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Abstract The translocation of a long passive polymer chain (polymer P) through a small pore pulled by an active polymer chain (polymer A) was
studied via simulation. The results indicate that the translocation dynamics of polymer P is strongly correlated with the conformation state of
polymer A during the translocation process, depending on the active force f, and the rigidity ki, of polymer A. For the case ky, is very small (includ-
ing k,=0), polymer A is nearly a random coil at small f,, and forms a stable spiral at large f,. When f, is small, it is very difficult for polymer A to pull
polymer P through the pore, and the translocation time (1) is large. When f, is large, T is small, and the translocation dynamics is determined by a
winch-driven mechanism, where the spiral of polymer A rotates synchronously, pulling polymer P through the pore and winding it sequentially
around itself. When ky, is large, polymer A adopts a rod configuration, and the translocation of polymer P is controlled by the translation of the

polymer A rod.
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INTRODUCTION

The translocation of polymers through small pores is universal
in many biological processes, such as gene expression, DNA and
RNA translocation through the nuclear pores, protein moving
across membrane channels, transfer of genes between bacteria,
etc,!'® and is also related to many technological applications,
such as drug delivery, genome mapping, DNA sequencing and
separation, etc”~'% Consequently, it has been a hot topic and
attracted lots of attention in the last two decades.

In real systems, the nanopores are much smaller than the
polymer, making spontaneous translocation difficult. There-
fore, an external force is often required to drive the transport
of the polymer through the pores. Most experiments consid-
ered an external electric field as the driving force for DNA
translocation.l'’”-'9 However, a variety of other driving mech-
anisms have been explored in previous studies, including flu-
id flow,[29-231 particle binding,!24-261 spatial confinement,[27-29
end-pulling force,30-39 etc.

In studies of polymer translocation, the dependence of the
translocation time (1) on the polymer chain length (N) and
driving force (f) has been extensively studied. It was found
that T as a function of N and f can be expressed as 7 o< NFe.
For the case in which the driving force is confined inside the
pore, many studies have predicted that a is between 2v and
1+v (v is the Flory exponent), depending on the strength of
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the driving force,*°-44 and 6~1 for small fand 6~0.8 for large
144451 When the driving force is exerted at the head of the
polymer chain, it was found that a=2 and 6=-2+1/v for mod-
erate f, and a=2 and 6=-1 for large £.39-33] Recently, Hu et al.
studied the translocation of the polymer chain driven by an
active Brownian particle (ABP), and found that the effect of
the ABP on the translocation differs significantly from the
driving force inside the pore or at the head for traditional
polymer translocations. Specifically, 6=-1 for large f,. More-
over, it was found that a~2.5 for small f or large N and a~1.4
for large fand small N.B39

In recent years, the conformation and dynamics of active
polymers (including polar and nonpolar polymers) have been
extensively studied. In two-dimensional (2D) free space, the
active polymers can spontaneously form stable spirals at a
strong active force and low rigidity, and exhibit rich move-
ment. In particular, the active polymer barely moves in spiral
states and exhibits net displacements in a railway motion
manner in non-spiral states, and an optimal active force ex-
ists that maximizes the diffusion coefficient.l46-5% In three-di-
mensional (3D) free space, active polymers undergo a coil-
globule or inflation-collapse transition with increasing the ac-
tive force, and the diffusion coefficient of the polymer is inde-
pendent of the polymer length for long polymers or large ac-
tive forces.l51:521

Under spatially restricted conditions, the active polymers
exhibit complex properties. When the head of the polymer is
fixed, it exhibits a spiral form with rotational motion or a wave
form with flapping motion.53-561 While when the end of the
polymer is fixed, it undergoes continuous self-knotting. Once
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a knot is formed, it migrates gradually to the anchoring point.
Moreover, when the end of the active polymer is grafted on a
passive polymer, it can function as a self-propelling soft nee-
dle to either transfer its own knots or braid knots directly on
the passive polymer.l>7581 In the presence of obstacle(s), ac-
tive polymers exhibit diverse conformations and motion
types. In particular, in an environment with multiple obsta-
cles, active polymers with different activity and rigidity exhib-
it different diffusion dynamics, which are useful for the sepa-
ration of active polymers.59-631 For active polymer confined in
a circular cavity, it forms a stable compact spiral at a large ac-
tive force. It was found that the formation of the stable com-
pact spiral is a two-step relaxation process in which the poly-
mer first forms a metastable swelling quasi-spiral and then
transforms into the stable compact spiral near the wall of the
cavity. In particular, when the circumference of the circle is
nearly equivalent to the polymer length, it takes a long time
for the polymer to form the compact spiral.[64!

