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Abstract. The passage of a polymer through a narrow pore is associ-
ated with the crossing of a significant free energy barrier. Both in na-
ture and in single molecule experiments the polymer is typically driven
through the pore. We here address two such driving modes: (i) the
driving by binding proteins that prevent (partial) back-sliding through
the pore; and (ii) the driving by a trans-membrane force. In case (i)
we derive the effective force and show finite size effects due to the
size of the binding proteins. In case (ii) we demonstrate the crossover
from a slow, equilibrium driving to a non-equilibrium behaviour at fast
driving.

1 Introduction

The passage of a long polymeric chain through a narrow pore is a recurring theme in
biology [1]. Thus, messenger RNA and proteins need to cross small channels in the
nuclear membrane, proteins are constantly passed through cell walls or the membranes
of cell organelles such as mitochondria. Similarly, DNA is exchanged through cell
walls, either for information transfer with other cells, or, when viruses inject their
DNA into a cell. Moreover, the translocation process has been argued to have far-
reaching technological potential, for instance, for rapid DNA sequencing, gene therapy,
and controlled drug delivery [2–13].
Apart from the biological and technological relevance, polymer translocation is of

fundamental interest in polymer physics and chemistry. While passing through a nar-
row pore the polymer’s degrees of freedom are significantly reduced when compared
to an unconstrained situation. As a function of the number of already translocated
monomers, a natural reaction coordinate for this process, the polymer passage through
the pore requires the chain to cross a free energy barrier. In most biological situations
as well as in experiments or simulations one therefore applies a driving force across
the pore. Typically this is chosen to be a trans-membrane force. In experiments,
this is achieved by an electric field falling off mainly across the pore. The charged
chains, such as single stranded DNA, experience the driving almost exclusively inside
the pore. Here we do not consider charges but assume a general force acting on the
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Fig. 1. Schematic of the translocation process. A chain with N monomers crosses a narrow
pore. The reaction coordinate s measures the number of already translocated monomers.

monomer(s) inside the pore. Another possibility found in Nature, for instance for the
transport of proteins across the mitochondrial membrane, is the driving in terms of
the chemical gradient built up by binding proteins, that prevent (partial) back-sliding
across the pore. In what follows we will address both mechanisms. We note that we
neglect hydrodynamic interactions [12–16] as well as pore-chain interactions [17–20].
Albeit non-negligible effects, we concentrate on the statistical aspect due to the com-
plexions of the binding proteins, and the polymeric aspects. As we will see, already
these effects are interesting per se, and need to be understood before adding even
higher complexity to the problem.
A schematic picture of the translocation process for a chain with N monomers is

shown in Fig. 1. Here, s monomers of the chain have already crossed the membrane to
the trans side, while N − s monomers are still located on the cis side of the pore. The
arrow indicates the translocation direction due to the imposed boundary conditions,
equivalent to the direction of the applied force F when present. We add the following
initial and boundary conditions: at the beginning of the process, the first monomer is
already threaded into the pore. In addition we assume a reflecting boundary condition
for monomer 1 at the pore, i.e., we do not allow escape of the chain back to the cis
side. Finally we impose an absorbing boundary condition at the right pore end for
monomer N . Once all monomers have crossed the pore, that is, we stop the process
and therefore determine the first crossing behaviour.
A free polymer chain consisting of N monomers may assume

ωfree(N) � μNNγ−1 (1)

configurations. Here μ is the non-universal connectivity constant (e.g., μ = 6 on a
cubic lattice) and γ the configuration exponent. For a Gaussian chain γ = 1 while
for the case of a self-avoiding chain we have γ = 1.16 in three dimensions [21]. Once
the chain is attached to a wall with one end, the law in Eq.(1) involves a different
scaling exponent, γ1. In three dimensions, γ1 = 0.680 for a self-avoiding chain, i.e., as
expected the wall prevents the polymer to assume all possible configurations. In our
translocation scheme (compare Fig. 1) we have two parts of the chain connected to
a wall on either side, such that the overall number of degrees of freedom for a given
value of the translocation coordinate s assumes the form

ωtransl(s) � μN (N − s)γ1−1sγ1−1. (2)
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Fig. 2. Free energy barrier for the translocating chain as function of the reduced reaction
coordinate s/N , in units of thermal energy kBT . We chose the value γ1 = 1/2.

