ;  Inside average, the kink will move with a certain velocity deter-

: : mined by the free energy profile for a segment crossing the
pore (for an expression for this velocity, see REZ]). Con-
sequently, the polymer will move in to the inner side, at a
constant rate. This means that the crossing tigpgs N.

This is to be compared with the mechanism of Rdf],

where translocation is taken to be equivalent to the motion of

the center of mass of the polymer. As the center of mass

diffuses with a coefficient proportional toN/ ty,ns~ N2 [1].

The difference inty,,s in the two mechanisms thus arises

{ Position of the segment -> from the difference in thé&l dependence of friction. It is of

. interest to note that there have been recent experiments in

FIG. 3. The Free energy per segment as a function of SeIMeNLinich flexible single stranded DNA molecules have been

position. drawn through a pore by the application of an electric field

) o o [3]. In these experiments, the translocation time has been
_Irespective of which is the profile, if one uses a onet,,nq o pe proportional t\, in agreement with the kink

dimensional 30“5‘? model to de'sc'nbe the process, ”.‘e’? Offechanism. An alternative mechanism for the translocation,

has the following picture: the variation of the potential |nS|dein which the diffusive movement of only the monomers

the pore would distort the portion of the chain inside it, which are inside the pore has been suggested by Lubensky

which we refer to as the kink. As the pore is fixed in SPaCeynd Nelson(LN) [4]. This too leads tdyoeN. This LN

the kink too is fixed in space and movement of the chain i echanism is similar to the kink mechanism, but is different

one direction through the pore is equivalent to the mo"emef\h that it does not consider the distortion of the chain by the

of the kink in th_e reverse direction on the chain. If there is ore as important. However, both kink and LN mechanisms
free energy gain for the segments of the polymer, then th ad tot,. ~N
trans .

translocation is driven and hence the motion of the kink too One can also consider the case of translocation from a

is driven. This problem is discussed in detail in RE], vesicle of radiusR;to another of radiufR,. Analyzing this

where it is shown that the one-dimensional nonlinear Rousgase Park and Suri@] conclude that spontaneous capture in
model that described the motion of a polymer in this type 01‘0 a ,small bud can occur only rarely as the chain is losing

potential has a special solution, which represent a kink th ntropy in going into a small bud. However, adsorption on

gan molve(on the_ poltyllﬂefr chaith Thteh motior:j of thfe tEinkthe surface of the bud, can drive the process. Park and Sung
ecouples(approximately from the other modes of the suggest that this will require at IeastatimggpturgNz. Op-

chain. It is to be_noted that thg Kink is a local dyn""m'cf”“eration of a kink mechanism can lead to capture times pro-
mode whose motion on the chain results in the translocatio ortional toN

of the polymer through the pore. Further, the motion of the

kink is equivalent to that of a particle executing Brownian

motion under the influence of a constant external force with K. K. thanks the Indian Academy of Sciences for financial
a friction that has no dependence bih Therefore, on an support.
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Pree energy per segment ->

[1] P. J. Park and W. Sung, Phys. Re\6E 730(19998; J. Chem. [6] E. Eisenreigler,Polymers Near Surface$World Scientific

Phys.108 3013(1998. Publishers, Singapore, 1993
[2] K. L. Sebastian, Phys. Rev.@, 3245(2000; K. L. Sebastian [7] E. Eisenriegler, A. Hanke, and S. Dietrich, Phys. Re\a4:
and A. K. R. Pauljbid. 62, 927 (2000. 1134(1996.
[3] J. J. Kasianowicz, E. Brandin, D. Branton, and D. W. Deamer, [8] W. Sung and P. J. Park, Phys. Rev. L&, 783(1996.
Proc. Natl. Acad. Sci. U.S.A93, 13 770(1996. [9] B. Alberts, D. Bray, A. Johnson, J. Lewis, M. Raff, K. Rob-
[4] D. K. Lubensky and D. R. Nelson, Biophys. 37, 9905 erts, and P. WalkerEssential Cell Biology(Garland, New
(1999. York, 1998.

[5] P. G. de Gennesscaling Concepts in Polymer Physi@Sor- [10] C. S. Peskin, G. M. Odell, and G. F. Oster, Biophy$5).316
nell University Press, Ithaca, 1979 (1993.