Recently, it has been found that active polymers can spon-
taneously translocate through narrow pores. When the pore
is short, the polymer undergoes railway motion during the
translocation process, and the translocation time has a sim-
ple power-law dependence on the polymer length and the
active force, with a=1 and §=-1.1%1 While when the pore is
long, the translocation time shows a non-monotonic change
with increasing pore width, owing to the crucial interplay of
activity and spatial confinement.[5¢! For active polymers con-
fined in a transverse asymmetric channel, the transport direc-
tion of the polymer can be rectified and even show current
reversals.’”7] For an active polymer translocating into a small
circular cavity, it was found that the translocation dynamics of
the active polymer shows a strong correlation with the poly-
mer conformation inside the cavity. When the polymer rigidi-
ty ky, is small, the polymer is a nearly random coil in the cavity,
and the translocation time is long. While when k;, is moder-
ate or large, the polymer inside the cavity forms a spiral con-
figuration and the entire polymer moves synchronously,
which is helpful for translocation.[68:69]

In addition to its complex motion manners of itself, an ac-
tive polymer can drive passive objects. Several groups have
attached a passive load to an active filament and found versa-
tile dynamic motion modes, including elongated, rotating,
beating, and beat-and-circle motions.7%71 Such “active-pas-
sive” composite models may be related to several biological
systems. For example, during gene expression, motor pro-
teins actively pull RNA to the vicinity of the nuclear pore com-
plex. Similarly, during bacterial conjugation, motor proteins
pull the donor DNA strand into the recipient cell. Inspired by
this, we here construct an “active-passive” diblock copolymer,
and study the translocation of the passive polymer (the pas-
sive block) through a small pore pulled by the active polymer
(the active block). Our model represents a simplified “active-
passive” composite system. Different from Refs. [70] and [71],
the passive part (the load) in our model is a polymer chain
rather than a solid particle.

Our results indicate that the translocation dynamics is
strongly correlated with the configuration of the active poly-
mer. In particular, when the active force is large, the flexible
active polymer forms a stable spiral during translocation. Un-
der the driving of the active force, the polymer spiral func-

tions as a soft winch: it synchronously rotates and winds the
passive polymer chain, pulling it through the pore. This
winch-driven translocation mechanism leads to a distinct
scaling law and a final composite spiral structure, which has
not been previously reported. Thus, our results provide new
insights into the driven translocation of polymer chains,
where the active polymer acts as a self-organizing, torque-
generating engine.

SIMULATION MODELS AND METHODS

The simulation was performed in a 2D space. Fig. 1 shows a
sketch of the model system. The entire space was divided into
two parts, the cis and trans sides, by an infinite wall at x=0. The
wall is a single stationary layer of closely packed particles with
diameter g, yielding an effective wall thickness of o. In the mid-
dle of the wall, there is a pore with width w,, and length (i.e, the
wall thickness) 0. The polymer chain is initially generated on the
cis side, and it can only translocate from the cis side to the trans
side through the pore.

Trans

Cis

(End)
Np+Np

E \ 2 1(head)
E Active polymer A

y Passive polymer P

\ Wall

Fig. 1 A sketch of the simulation model system. The cis side and
the trans side are connected by a narrow pore with width w, in the
middle of an infinite flat wall. The polymer chain is composed of
identical beads connected sequentially, and it contains two sub-
chains, an active polymer chain (polymer A) with length N, and a
passive polymer chain (polymer P) with length Np. The i monomer
(1<i<N,) of polymer A experiences a tangential active force f, along
the vector r;_;;,, between the positions of the monomers i-1 and
i+1. Polymer P can translocate from the cis side to the trans side
through the pore under the drive of polymer A.

X

In our simulation, the polymer chain was mimicked by a
coarse-grained bead-spring chain model. The polymer chain
is composed of Ny+N, identical beads (or monomers) con-
nected sequentially by bonds, and it contains two sub-chains:
an active polymer chain (polymer A) with length N, and a
passive polymer chain (polymer P) with length Nj.