The associated free energy becomes

F (s) = −kBT lnωtransl(s)
� −kBT

(
N lnμ+ (γ1 − 1) ln

[
(N − s)s

])
. (3)

This profile is shown in Fig. 2 in reduced coordinates. The vertical line to infinity at
s = 0 corresponds to the reflecting boundary condition, while the opposite vertical line
at s = N represents the absorbing boundary condition terminating the translocation
process. The barrier height corresponds to [22]

ΔF (N) = F (N/2)−F (1) = (1− γ1)kBT lnN. (4)

For a flexible, self-avoiding chain with 200 monomers this corresponds to the modest
barrier height of 1.7kBT , increasing to 2.4kBT for a chain with N = 2000.

2 Chaperone-driven translocation

One way of forcing the translocation process is through the presence of binding
proteins, so-called chaperones (or chaperonins). As shown in Fig. 3, these chaper-
ones bind to the chain-to-be-translocated and prevent (partial) backsliding of the
chain. Typically one chaperone covers more than one monomer of the translocating
chain. In general, chaperones of the same kind or of different types may be present
on both sides of the pore. Then their respective concentration or binding affinity de-
termines the direction of translocation. Here, we consider the simplest case, in which
binding proteins are present on the trans side of the membrane. Once the chain is fully
passed through the pore, the chaperones may be shaved off by competing processes,
for instance, the folding of the translocated protein.
The fact that the chaperones cover several monomers of the chain-to-be-

translocated gives rise to some interesting physical phenomena. Focusing on these
we consider the simplified case of a stiff chain with lattice constant a, i.e., in this Sec-
tion we neglect polymeric degrees of freedom of the translocating chain. We will come
back to phenomena connected to the polymeric nature of the translocating chain in
the next Section. Moreover, we here assume that the system is close to equilibrium.



122 The European Physical Journal Special Topics

Fig. 3. Schematic of translocation driving by binding proteins (chaperones): Proteins tran-
siently binding to the chain-to-be-translocated prevent partial back-sliding through the pore.
The chaperones typically cover several monomers of the polymer.

With these assumptions we describe the translocation in terms of the partition coeffi-
cient Z (s, n), where s is the number of already translocated monomers, and n counts
the number of chaperones bound to the translocating chain. The partition function
is therefore [23–25]

Z =
∑
s,n

Z (s, n), (5)

and at stationarity the probability distribution to measure s translocated monomers
and n bound chaperones is given in terms of

Pst(s, n) =
Z (s, n)

Z
. (6)

The binding strength κ = c0Keq per chaperone is given in terms of the chaperone
concentration c0 in the ambient volume and the binding constant Keq. The latter can
be written as Keq = v0 exp (β|εbind|) with the typical chaperone volume v0 and the
binding energy εbind. The constant β = 1/(kBT ) is the Boltzmann factor.
In how many ways can we arrange the chaperones on the s monomers present on

the trans side? If each chaperone occupies λ monomers these complexions are given
by the factor [26,27]

Ω =

(
s− (λ− 1)n

n

)
=
[s− (λ− 1)n]!
n!(s− λn)! . (7)

The binding chaperones therefore enter the partition factor Z (s, n) in the form

Z (s, n) = κnΩ(s, n). (8)

The corresponding force on the translocating chain can then be expressed as [23,24]

F (s)

a
= kBT

1

Zred

∑
n

∂

∂s
Z (s, n), (9)

where Zred(s) =
∑nmax(s)
n=0 Z (s, n), and nmax(s) = max{s/λ} is the maximum number

of bound chaperones for given value of s. The functional dependence of the force F
versus the number s of already translocated monomers is shown in Fig. 4. For small
chaperones, λ = 1, we observe a relatively quick saturation to a stationary value.



Progress in Dynamics in Confinement 123

0 5 10 15 20 25 30 35
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

s

F
(s

)/
F

0

λ =1

λ =2

λ =12

Fig. 4. Driving force F (s) in units of F0 = kBT/a (a is the monomer size of the chain-to-be-
translocated) as function of the number s of already translocated monomers. For chaperone
size λ > 1 monomer we observe distinct oscillations stemming from the “parking lot prob-
lem”, see text. We chose the binding strength κ = 1.

When the chaperones cover more than one monomer we observe distinct oscillations:
the force remains zero until λ monomers have translocated, providing the necessary
chain length for the first chaperone to bind. After the first chaperone is bound, the
translocating chain needs to move another λ monomers through the pore, before the
second chaperone can bind, an so forth. Another subtlety arising in this context is
the parking-lot problem [28–30]: if the proteins do not bind directly head-to-tail, the
remaining gap between two such proteins may be too small for another protein to bind
and thus stays vacant. Therefore, the larger the chaperone, the lower the resulting
effective force.
The dynamics of this chaperone-driven translocation can be quantified in terms

of a master equation of the type [23–25]

∂

∂t
P (s, n, t) = k+(s− 1, n)P (s− 1, n, t) + k−(s+ 1, n, t)P (s+ 1, n, t)

−[k+(s, n) + k−(s, n)]P (s, n, t)
+r+(s, n− 1)P (s, n− 1, t) + r−(s, n+ 1)P (s, n+ 1, t)
−[r+(s, n) + r−(s, n)]P (s, n, t) (10)

for the probability density P (s, n, t) to find s translocated monomers with n bound
chaperones at a given time t. The transfer rates k and r are defined through the
partition coefficients. In particular, the forward rate for the chain through the pore
is not influenced by the chaperones and therefore given by the constant rate

k+(s, n) = k. (11)

In contrast, the backward rate k− is given by

k−(s, n) = k
Z (− , )
Z (, )

= k
Ω(s− 1, n)
Ω(s, n)

, (12)

as dictated by the detailed balance condition and Eq. (11). The backward rate in
Eq. (12) thus corresponds to the diffusive forward rate k times the probability that
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the binding site closest to the pore is vacant. Note that in the limit n = 0, Ω(s−1, 0) =
Ω(s, 0), and thus forward and backward rates become the same. Similarly, the rates
for chaperone binding and unbinding are given by the relations

r+(s, n) = q(n+ 1)
Z (s, n+ 1)

Z (s, n)
= qκ

(n+ 1)Ω(s, n+ 1)

Ω(s, n)
(13)

and
r−(s, n) = nq. (14)

Thus, while the unbinding of a chaperone is simply proportional to the overall number
of bound chaperones, n, times the unbinding rate q, the binding of an additional
chaperone depends on the number of ways

N = (n+ 1)
Ω(s, n+ 1)

Ω(s, n)
(15)

this chaperone can be added. As for the force, we observe the parking lot effect for
chaperones that occupy more than one monomer: if there are less than λ monomers
between two already bound chaperones, no additional chaperone can bind. Also the
binding/unbinding rates for the chaperones fulfil detailed balance. After definition of
the appropriate initial and boundary conditions, the master equation can be solved
numerically. We can, however, distinguish some interesting limiting cases:

2.1 Slow chaperone binding: diffusive translocation dynamics

The binding of chaperones becomes slow when either the volume concentration c0 of
chaperones is low, or when their binding energy |εbind| is small. On not too long time
scales, starting with a bare chain emerging from the pore, the dynamics is exclusively
described by the two transfer rates k+(s, 0) = k−(s, 0) = k. That is, forward and
backward rates become equal, causing a purely diffusive translocation of the chain.
It can be shown that the translocation time scales like [23,24]

τdiff = k
−1
[
(N + 1)

(
1 +
N

2

)]
∼ N

2

2k
=
L2

2D0
. (16)

In the last step we identified the chain length L = Na and the diffusion coefficient
D0 = a

2k. The diffusive case corresponds to the slowest possible case of translocation
in this scheme.