The interaction between any two monomers is described
by the purely repulsive Weeks-Chandler-Andersen (WCA) po-
tential (Eq. 1):

Uwealr) = o [(g)u - (g)é] +&  forrs o

0 for r > reytoff

https://doi.org/10.1007/510118-026-3802-7


https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7
https://doi.org/10.1007/s10118-026-3802-7

Zhovu, Y. L. etal./ Chinese J. Polym. Sci. 3

where r is the distance between the two monomers, & is the in-
teraction strength, o is the diameter of the monomers, and
Ieutoff = 2"/ is the cut-off distance. The bond interaction be-
tween any two bonded monomers can be described simply by
the elastic potential (Eq. 2):

Ubona(b) = k(b = bo)? @
where k is the spring constant, and b and b, represent the bond
length and equilibrium bond length, respectively.

In our model, polymer P was flexible, and polymer A was
semi-flexible. The bending energy between any two adjacent
bonds of polymer A is described by (Eq. 3):

Ubend = ko0” 3)
where 6 is the angle between two neighboring bond vectors, k;,
is the bending rigidity. The rigidity of polymer A was deter-
mined by k. Polymer A is completely flexible at k,=0. However,
polymer A becomes more and more rigid with increasing kg,
and tends to be rod-like at infinite k. Here, we treat the bend-
ing rigidity k, as an independent parameter. This allowed us to
systematically study the transition of polymer A from a spiral to
a rod under the same activity, which is crucial for understand-
ing how the conformation of polymer A influences the translo-
cation of polymer P.
To model the activity of polymer A, we assume that the ith
monomer (1<i<N,) experiences a self-propelled tangential
force (Eq. 4).[47,57—59,64,65]

i) _ o Fi-vin
F(a = [Fiz i | @

Here, f,20 represents the strength of the active force, and
Yi_1+1=ri-y — ¥y is the vector between the positions of
monomers i-1 and i+1. The activity of polymer A is depen-
dent on f,, that is, polymer A becomes more and more active
with increasing f,. For i=1 and N,, we assume that F(a') =0.

The interaction between any monomer of the polymer and
the particle of the wall is also described by the WCA potential
(Eg. 1), where r represents the distance between the polymer
monomer and the wall particle.

The motion of each monomer is described by the Langevin
equation (Eq. 5):

dv
ma = _V(UWCA + Upond + Ubend) +F—-nv+ FT (5)

Here m is the mass of the monomer, n is the friction coeffi-
cient, and F' is the random force with <FT(t)> =0 and
(FT(t) . FT(t')) = 4nkgT8(t — t'), where kg and T represent the
Boltzmann constant and the temperature, respectively. For
the numerical integration of Eq. (5), the velocity Verlet algo-
rithm was adopted with a time step At=0.005.

At the beginning of the simulation, we generated the poly-
mer chain in the cis side, with the head monomer (i=1) being
fixed in the middle of the pore. We first let the polymer chain
undergo a long equilibrating time (=109) of Brownian motion
with f,=0, and then turn on the active force and let the poly-
mer chain undergo a long steadying time (>109) to reach the
final steady-state, under the constraint that the head
monomer is fixed. We finally released the head monomer and
monitor the movement of the polymer chain.

Since the head monomer (the first monomer of polymer A)
is initially in the pore, polymer A can translocate through the

pore driven by the tangential active force and then pull poly-
mer P into the trans side. During the translocation process,
the head of polymer A may go back to the cis side under ran-
dom thermal fluctuations. In this case, we stopped the simu-
lation and began a new run until a successful translocation of
polymer P occured eventually. In this work, we define the
translocation time 7 of polymer P as the conditional time from
the last entry of the Nyt monomer of polymer A into the trans
side to the first entry of the last monomer of polymer P into
the trans side for successful translocation events only. All the
statistical results in our work were averaged over 200-2000
independent successful translocation runs.

In this study, o, m, and kgT are chosen as the units of length,
mass, and energy, respectively. Therefore, the time scale and
force scale are defined by t, = (moz/kBT)U2 and fy = kgT/o,
respectively. In the simulation, we set g,=1, k=1000, by=1, and
set the friction coefficient n=10 to ensure the overdamped
motion of the monomers. Moreover, to ensure the monomers
move across one by one, we chose a narrow pore with width
wp=2.4. We mainly studied the influence of f,, ky, Na and Np
on the translocation dynamics of polymer P through the nar-
row pore.

SIMULATION RESULTS AND DISCUSSION

Completely Flexible Polymer A (k,=0)

First, we studied the translocation of polymer P pulled by com-
pletely flexible polymer A with k,=0. Fig. 2 shows the typical dis-
tribution of translocation times for small f, (=0.4) and large f,
(=4), respectively, where N;,=20 and Np=100. For f,=0.4, the dis-
tribution is broad and asymmetric, and has a long tail, which is
similar to that for the free translocation case.’*! While for large
f,=4, the distribution is narrow and nearly symmetric, which is
similar to that for the end-pulling translocation case.**! We can
also see that, for both small and large f,s, the average transloca-
tion time is very close to the most probable translocation time.
Therefore, the average translocation time is well defined to de-
scribe the dynamics of the translocation of polymer P.

Fig. 3 shows the dependence of the translocation time 7 on
the active force f, for different length N, of polymer A, where
the length of polymer P is Np=100. We can see that T is very
large at small f, and N,, indicating that it is difficult for poly-
mer P to translocate through the pore when polymer A is
short and the activity is weak. With f, or N, increasing, T de-
creases monotonically. In our model, the translocation of
polymer P through the pore is pulled by polymer A. Because
the active force acts on each monomer of polymer A (except
for the 15t and Nt monomers), the effective driving force ex-
erting on polymer P increases with f, or N, increasing, lead-
ing to the decrease of T with f, or N,, as shown in Fig. 3. Inter-
estingly, for small N, (=10, 15, and 20), there is an obvious
transition on the curve of T with f, at moderate f,, indicating
that the translocation model at large f, may be different from
that at small f,. With N, increasing, the transition becomes
smoothed gradually. In particular, in the large f, region, the
dependence of T on f, for different N, can be described by a
simple scaling relation 7 oc gﬂ

We have studied the dependence of the translocation time
T on the length Np of polymer P at small f, and large f,. As ex-
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Fig.2 Distribution of translocation times for (a) ,=0.4 and (b) f,=4,
where N,=20 and Np=100. The translocation times were normalized
by their average values.
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Fig. 3 Dependence of the translocation time T on the active force
f, for different lengths N, of polymer A, where the length of
polymer P was Np=100. Error bars correspond to standard
deviations.

amples, Fig. 4 shows the results for a small £,=0.4 (Fig. 4a) and
a large f,=4 (Fig. 4b). For any given N, and f,, T increases
monotonously with Np increasing, indicating that a longer
polymer P always spends a longer time completing the
translocation process. When f, is small, the increase of T with
Np is remarkable, indicating that it is very difficult for polymer
A with weak activity to pull long polymer P through the pore
completely. In particular, in the large Np region, the depen-
dence of T on Np can be described by the power law 1 o< N?,(1 ,
as shown in the inset of Fig. 4(a). Comparing with the result
for small f,, the increase of T with N, for large f, is relatively
slow, meaning that polymer A with strong activity can easily
drive polymer P through the pore. Interestingly, we found
that 1 for different N, at large f, nearly collapsed on a main
curve for /N, versus Np/N,, as shown in the inset of Fig. 4(b).
To understand the dependence of 7 on f,, we have studied
the details of the translocation process. For examples, Fig. 5
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Fig. 4 Dependence of the translocation time 7 on the length N, of
polymer P for (a) f,=0.4 and (b) f,=4. The inset of (a) presents the
log-log plots of T with N, for f,=0.4. The inset of (b) shows the
dependence of /Ny on Np/N, for f,=4, where the solid line
represents the fitting line. Error bars correspond to standard
deviations.

shows a series of snapshots of polymer A and polymer P for
f,=0.4 (Fig. 5a) and 4 (Fig. 5b), respectively, at different times
of a translocation sample, where N,=20 and N,=100. We can
see that, during the translocation process, polymer A shows
different configuration states depending on the strength of
the active force. For f,=0.4 (small f,), it adopts a random coil
configuration. While for f,=4 (large f,), it forms a spiral config-
uration. These results are similar to those for active polymers
in 2D free space.*”?When f, is small, the polymer behaves like
a passive polymer and is in the coil configuration state. When
f, is large, the head part of the active polymer can be forced
to bend by colliding with a subsequent part of the polymer,
and then the entire polymer winds inward by further driven
by the tangential active force, leading to the emergence of
the stable spiral configuration state.