2.2 Fast binding and slow unbinding: ratchet motion

In the opposite case of fast binding but slow unbinding we encounter the limiting
case of ratchet motion for small chaperones (λ = 1). On not too long time scales
this motion corresponds to the transfer rates k+(s) = k and k−(s) = 0. Due to the
fast, irreversible binding of chaperones, that is, the chain cannot slide backwards. Our
master equation reduces to the effective equation

∂

∂t
P (s) = k

(
P (s− 1, t)− P (s, t)

)
≈ −k ∂

∂s
P (s, t), (17)

where the ≈ sign corresponds to the continuum approximation of the discrete equa-
tion, from which we see that the motion corresponds to one of the two propagation
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Fig. 5. Mean translocation time as function of chain length N in the case of chaperone-
driven chain passage. The linear increase with N in the ratchet case is distinct. We use the
abbreviation γ = q/k for the ratio of the chaperone unbinding rate q and chain monomer
diffusion rate k.

modes of the wave equation. The resulting motion is therefore ballistic. From the
discrete equation we obtain the translocation time

τratch =
N + 1

k
=
2

N
τdiff. (18)

The ratchet limit corresponds to the fastest possible translocation scenario of
chaperone-driven chain passage. For larger chaperones (λ > 1) the ratcheting ef-
fect becomes reduced by the parking lot effect, i.e., each time a chaperone binds, the
chain needs to diffuse another λ monomers, before another chaperone is able to bind.

2.3 Fast chaperone binding and unbinding: adiabatic elimination

When both binding and unbinding of chaperones become fast, we can adiabatically
eliminate the fast variable n, the number of chaperones bound at a given time. The
associated mean translocation time then becomes

τadiab = k
−1

N∑
s=0

1

Z (s)

s∑
s′=0

Z (s′), (19)

where, as before, Z (s) =
∑nmax(s)
n=0 Z (s, n) and the maximum number of bound

chaperones for given s is nmax(s) = max{s/λ}. Concrete evaluations are then carried
out numerically.
Figure 5 shows the mean translocation time for the chaperone-driven translocation

problem. The large range of associated time scales is distinct. The labels “adiabatic”
refer to the adiabatic approximation described above.

3 Polymer translocation dynamics and trans-membrane force

In the above considerations we neglected the polymeric degrees of freedom of the
translocating chain and concentrated on the effect of the chaperones that partially
rectify the passage of the chain. For relatively short chains, in particular, for chains
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with a considerably high persistence length, this approach is justified. What happens
when we consider a sufficiently long and flexible polymer chain? We review here some
arguments that in this case the translocation dynamics indeed becomes anomalous.
After presenting results from various groups, leading to different claims about the
associated dynamic scaling exponents, we show that the conflicting results can in fact
be reconciled.
The first approaches to model chain translocation in absence and presence of a

trans-membrane force were based on a standard Kramers transition approach using
the entropic barrier in Eq. (3), assuming friction to be independent of N [31,32]. In
this continuum approach it is assumed that the probability density P (s, t) for finding
s translocated monomers at time t fulfils the continuity equation

∂

∂t
P (s, t) = − ∂

∂s
j(s, t), (20)

and the probability current j(s, t) combines a diffusive term with diffusion constant
D = μ

kBT
, and a drift term in which the force is given by the negative gradient of the

free energy profile in Eq. (3):

j(s, t) = −D
(
∂

∂s
P (s, t) +

P (s, t)

kBT

∂

∂s
F (s)

)
. (21)

Combining these two equations, we obtain the Fokker-Planck equation

∂

∂t
P (s, t) =

∂2

∂s2
P (s, t) + (γ1 − 1) ∂

∂s

1− 2s
(1− s)sP (s, t), (22)

in which we rescaled the variables à la s → sN and t → tD/N2 [33]. From this
equation we see that the resulting scaling for the mean translocation time with chain
length is τ � N2 for unbiased translocation. In presence of a constant external driving
we may neglect the entropic drift term, and the scaling of the mean translocation time
changes to τ � N .
Can such a simple scenario work? The Rouse equilibration time of a free polymer

chain can be estimated as the time it takes the chain to diffuse over a range of the
gyration radius Rg (root mean squared extension):