To further show the correlation between the translocation
dynamics and the configuration of polymer A, we have calcu-
lated the spiral parameter Cg of polymer A at the end of the
translocation process, which is defined as Eq. (6).

o
T Ny-2

Na=2 Fijr1 X Fig1is2
G Y (6)

i=1

[Fiis1 X Fisr 2]
where r;;,, represents the bond vector between the /" and
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Fig. 5 A series of snapshots of polymer A and polymer P for (a) f,=0.4 and (b) f,=4 at different times for a translocation sample, where N,=20 and

Np=100.

(i+1)™" monomers, and r;,1,,, represents the bond vector be-
tween the (i+1)™ and (i+2)" monomers. Cs— 0 for the random
coil state, and Cs— 1 for the stable spiral state. As an example,
Fig. 6 shows the dependence of Cs on f,, where Ny=20 and
Np=100. Moreover, the dependence of 7 on f, for the same pa-
rameter set is also shown for comparison purpose. We can see
that Cs is very small at small f, region, meaning that polymer A is
nearly in the coil state and tends to be 1 at large f, region, indi-
cating that polymer A is in the spiral state. Specially, with f, in-
creasing, Cs increases quickly near f,~1.2, where T shows a rapid
decrease, as shown in Fig. 6. Our results indicated that the
translocation dynamics of polymer P is related to the configura-
tion of polymer A.

The difference in the configuration of polymer A at small f,
and large f, may lead to different translocation dynamics of
polymer P. When f, is small, polymer A is in the coil state and
undergoes nearly random diffusion during the translocation
process, which will produce a very small pulling force on
polymer P. Therefore, the translocation of polymer P can be
approximated as a random diffusion process, resulting in a
very large translocation time. Based on the free energy land-
scape of the polymer during the translocation process, Sung
and Park obtained the translocation time by calculating the

i B 1
Np=20 { Spiral state
1
- Np=100 H M .
“ o5t I 110
Coil state I
i %“%— 110
0 Ll .
107 10° 10'

f,

a

Fig. 6 Dependence of the spiral parameter C; and the
translocation time 1 on f,, where N,=20 and Np=100. Error bars
correspond to standard deviations.

Fokker-Planck equation and found that the dependence of
the translocation time on the polymer length can be de-
scribed by a power law, T N?, when the driving force is ze-
ro or very small,l’2 which is in good agreement with our sim-
ulation results, as shown in the inset of Fig. 4(a).

When f, is large, polymer A is in spiral state, and the tan-
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gential active force will produce an effective force torque to
drive polymer A rotating around its mass center. In this case,
polymer A acts as a rotating winch, pulling polymer P
through the pore quickly. Meanwhile, the part of polymer P
that has entered into the trans side will sequentially wrap
around the exterior of polymer A and follow its rotation. At
the end of the translocation, there will be a large stable spiral
with polymer A constituting the inner core and polymer P
surrounding it. This is a new driven mechanism, and we call it
the winch-driven mechanism. Qualitatively, the effective
force torque acting on polymer A increases with the increase
in the active force and the length of polymer A, leading to the
decrease of the translocation time with f, and N, increasing,
as shown in Fig. 3.

To understand the rotation of the polymer A spiral, we
have calculated the angular A8 between R(t) and R,(0),
where R,(t) and Ra(0) represent the end-to-end vector of
polymer A at times t and 0, respectively. The typical result of
the time evolution of A8 during one successful translocation
process is shown in Fig. 7. At the early stage of the transloca-
tion process, A@ is small and exhibits strong oscillations, be-
cause the spiral structure of polymer A has not yet been
formed. After the formation of the spiral of polymer A, the
spiral undergoes directional rotation under the drive of the
active force, leading to the monotonous increase in A8 and
periodic variation in sin(A6), as shown in Fig. 7. During the
translocation process, as more passive monomers enter the
trans side, the spiral expands and the rotational friction in-
creases, leading to a gradual slow down in the rotation of the
spiral. This manifests as a slower increase in A6 and a grow-
ing period of sin(Af), as shown in Fig. 7. That is, the angular
velocity of the spiral is not constant, but keeps decreasing
gradually.
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Fig. 7 Evolution of A6 and sin(A6) during a successful
translocation process, where Ny=20, N;=100, and f,=4.

The dependence of T on f,, N5, and Np at large f, region can
be understood quantitatively using the following dynamical
model. When f, is large, the translocation of polymer P is con-
trolled by the winch-driven mechanism, and monomers in
the trans side form a rotating spiral. Assuming that the poly-
mer spiral containing n monomers can be seen as a uniform
disk with radius R; and mass M, the average radius of the
monomers with respect to the disk center (or the mass cen-
ter (MC) of the polymer spiral) can be expressed as Eq. (7).

7)

n
- ZH g :/Rs rog21rdr _ ZR
n 0 M 37
where r; represents the distance between the " monomer and
the MC, and the surface density o5 = M/2Ter. The square ra-
dius of gyration of the spiral can also be described by Eq. (8).

(8)

N - )
3 ZM i _/Rs romrdr 1

2
Ro=r"="% o M2
Similarly, the average radius of polymer A monomers with
respect to the disk center can be expressed as Eq. (9).

ZNA I R,
o ,(71 i =/ A rosi/’nrdr _ § . ©)
A 0 A
where R,y and M, represent the radius and the mass of the poly-
mer A spiral, respectively.

Under the driving of the tangential active force, the poly-
mer spiral rotates around its MC. The active force torque with
respect to the MCis

Na—1 _ 2
M, =1, Zi:z 1 = Nafory = §NAfaRsA (10)

and the friction force torque with respect to the MCis
n 2 = 1 5 1
Mg = Xm nwr, = nnwr? = SNNWR; = SnnvR; (11)

where w is the angular velocity of the spiral, and v is the linear
velocity of the outermost layer of the spiral.

In the overdamped limit, the active force torque is bal-
anced by the friction force torque, i.e.,, M, = M;, so we can ob-
tain from Eqgs. (10) and (11) that

oc faNARsA (12)
nnRs

It has been proven that Ry, of a polymer spiral as a function
of the polymer length N can be described by a power-law re-
lation Ry, o= NO43.159641 So, we have

R, oc n®* and Ryy oc N3 (13)
Then, we can obtain from Egs. (12) and (13) that,
NG
Vo< T (14)

In our model, v can also be considered as the translocation

velocity of polymer P, ie., v o %, and then we can obtain
from Eq. (14) that

an Nl\.43

—_— K —
dt — pn'#

N 143
/ dt oc /N M __dn (16)
0 N N

We can calculate the translocation time 7 from Eq. (16),

(15)

and

ro [N+ N - NE] (a7
Ny
or
T n Np 243
N F [(1 + NA) 1 (18)

This result is in good agreement with the simulation re-
sults shown in Figs. 3 and 4(b). Specially, when Np >> N,, we

https://doi.org/10.1007/510118-026-3802-7
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obtain from Eq. (18) that
N§43 o)
T 5 faN)\'43

The extended nature of polymer A is crucial for the winch-
driven mechanism. If we replace polymer A with a single ac-
tive monomer (i.e., Ny=3) pulling polymer P, the system re-
duces to the well-studied end-pulling translocation, and the
scaling law between 7 and Np will be 1< Nf, (result not
shown). Moreover, a single active monomer cannot generate
the torque required for the winch action, nor can it wind the

passive chain around itself.

Semiflexible Polymer A (k,>0)

We have studied the influence of the rigidity (k,) of polymer A
on the translocation dynamics when f, is large. Qualitatively, it is
more and more difficult for polymer A to form a stable spiral
with kg, increasing. Fig. 8 shows the typical results for the depen-
dence of the radius of gyration (Rya) of polymer A at the end of
the translocation process on the rigidity k,, where f,=4, N,=20,
and Np=100. When kj, is very small, polymer A is in the stable
spiral state, resulting that Ry, is small. While when k, is large, Ry
maintains a large value (about 5.8, which is nearly the same as
that of a rod-like polymer with N,=20), indicating that polymer
A forms a rod-like configuration. Near a specific k" (about 4),
there is an obvious transition. We would note that the transition
becomes smoothed gradually with N, increasing (results not
shown). Interestingly, with k;, increasing, the translocation time 7
also shows an obvious transition near k" from a large value to a
small value (as shown in Fig. 8), which indicates once more that
the translocation dynamics of polymer P is strongly correlated
with the configuration of polymer A. Moreover, we find that the
value of T at large k;, region is much smaller than that of T at
small k, region, meaning that a rod-like polymer A can pull
polymer P through the pore more quickly than a spiral polymer
A.