τR �
R2g

Dc.o.m.
� R

2
gN

Dmon
� N

1+2ν

Dmon
, (23)

where Dc.o.m. � Dmon/N is the centre-of-mass diffusivity and Dmon the diffusion con-
stant for a monomer. The Flory exponent ν acquires the values ν = 1/2 for a phantom
chain, and ν(2D) = 0.75 and ν(3D) = 0.588 for a self-avoiding chain in two and three
dimensions, respectively [21]. Therefore, the Rouse time scales like τR � N2/Dmon
for a Gaussian chain, which would be marginally consistent with the above Kramers
barrier crossing picture. However, the same picture can no longer be correct for a
self-avoiding polymer, as the translocation time would be shorter than the Rouse
equilibration time τR [33]. The chain passing through a narrow pore should not be
faster than a freely diffusing chain. This paradox renders the concept of equilibrium
entropy and the ensuing picture of normally diffusive entropic barrier crossing inap-
propriate for the polymeric translocation dynamics. From numerical analysis in 2D it
was indeed shown that the translocation time scales like τ � N1+2ν : the translocation
time scales exactly like the equilibration time, but with a considerably larger prefac-
tor [33]. This result was recently corroborated in 2D and 3D by extensive numerical
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simulations based on the Fluctuating Bond [34] and Langevin Dynamics models with
the bead-spring approach [35–37].
What does this imply for the free translocation dynamics? Let us follow the scaling

argument of Chuang et al. [33]: assume the Flory scaling of the gyration radius,
Rg � Nν and assume further that the chain relaxation time is of the Rouse type,
τR � N1+2ν . The progress of the translocation process will follow a scaling law with
dynamic exponent ζ : 〈Δs2(t)〉 � t2ζ . At the total chain translocation time τ we
should reach the value N2 � 〈Δs2(τ)〉 � τ2ζ � N2ζ(1+2ν) of the diffusion variance.
Thus we identify the dynamic exponent ζ = 1/(1 + 2ν), whose values are ζ = 1/2
for phantom chains, and ζ(2D) = 0.4 and ζ(3D) ≈ 0.46 for self-avoiding chains,
respectively. Thus, while Gaussian chains according to this scaling argument indeed
diffuse normally, in the case of self-avoiding chains the resulting diffusion

〈Δs2(t)〉 � tα, α = 2ζ, (24)

is subdiffusive, characterised by the anomalous diffusion exponent α < 1. It was
suggested that such subdiffusive dynamics could be modelled in terms of a fractional
Fokker-Planck equation [22,38,39].
For driven translocation the deviation from equilibrium is expected to be even

more pronounced, while the equilibrium entropic barrier becomes less relevant for the
translocation dynamics. In this case, a lower bound τ � N1+ν was estimated for the
translocation time [40]. Lattice Monte Carlo (MC) simulations of self-avoiding chains
in 2D revealed α ≈ 1.5 [40], which is smaller than 1+ν = 1.75, a difference attributed
to finite size effects. However, additional simulation studies found a crossover from
τ ∼ N1.46±0.01 ≈ N2ν for relatively short polymers to τ ∼ N1.70±0.03 ≈ N1+ν for
longer chains (N > 200) using Fluctuating Bond [41] and Langevin Dynamics [35,42]
models in 2D. Increasing the friction, the crossover vanished and only the exponent
1+ ν was observed [35]. The crossover is absent in 3D for long chains (N ∼ 800) and
α ≈ 1.40 is observed using both Langevin Dynamics [43] and GROMACS molecular
dynamics simulations with Langevin Dynamics thermostats [44]. Lehtola et al. [45]
find approximately the same exponent of about 1.40 based on Langevin Dynamics
simulations, however, their exponent increases with increasing force, which cannot
hold asymptotically. Finally, Gauthier and Slater [46] reported τ ∼ N1+ν using an
exact numerical method valid at low bias.
Recently, however, alternative scaling scenarios have been presented in Refs.

[47,48] that contradict above results. These two views also disagree with each other
[49]. To resolve the apparent discrepancy on the value of α for driven translocation, we
performed high-accuracy Langevin Dynamics simulations on the behaviour of τ � Nα
as a function of N [50], see the Appendix for details. As main result we find that there
exist two limiting regimes, corresponding to slow and fast translocation. The slow
translocation case is realised for low driving forces and/or high friction, and in this
regime we find that indeed α ≈ 1 + ν. In the opposite limit of fast translocation for
high driving forces and/or low friction, the corresponding scaling exponent changes to
α ≈ 1.37. We provide evidence that the difference between the scaling exponents for
these two regimes can be ascribed to the highly deformed chain conformation during
fast translocation, reflecting a pronounced non-equilibrium situation.
Figure 6 shows the scaling of the translocation time with chain length N . Indeed,

we observe two distinct scaling regimes. At high friction or low driving force the
motion is governed by the dynamic scaling exponent α ≈ 1 + ν ≈ 1.588. These expo-
nents are in good agreement, not only with the prediction 1 + ν from Refs. [40,51],
but also with the results from the exact numerical method reported in Ref. [46] for
low fields, as well as with our previous 2D simulations for relatively long polymers
[35,41,42]. However, when the dynamics get faster, either by decreasing the friction
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Fig. 6. Translocation time τ versus chain length N for driven translocation in three dimen-
sions, with varying trans-membrane force F and friction coefficient ξ. For fast translocation
the scaling exponent is α ≈ 1.37 while for slow translocation we observe α ≈ 1+ ν expected
from equilibrium arguments.

or increasing the driving force, deviations from this prediction become obvious, and
the exponent decreases to α ≈ 1.37, consistent with the predictions from Ref. [47],
see below. The latter exponent is also in agreement with previous results [43,44,52]
and the recent experimental findings for individual short DNA molecules in the range
150 ∼ 3500 bps through solid-state nanopores [6]. These observations demonstrate
that there exist two limiting dynamic regimes as demonstrated in Fig. 6: slow and fast
translocation. For slow translocation, α ≈ 1+ν, while α ≈ 1.37 for fast translocation.
In the scaling arguments presented in Ref. [40], an essential assumption is that

the chain is not severely deformed (i.e., assuming close-to-equilibrium configurations)
during the translocation process. For slow translocation, these assumptions are sat-
isfied. Not surprisingly the predicted exponent 1 + ν is observed in this regime, in
contrast to the fast dynamics regime claimed in Ref. [45]. For fast translocation the
chain is highly deformed and the translocation dynamics is different.
Based on the fractional Fokker-Planck equation involving long-range memory ef-

fects the scaling α = 2ν + 1− γ1 was obtained, such that α = 1.55 in 2D and 1.5 in
3D (here γ1 ≈ 0.945 in 2D and ≈ 0.68 in 3D is the critical surface exponent) [48].
The Monte Carlo simulations in Ref. [48] were carried out for weak driving forces,
producing τ ∼ N1.5/F in 3D, in excellent agreement with the value τ ∼ N1+ν/F for
slow translocation processes.
Using linear response theory with memory effects [49], Vocks et. al. [47] came up

with the alternative estimate τ ∼ N 1+2ν
1+ν for 3D, which means α = 1.37 in 3D. Their

α in 3D is consistent with our numerical data for fast translocation. However, their
estimate fails to capture the scaling exponent for slow translocation.
For the driven translocation experiments with a voltage applied across the pore,

the force F acts only on the few monomers inside the pore. As a consequence, it
was argued [40] that the centre of mass of the polymer should move with a velocity
v ∼ F/N . Thus the lower bound for the translocation time of an unhindered polymer
is the time to move the distance Rg, giving rise to the scaling τ ∼ Rg/v ∼ N1+ν/F .
Figure 7 shows the translocation velocity v as function of the polymer length for
different driving forces and friction coefficients, v ∼ Nδ. Here v is the average ve-
locity with respect to the last monomer and we checked that the corresponding v
of the centre of mass scales in the same way. For slow translocation, we indeed find
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Fig. 8. Translocation time τ versus driving force at ξ = 0.7. The solid line shows the
empirical fit function defined in the graph.