To further study the translocation dynamics of polymer P
pulling by a rod-like polymer A, we have carried out simula-
tions at large kg, and f,. As an example, Fig. 9 shows the de-
pendence of the translocation time t on the length Np of
polymer P for different N,, where k=50 and f,=4. Similar to

8 . 4.0x10°
7 Spiral state i Rodstate 3.5x10°
6 1
; Tl 3.0x103
3
. ab 12.5%10
=S ~
&< 3t rg\_%lymerA 2.0)(103
Polymer P |
1.5x10°
2 L
B—E-E B

Fig. 8 Dependence of Ry, of polymer A at the end of the
translocation process and the translocation time 7 on the rigidity k,
where f,=4, Ny=20, and Np=100. Error bars correspond to standard
deviations.

the results for k,=0, T increases monotonously with N in-
creasing or N, decreasing, and 7 for different N, nearly col-
lapse on a main curve for /N, versus Np/N,, as shown in
Fig. 9.

4
2.5x10
800 |- © Ny=20 f=a Nx=20
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Fig. 9 The dependence of the translocation time 1 on the length
Np of polymer P for different N, where k,=50 and f,=4. The inset
presents the dependence of 7/N, on Np/N,. Error bars correspond to
standard deviations.

The dependence of Ton f,, N», and N; at large f, and k;, can
be understood quantitatively using the following dynamical
model. When k, and f, are large, polymer P translocates
through the pore quickly pulled by rod-like polymer A. As-
suming that polymer A is a rigid rod and all the monomers in
the trans side move with a same velocity v, the effective
pulling force polymer A exerting on polymer P can be ex-
pressed as Eq. (20).

Fa = Naf, (20)
and the friction force is
f=nnv (21)
where n is the total number of monomers in the trans side.

In the overdamped limit, the pulling force is balanced by
the friction force, i.e., F, =f, so

Naf,
=n (22)
. dn
Since v o« —, we have,
dt
dn NAf (23)

+N
and /dt /NP ’ r;n (24)
A

We can calculate the translocatlon time 1 from Eq. (24),

T~ fN [(NA+NP) —NA] (25)

T n Np
or N—A~E|:(1+N—A) —1:| (26)
This is in good agreement with the simulation results
shown in the inset of Fig. 9.
Specially, when Np >> N,, we can get from Eq. (25) that
N
faNA
This is in good agreement with the result of passive poly-

(27)
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mer translocation through a small pore, driven by a strong
ending pulling force.[3031]

Translocation Details

We have found above that there are three translocation mecha-
nisms, coil-diffusion, spiral-winch, and rod-pulling, depending
on f, and ky,. To better distinguish these three mechanisms, we
further studied the details of the translocation process. Here, we
chose three sets of parameters: Case | (f,=0.4, k,=0, N,=20,
Np=100), Case Il (f,=4, k,=0, N;=20, Np=100), and Case Il (f,=4,
k=50, Ny=20, Np=100), under which the polymer translocation
is governed respectively by the three mechanisms mentioned
above.

Fig. 10 shows the evolution of the translocation coordinate
m (or the number of passive monomers entering the trans
side). We can see that the result of Case | is very different from
those of Cases Il and Ill. For Case I, m increases slowly and
concavely with time t, and the instantaneous monomer flux,
dm/dt, is very small and decreases monotonically, indicating
that polymer P moves more and more slowly in the coil-diffu-
sion translocation mechanism. For Cases Il and lll, the varia-
tion of m with t shows similar behavior. At small t, m increas-
es rapidly and concavely, while at larger t, m increases almost
linearly. Correspondingly, with t increasing, dm/dt decreases
gradually and tends to reach a steady value at large t.

We have also calculated the waiting time t,, for all
monomers in polymer P. t,, of monomer s is defined as the av-
erage time between the events that monomer s and
monomer s+1 enter the trans side. Fig. 11 presents the distri-
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Fig. 10  Evolution of the translocation coordinate m for (a) Case |
(f,=0.4, k,=0, Nx=20, Np=100), (b) Case Il (f,=4, k,=0, Ns=20, Np=100),
and Case Ill (f,=4, k,=50, N,=20, Np=100). The insets show the
evolution of the instantaneous monomer flux dm/dt.

bution of the waiting time t,, for the three cases of parameter
sets. In all three cases, the waiting time varies non-monotoni-
cally with s. For Case lll, the waiting time first increases and
then decreases with s, and exhibits a peak near the end of
polymer P, which is consistent with the results of the end-
pulling translocation.3% While for Case |, the peak is near the
middle of polymer P, which is similar to the results of pore-
driven translocation,"! indicating that the effective pulling
force of polymer A with small f, on polymer P is negligible. In-
terestingly, for Case I, the waiting time as a function of s
shows two peaks, one near the polymer head and the other
near the polymer end, which is related to the formation of the
spiral structure of polymer A. Under the parameter condi-
tions of Case ll, the active polymer chain rapidly forms a spi-
ral structure at the early stage of polymer P translocation. Be-
fore forming the spiral structure, polymer A adopts a quasi-
coil conformation (as shown in Fig. 5), exerting a relatively
small pulling force on polymer P, so t, increases rapidly with
s. Once the spiral is formed, the effective pulling force exert-
ed by polymer A on polymer P becomes larger, resulting in a
rapid decrease in t,, and thus the emergence of the first peak
near the head of polymer P. During the subsequent process,
the spiral grows, and then the rotational resistance increases
gradually, leading to the continuous increase of t,, and the
emergence of the second peak near the polymer end.
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Fig. 11  Distribution of the waiting time t,, for (a) Case | (f,=0.4,
ky=0, Na=20, Ny=100), (b) Case Il (f,=4, k=0, No=20, Np=100), and (c)
Case Il (f,=4, k=50, Ny=20, Np=100).

CONCLUSIONS

The translocation of a passive polymer chain (polymer P)
through a small pore pulled by an active polymer chain (poly-
mer A) was studied using Langevin dynamics simulations. Both
polymer P and polymer A are modelled by bead-spring chains,
and each bead of polymer A is subjected to a tangential self-
propelled force (f,) along the backbone of polymer A. Results in-
dicate that the configuration state of polymer A during the
translocation process, which is dependent on £, and its rigidity
ky, has a significant influence on the translocation time of poly-
mer P.
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For the case ky is very small (including k,=0), polymer A
shows different conformation states and motion types de-
pending on f,. When f, is small, polymer A is nearly random
coil and undergoes nearly random diffusion during the
translocation process. The translocation of polymer P can be
approximately seen as a random diffusion process, leading to
a large translocation time. While when f, is large, polymer A
forms a stable spiral and rotates around its mass center. The
translocation dynamics of polymer P is determined by a
winch-driven mechanism, in which the spiral of polymer A ro-
tates synchronously with a large force torque and pulls poly-
mer P through the pore quickly, resulting that 7 is small. For
the case ky, is large, polymer A adopts a rod configuration,
and the translocation of polymer P is controlled by the trans-
lation of the polymer A rod. Moreover, when the length of
polymer P, Np, is large, the dependence of T on Np can be de-
scribed by a power law, T o< Np, with a~3.1 for small k, and £,,
a~2.43 for small k, and large f,, and a~2 for large ki, and large
fa

In our work, one of the most important findings is the
winch-driven mechanism for polymer translocation, where a
self-organizing, rotating active spiral can act as an efficient
winch to pull and wind a passive chain. This mechanism is
qualitatively different from both the end-pulling and the
pore-driven translocations, as reflected in the distinct scaling
exponents and the unique composite structure. Our findings
may inspire the design of artificial active-polymer-based
transport systems and provide new insights into motor-driv-
en biological translocation processes.

We would note that the 2D simulation is chosen to capture
the essential rotational dynamics of the active spiral and to fa-
cilitate direct visualization. The simulation results we ob-
tained can be well understood by theoretical models, and the
winch-driven mechanism is expected to persist in three di-
mensions, although the detailed morphology may change
from a planar spiral to a compact globule.

Moreover, our Langevin dynamics simulation neglects hy-
drodynamic interactions and is thus suitable for describing
dry systems, such as biomacromolecules translocation in the
crowded and highly viscous cellular cytoplasm, where the
motion is overdamped. Future extensions, including hydrody-
namic effects, would be valuable for systems in which the sol-
vent flow plays a significant role.
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