δ ≈ −1.0. In contrast, for fast translocation the velocity decreases less rapidly with N :
δ = −0.7 . . . 0.8, as also observed in Ref. [43]. We also studied how the translocation
time varies as a function of the driving force for ξ = 0.7 and N = 128, the result
being displayed in Fig. 8. As long as F ≤ 2 we observe τ ∼ 1/F , before crossing over
to τ ∼ F−0.80 for strong driving.
The difference of the translocation dynamics in the two regimes can be under-

stood by inspecting the polymer configurations during the translocation process. For
faster translocation, only part of the chain on the cis side manages to respond im-
mediately, while the remaining part closer to the chain end does not yet feel the
influence of the force. Thus, part of the chain on the cis side is deformed to trumpet
or even stem-and-flower shapes [52]. Conversely, the translocated portion on the trans
side has a fairly compact shape, as it does not have time to diffuse away from the
pore exit. Along with a configuration close to equilibrium, Fig. 9 shows the shape
of the chain under fast translocation conditions. The trumpet shape on the cis side
as well as the quite compact configuration on the trans side appear distinct. These
qualitative observations for such a typical chain configuration are more quantitatively
analysed in terms of the gyration radius [50]. Indeed, for slow translocation we ob-
serve the typical equilibrium scaling Rg ∼ N0.6 for the chain on the trans side right
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Fig. 9. Typical chain conformation during fast translocation for N = 128, ξ = 0.7, and
F = 5.0. 3D conformations are projected onto the XY plane. Black: early stage. Red: Later
stage.
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Fig. 10. The translocation coordinate as a function of time for different driving forces and
friction coefficients, for N = 64.

after the translocation. In contrast, for fast translocation this scaling changes to the
significantly different behaviour Rg ∼ N0.51 reminiscent of a dense chain. As at equi-
librium, the chain assumes the self-avoiding chain exponent ν = 0.588, close to the
measured exponent for slow translocation, the significant deviation from this value for
fast translocation corroborates our claim that the chain does not attain equilibrium.

Finally the translocation coordinate is shown to follow the dynamic scaling
〈s(t)〉 � tβ for N = 64 for different F and ξ in Fig. 10. For fast translocation we find
β ≈ 0.85, contrasting exponents around β ≈ 0.6 . . . 0.7 when translocation is slow.
The occurrence of different values for β in fast versus slow translocation processes
again shows the existence of different dynamic regimes. The definition 〈s(t)〉 � tβ
implies that N � τβ . Compared with τ � Nα, one obtains αβ = 1 if equilibrium
arguments should hold. Indeed for F = 0.5 and ξ = 0.7, αβ = 1.01, which indicates
that non-equilibrium effects do not appear to be severe. However, αβ = 1.16 for
F = 5.0 and ξ = 0.7 indicating a breakdown of our simple scaling due to pronounced
non-equilibrium effects.
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4 Discussion

Translocation of oligomeric and polymeric chains through narrow pores across a mem-
brane is a ubiquitous phenomena in and across biological cells. Moreover, this process
has numerous applications in technology. The complete process depends on numer-
ous effects ranging from chain-pore interactions over charge effects to hydrodynamic
interactions. However, even the complete understanding of the simple case of bare
flexible polymer translocation remains formidable.
Here we considered two cases of translocation. First we addressed the case of a stiff

(or short) chain for which polymeric degrees of freedom do not come into play. Instead
we considered the effect of binding proteins that (partially) rectify the motion. As
usually such proteins are larger than a single monomer of the chain-to-be-translocated
the resulting effective force shows pronounced oscillations, corresponding to the park-
ing lot effect: if the gap between here already bound proteins is too small, another
protein cannot bind to the unoccupied monomers in this gap. Depending on the
efficiency of the binding and unbinding dynamics the effective motion of the translo-
cating chain can range from purely diffusive dynamics, for which the translocation
time scales like the square of the chain length, τ � N2, to ballistic ratchet motion
with τ � N . Generalising the scheme we presented one may consider binding proteins
of different chemical properties on both cis and trans side. Moreover it is possible to
include cooperativity effects between vicinal chaperones, as well as the diffusion of
binding chaperones along the chain.
Second we reinvestigated the case of a transmembrane force driving a polymeric

chain through the pore. We showed that previous equilibrium assumptions used to
derive the associated scaling exponents break down at sufficiently fast translocation,
corresponding to high driving force and/or low friction. Above a threshold the chain
configurations on both cis and trans sides deviate from the ones of a relaxed self-
avoiding chain. On the cis side the tension successively propagates along the chain,
creating a trumpet-like shape. On the trans side the chain does not manage to diffuse
away from the pore quickly enough, such that a dense, almost compact configuration
arises. The nonequilibrium behaviour accompanies all aspects of the translocation.
Fast and slow translocation are characterised by different scaling regimes for the
translocation time and velocity as functions of the chain length, the translocation
time-driving force relation, as well as the scaling of the first moment of the translo-
cation coordinate as a function of time. While slow translocation is consistent with
previous scaling approaches as well as the fractional Fokker-Planck equation approach,
for fast translocation these models break down. Instead, a model with pronounced
memory on the level of the stochastic equation appears consistent with our simula-
tions results.
Apart from the above geometry, in which both cis and trans side are unlimited

halfspaces, other geometries are of interest when one considers applications in biol-
ogy and technology. We show a few examples in Fig. 11. Thus, the translocation may
be forced purely by entropy when the chain is originally confined. This can be due
to a finite volume such as in the capsid of a virus [53], or the transversal confine-
ment between two parallel walls, as shown in Fig. 11 (a) and considered in Ref. [54].
The opposite case of forcing the chain into a confined space can be important for
technological applications, for instance, when effects of transversal confinement on
polymeric chains are studied (case (b)). Similarly, one may study the translocation
of an unconfined chain into a narrow fluidic channel. As shown in part (c), this
could be achieved by sucking the chain into the channel simply by dragging it along
a flow inside the channel. Cases (b) and (c) are investigated in forthcoming work
[55–57].
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(c)

(b)

(a)

Fig. 11. Different translocation geometries. The arrow indicates the direction of the translo-
cation force. (a) Translocation out of confinement is driven by the entropic pressure of the
confined chain. Conversely, to feed the chain into a confined environment, we can either
(b) apply a trans-membrane force or (c) use a longitudinal drag.

Simulations details

In our simulations, the polymer chains are modeled as bead-spring chains of Lennard-
Jones (LJ) particles with the Finite Extension Nonlinear Elastic (FENE) potential.
Excluded volume interaction between monomers is modeled by a short range repulsive
LJ potential: ULJ(r) = 4ε[(

σ
r
)
12 − (σ

r
)
6
] + ε for r ≤ 21/6σ, and 0 for r > 21/6σ. Here,

σ is the monomer diameter and ε is the potential depth. The connectivity between
neighboring monomers is modelled as a FENE spring with UFENE(r) = −12kR20 ln(1−
r2/R20), where r is the distance between consecutive monomers, k the spring constant,
and R0 the maximally allowed separation between connected monomers. The wall
(“membrane”) carrying the pore of diameter 2σ is composed of particles of diameter
σ. The wall thickness is σ. Between all monomer-wall particle pairs, there exists the
same short range repulsive LJ interaction as described above.
In LD simulations each monomer is subject to conservative, frictional, and random

forces: mr̈i = −∇(ULJ + UFENE) − ξṙi + Fext + FRi [58], where m is the monomer
mass, ξ the friction coefficient, and FRi the random force, that satisfies the fluctuation-
dissipation theorem. The external force is expressed as Fext = F x̂, where F is the
external force strength exerted on the monomers in the pore, and x̂ is a unit vector
in the direction along the pore axis. In the simulation, we use the LJ parameters ε
and σ, and the monomer mass m to fix the energy, length, and mass scales. This sets
the time scale tLJ = (mσ

2/ε)1/2. The dimensionless parameters in our simulations
are R0 = 2, k = 7, kBT = 1.2. The Langevin equation is integrated in 3D.
Initially, the first monomer of the chain is placed in the entrance of the pore, while

the remaining monomers evolve in the Langevin thermostat to obtain an equilibrium
configuration. The translocation time is defined as the time interval between the
entrance of the first segment into the pore and the exit of the last segment. Typically,
we average our data over 1000 independent runs.
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